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Abstract
The Southern Appalachian hardwood forests contain a wide diversity of flora and fauna.
Understanding processes that affect nutrient availability in these forests is essential for sound
forest management. Three interconnected research projects regarding soil resource
heterogeneity were designed to increase our understanding of this ecosystem. The objective
of these projects were as follows: 1) to examine and quantify the role of decaying stumps in
regards to total carbon (C) and nitrogen (N) pools and fine-root dynamics, 2) compare and
contrast the use of ground-penetrating radar (GPR) vs. a soil auger for estimating soil depth
and site quality and 3) to evaluate how eastern red-backed salamanders (Plethodon cinereus)
affect N-availability.

For the stump study, results show that decomposing stumps occupy
approximately 1.2% of the total soil volume and constitute 4% and 10% of total soil N
and C pools. Significant differences in N (p = 0.0114), C (p = 0.0172), microbial
biomass C (p = 0.0004), potentially mineralizable N (p = 0.0042), and extractable NH4+
(p = 0.0312) concentrations were observed when compared to mineral soil horizons. In
particular, potentially mineralizable N was 2.5 times greater in stump soil than the Ahorizon (103 vs. 39 mg kg-1), 2.7 times greater for extractable NH4+ (16 vs. 6 mg kg-1)
and almost 4 times greater for MBC (1528 vs. 397 mg kg-1). These measured properties
suggest higher N-availability, organic matter turnover and N uptake in stump soil versus
the bulk soil. 19% of the total fine root length and 14% of fine root surface area also
occurred in the stump soil. The increased fine root length suggests higher concentrations
of labile nutrient in the stumps since roots often proliferate in areas with higher nutrient
availability. Significant differences occurred in N and C concentrations between all four
decay classes and the A-horizon, which validated the use of this system and the need to
calculate weighted averages based on the frequency and soil volume influenced by each
decay class.
In the GPR Study, depth estimations were shallower using a soil auger compared
to estimates obtained using GPR across all plots (p = 0.0002; Figure 3.4). On a soil
volume basis, this was equivalent to about 3500 m3 of soil per hectare unaccounted for
using traditional methods. In regards to using soil depth as a predictor for site quality, no
significant relationships were observed with soil depth estimations obtained from the
auger (Table 3.3). On the other hand, depth measurements from GPR explained
significant amounts of variation across all sites and by physiographic region. Across all
sites, soil depth estimates from GPR explained 45.5% of the residual variation (p = 0.001;
Table 3.3). When the data were stratified by physiographic region, a higher amount of
variation was explained by the regression equations; 85% for the Cumberland Plateau (p
= 0.009), 86.7% for the Allegheny Plateau (0.007) and 66.7% for the Ridge and Valley (p
= 0.013), respectively (Table 4.2). Results from this study demonstrate how inaccurate
current methods can be for estimating soil depth rocky forests soils. Furthermore, depth
estimations from GPR can be used to increase the accuracy of site quality in the southern
Appalachians.

In the salamander study, no significant salamander density treatment or treatment by

time effects were observed over the entire study period (p < 0.05). However, when the
data were separated by individual sampling periods a few significant treatment by time
interactions occurred: 1) during August 2006 for available NH4+ under the forest floor
(i.e. horizontal cation membranes; p = 0.001), 2) August and 3) September 2006 for
available NH4+ in the A-horizon (p = 0.026), and 4) May 2007 for available NO3- under
the forest floor (p = 0.011). As a result of these trends, an index of cumulative Navailability (i.e. NH4+ and NO3-) under the forest floor and in the A-horizon was
examined through the entire study period. Cumulative N-availability under the forest
floor was consistently higher in the low- and medium-density salamander treatments
compared to the high-density treatment. For cumulative N-availability in the A-horizon, a
gradient of high to low N-availability existed as salamander density increased. Factors
such as a prolonged drought in 2007 may have affected our ability to accurately assess
the effects of salamanders on N-availability. We concluded that higher salamander
densities do not increase N-availability.
Implementing methodologies that accurately account for soil nutrient pools such as stump
soil, physical properties such as depth and fauna such as salamanders, increase our
understanding of factors that regulate site productivity in these ecosystems. As a result,
landscape-level and stand-level management decisions can be conducted more effectively.
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1. Introduction
1. Justification

Mechanisms regulating forest nutrient cycling processes are difficult to quantify
due to the wide range of natural variability that exists within the environment.
Aboveground nutrient cycling processes are often easier to study because current
methodologies are extremely accurate and well tested. On the other hand, measuring
belowground processes is more difficult because of the barriers that exist in obtaining
accurate data such as soil stoniness and overall heterogeneity across the landscape.
Measuring and monitoring belowground processes such as root growth, nutrient
availability, and soil structure are not only difficult to ascertain, but can be rather time
consuming and expensive to do properly. These factors have contributed to our poor
understanding of belowground processes in forest soils.
In the southern Appalachian Mountains, there is a tremendous amount of soil
heterogeneity. This is due to the rich geologic history and many orogenic events (e.g.
folding and faulting) that have occurred over the last 100-400 million years, which has
created a complex landscape with diverse elevations, aspects and landscape positions.
This heterogeneity has created a complex ecosystem comprised of rich flora and fauna
diversity. The interaction of biota and geology on soil resource heterogeneity is
significant. Thus, for my dissertation research I examined three interrelated biotic and
abiotic factors to increase our understanding of soil nutrient availability in Appalachian
hardwood forests (Figure 1.1). Specifically, this research examined faunal, floral and
geological components with the following research questions: 1) What is the total soil
volume influenced by stumps and how do decomposing stumps influence soil carbon (C)
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and nitrogen (N) pools (see Chapter 2), 2) Can ground-penetrating radar (GPR) be used
to more accurately estimate soil depth, soil volume and site quality than traditional soil
sampling methods (see Chapter 3) and 3) How do varying densities of red-back
salamanders (Plethodon cenerus) affect nitrogen (N) availability (see Chapter 4).
Together these three studies were designed with the expectation that these results can
help landowners, foresters and scientists to tailor their management practices to obtain
sustainable timber production while simultaneously maintaining these forests’ rich
biodiversity.

Figure 1.1 - Conceptual framework of key components that influence soil resource
heterogeneity in Appalachian hardwood forests.
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2. Literature Review
Stump Study
Introduction
Soil nutrient availability is variable both temporally and spatially (Nye and
Tinker, 1977). Plants have evolved to maximize nutrient acquisition by exploiting soil
heterogeneity via changes in root proliferation, uptake kinetics and mychorrizal
infections (Drew, 1975; Drew and Saker, 1975; Fitter, 1994; Gile and Carrero, 1917;
Jackson et al., 1990a; Robinson, 1994). There is tremendous inter- and intra-species
variation in root response as nutrients become available either periodically during the
growing season or as roots randomly encounter nutrient-rich microsites. The ability of a
particular species to adapt to these conditions could help explain the competitive status of
a species relative to neighboring plants (Bliss et al., 2001; Campbell and Grime, 1989;
Fitter, 1994; Lechowicz and Bell, 1991; McKee, 2001; Neatrour et al., 2005). Numerous
studies have examined the influence of temporal and spatial fluxes of soil nutrient
availability on active root foraging (Campbell and Grime, 1989; Farley and Fitter, 1999;
Guo et al., 2004; Gupta and Rorison, 1975; Lechowicz and Bell, 1991; McKee, 2001;
Neatrour et al., 2005; Parker and VanLear, 1996; Robinson, 1994; St. John, 1982; St.
John et al., 1983; Van Lear et al., 2000).
Forest soils in particular are extremely heterogeneous for several reasons. First,
the effect of tree species on soil nutrient cycling and soil genesis and the mutual effect of
soils on tree development and species composition cause both coarse- and fine-scale
heterogeneity (Stone, 1975). These changes are difficult to quantify because forests are
dynamic often requiring centuries or millennia to produce profound changes on the
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underlying soil. Secondly, land use and the anthropogenic impacts on soil often
accelerate changes in soil fertility and soil structure, which over decades cause more
long-term changes in soil properties than natural processes do in centuries. These rapid
changes can be attributed to extensive logging and agriculture practices, which can cause
soil erosion and compaction. Lastly, actively managed forests typically occur on land
unsuitable for agriculture because of steep slopes, high soil stoniness and low inherent
soil fertility. These three factors, 1) species composition, 2) land use and 3) landscape
attributes, all contribute to forest soil heterogeneity.
A particular source of heterogeneity that has received little attention is the role
and impact decomposing stumps have on nutrient storage and availability (Van Lear et
al., 2000), fine root growth and microbial biomass. Decomposing tree stumps and their
associated root system provide a microsite rich in available nutrients and organic matter.
These decomposing stumps essentially cause an extension of the O- and A-horizons when
compared to the surrounding bulk soil. The impact these decomposing stumps have on
nutrient cycling is the focus of Chapter 2, but before I go into the study design it is
important to address how plants acquire nutrients and discuss how nutrients vary across
temporal and spatial scales.
Nutrient Acquisition
The availability and concentration of nutrients varies among different soil types
and across ecosystem scales (Robinson, 1994). Acquisition of nutrients is much more
than ion-uptake of nutrients through the root membrane (Clarkson, 1985), but is rather a
function of soil properties within the rhizosphere. Nutrient acquisition by plant roots is
completed either by diffusion, mass flow or root interception.
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Nutrient uptake via root interception only occurs when roots directly encounter
nutrients as a result of new root growth into unexploited soil. Often times it is assumed
that the amount of nutrients absorbed via root interception is equivalent to the amount of
soil volume occupied by roots, which on average is < 1% for crop plants (Jungk, 1991).
The amount of nutrients acquired via root interception would be slightly higher in forest
ecosystems because tree roots extend deeper within the soil profile than agricultural
plants. Nevertheless, nutrient acquisition via root interception accounts for a very small
amount of the total nutrient acquisition by plant roots because nutrients in the soil
solution usually travel some distance to reach the root surface (Brady and Weil, 2002).
The majority of nutrient uptake occurs via diffusion and mass flow. Nutrient
uptake from both diffusion and mass flow are interdependent. Total nutrient flux, Ft, can
therefore be expressed as:
Ft = Fm + Fd [1]
where Fm is mass flow and Fd is diffusion flux (Jungk, 1991). Although nutrient uptake
via mass flow and diffusion are regarded as separate processes, determining the total
contribution of each uptake mechanism is virtually impossible (Nye and Tinker, 1977).
When nutrients are acquired via diffusion, the distance nutrients move is correlated to the
diffusion coefficient, soil moisture level and tortuous nature of the soil pores. As plants
acquire and absorb nutrients, the soil solution concentration directly surrounding the root
(i.e. the Rhizosphere) is lowered. This creates a soil solution gradient whereby nutrients
move from areas of high nutrient concentrations towards areas of low nutrient
concentrations at the root surface. This is similarly true for nutrient acquisition via mass
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flow. Together mass flow and diffusion are the primary pathways that plants acquire and
absorb nutrients.
As water is transpired from the stomata, water pressure within the leaves is
lowered. This enables nutrients and water absorbed from the roots via diffusion, mass
flow and root interception to travel through the xylem upwards to the aboveground
portions of the plant. During the summer months when temperatures are higher,
evapotranspiration rates increase. Higher transpiration rates during the summer could
cause greater nutrient acquisition via mass flow particularly for deciduous plants,
whereas nutrient acquisition via diffusion may be more influential during early fall and
late spring when evapotranspiration rates are lower and the water table is higher.
Soil Resource Heterogeneity
Many forest ecosystems worldwide are commonly deficient in nitrogen (N) and
phosphorous (P) and to a lesser extent potassium (K), magnesium (Eriksson and
Holmgren, _Literature.enl) and calcium (Ca). The majority of the aforementioned
limiting nutrients with the exception of inorganic species of phosphorous (H2PO4-,
HPO42-) and potassium (K+) are primarily absorbed through mass flow and only partially
via diffusion, whereas phosphorous and potassium are primarily absorbed via diffusion
and have low diffusion coefficients.
There have been many studies that have investigated plant response to nonuniform supplies of nutrients. Many have involved agricultural crops in either a
greenhouse or laboratory setting using solution cultures, sand cultures, and non-sterile
soil with an array of experimental techniques (Robinson, 1994). Common methods for
solution and sand culture methods include: 1) split root systems, where the root system is
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split and compartmentalized into varying nutrient solutions (Crick and Grime, 1987), 2)
sealed roots, where a length of root is sealed by a water-tight barrier and supplied with a
nutrient solution (Drew et al., 1973), and 3) barrier-free roots, which does not physically
restrict root growth as roots are placed in different nutrient solutions (Hackett, 1972).
Both solution culture and sand culture experiments are conducted in sterile environments
where nutrient supply is controlled and interference from exchange sites and microbial
communities are virtually non-existent (Barber and Frankenburg, 1971; Campbell and
Grime, 1989; Crick and Grime, 1987; Drew, 1975). When experiments involve nonsterile mediums, differentiating between plant uptake and microorganism absorption of
inorganic nutrients is rather difficult (Barber and Frankenburg, 1971). Barber and
Frankenburg (1971) conducted an experiment using barley (Hordeum vulgare var.
Proctor) grown in sterile and non-sterile environments. Results from their experiment
demonstrated that the presence of microorganisms increased the uptake of PO4-2, K+,
sulphate (SO42-) and rubidium (Rb). These results suggest that nutrient uptake rates in
sterile environments may underestimate uptake potential of certain plant species.
When the root structure of a given plant changes with changing environmental
conditions surrounding the roots, it is called morphological plasticity of roots (Bliss et al.,
2001). A common plastic response of roots is when roots proliferate when randomly
encountering a 'zone' or 'pocket' containing high concentrations of nutrients (Drew, 1975;
Drew and Saker, 1975; Drew et al., 1973; Hodge, 2004; McKee, 2001; Robinson, 1994;
St. John, 1983). This type of response is often referred to as a compensatory response
(Robinson, 1994) with the term ‘foraging’ often being used to describe the acquisition of
nutrients within the soil (Bray, 1954). Four terms are commonly used to describe
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changes in root morphology (i.e. foraging behavior) when encountering different
environmental conditions: 1) precision, 2) scale, 3) discrimination and 4) sensitivity.
Precision refers to the amount of root proliferation that occurs when roots encounter
resource-rich microsites (Bliss et al., 2001; Campbell et al., 1991). Scale refers to the
spatial extent of the root system and the ability of the root system to increase in size when
encountering nutrient-rich zones, thus optimizing nutrient uptake potential (Bliss et al.,
2001; Einsmann et al., 1999). Discrimination is the ability of a plant to select and
proliferate in zones with higher nutrient concentrations when surrounded by several
zones containing various levels of nutrient availability (Einsmann et al., 1999)
Sensitivity describes total plant response to soil nutrient heterogeneity, where plants that
respond differently to soils with a heterogeneous supply of essential nutrients soil
environment than to soils with the same total resource supply distributed homogeneously
are considered ‘sensitive’ (Einsmann et al., 1999).
Temporal and spatial differences in nutrient availability and soil moisture of
forested and rangeland ecosystems have been shown to depend on disturbance type, time
of sampling, and/or location of sampling within the soil (Farley and Fitter, 1999; Guo et
al., 2002; Guo et al., 2004; Gupta and Rorison, 1975; Jackson and Caldwell, 1993; Lister
et al., 2000). It is well established that there is a relationship between specific nutrients
and seasonality due to changes in temperature, rainfall frequency, and microbial activity
(Brady and Weil, 2002; Fisher and Binkley, 2000). In addition, stochastic and
anthropogenic disturbances also play a major role in soil resource heterogeneity often
increasing site heterogeneity due to sudden changes in forest structure and light (Pickett
and White, 1985). However, these changes are only important to living roots (Stark,
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1991). Overall variability in nutrient availability (e.g. NO3-, NH4+, H2PO4-) and soil
moisture increases following large-scale disturbances such as whole-tree harvesting and
tree girdling, but declines to pre-disturbance levels within a few years (Guo et al., 2002;
Guo et al., 2004). Furthermore, nutrient variability most likely decreases along a
successional gradient from early- to late-successional plant community types as the site
becomes more densely occupied and as plants mature (Guo et al., 2004).
Spatial nutrient heterogeneity is often attributed and correlated to the size and
extent of vegetation (Gross et al., 1995; Guo et al., 2004; Jackson and Caldwell, 1993),
whereas spatial variability for soil moisture is more dependent on micro-topographical
and textural differences throughout the soil as well as the degree of disturbance (Guo et
al., 2002). The spatial structure of available nutrients compared to soil moisture also
differs substantially due to harvesting with nutrient availability exhibiting finer scale
spatial trends from <1m (Farley and Fitter, 1999; Jackson and Caldwell, 1993) to <10m
(Farley and Fitter, 1999; Guo et al., 2004; Lechowicz and Bell, 1991) and soil moisture
exhibiting coarser scale spatial trends >40m (Guo et al., 2004). Moreover, the spatial
structure of different nutrients has a high degree of variability with inorganic species of N
being highly variable in distances <1m, whereas inorganic species of P and K exhibit less
small-scale heterogeneity (Jackson and Caldwell, 1993). However, many of the
aforementioned trends assume that there is a certain degree of functional heterogeneity
within the systems studied with studies involving sites that exhibit broad-scale
homogeneity containing less floral diversity and lower soil heterogeneity (Lister et al.,
2000).
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How plants actively forage to acquire nutrients in nutrient-rich microsites varies
by size and degree of these fertile patches species and associated neighbors (Bliss et al.,
2001; Caldwell et al., 1991; Campbell et al., 1991; Campbell and Grime, 1989; Crick and
Grime, 1987; Einsmann et al., 1999; Hodge, 2004; Hodge et al., 1998; Jackson and
Caldwell, 1989; Jackson et al., 1990b; McKee, 2001; Mou et al., 1997; Mou et al., 1995;
Robinson, 1994; St. John, 1983; St. John et al., 1983). In monocultures, root foraging
strategies may be less influential because any root strategy to enhance competitiveness
and growth will be nullified since surrounding plants are identical (Bliss et al., 2002).
Studies investigating fine-root distribution and architecture in monocultures have shown
that fine-roots of one tree typically to avoid overlapping with fine-roots of neighboring
trees. This results in an asymmetrical rooting system, which is contrary to the
assumptions (i.e. symmetrical fine-root distribution) for many plant-plant interaction
models (Mou et al., 1995). In addition, some tree species actually change root foraging
behavior based on the changes in light availability, which may be correlated to the
tolerance rating with shade intolerant species demonstrating greater plasticity in sunny
environments than in shady scenarios (Mou et al., 1997). However, when species
compete against other species within a plant community, foraging behaviors change
(Bliss et al., 2001; Caldwell et al., 1991; Einsmann et al., 1999; Mou et al., 1997; Mou et
al., 1995).
Most species naturally exhibit different foraging behaviors, but these foraging
strategies can change depending on species nearby and soil resource heterogeneity (Bliss
et al., 2001; Caldwell et al., 1991; Einsmann et al., 1999). Results have been mixed
regarding the relationship of precision and scale, where some show a positive correlation
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between these morphological responses (Bliss et al., 2001; Einsmann et al., 1999) and
others have shown a negative correlation suggesting a trade-off between these two traits
(Campbell et al., 1991). This trade-off would entail a proportionally higher amount of
fine-root biomass allocated to these nutrient-rich microsites via root proliferation, thus
compromising the total extent of fine-roots. In addition, the type of vegetation
(herbaceous vs. woody plants) can help determine the scale or extent of the rooting
system with woody plants exhibiting proportionally lower scale (Einsmann et al., 1999),
while differences in precision are mixed (Bliss et al., 2002; Einsmann et al., 1999). There
is also evidence that plants do discriminate between areas of different fertility levels
(Einsmann et al., 1999). However, differences in measurement and methodological
techniques may greatly affect the conclusions and results presented and should always be
noted (Robinson, 1994).
Influence of Site Fertility and Effects on Allometry
Plants occurring on poor quality sites are often adapted to taking advantage of
short pulses of increased resource availability, but are not as adapted to exploiting
increases in nutrient availability when supplied for long periods (Campbell and Grime,
1989; Crick and Grime, 1987; Grime et al., 1986). The adaptation of plants to
heterogeneous environments for plants occurring on low quality sites can be attributed to:
1) the overall low nutrient demand to obtain optimal growth and 2) the relatively slow
root turnover rate and lower risk of nutrient loss (Crick and Grime, 1987). Thus, it has
been suggested that both demographic plasticity (turnover) and physiological (uptake)
root foraging traits be examined in greater detail as they play an important role (Grime et
al., 1986). On the contrary, plants adapted to fertile environments are more responsive to
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a sustained supply of nutrients (i.e. homogenous) and often have higher tissue turnover,
dry mass allocation, and nutrient absorption rates than plants occurring on infertile sites
(Campbell and Grime, 1989). Plants associated with high quality site associated plants
often allocate more biomass aboveground when encountering heterogeneous resource
availability whereas poor quality associated plants will demonstrate higher precision
under the same circumstances (Campbell and Grime, 1989; Crick and Grime, 1987).
Influence of Organic Matter
Decomposing stumps are rich in organic matter, which has several benefits. First,
organic matter is a driving factor in soil nutrient heterogeneity because of its high cation
exchange capacity (CEC), water holding capacity, and aeration as well as low soil
strength and low bulk density, which are optimum for root growth (Brady and Weil,
2002; Fisher and Binkley, 2000). Secondly, organic rich mediums have greater nutrient
availability compared to the mineral horizons, but the transfer of nutrients may be slower
due to higher macroporosity and aeration. However, even though the transfer of nutrients
may be slower in organic matter, the increased nutrient concentration associated with
organic material may offset this process (Bowen, 1984). Except for nutrient uptake via
root interception, the vast majority of nutrient uptake requires adequate soil moisture for
nutrient uptake via mass flow or diffusion to occur. Nutrient uptake via mass flow or
diffusion is often rapid in organic matter because of the close proximity of nutrients in
solution to active roots.
Influence of Bioturbation
The influence of bioturbation, whether caused by earthworms, insects,
burrowing animals, or tree roots, promotes increased plant growth because of the
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extensive mixing of soil and mineralization of nutrients. The most influential source of
bioturbation is arguably root growth and decomposition. Old root channels created by
larger roots (i.e. >2mm) have been known to increase spatial heterogeneity in the soil,
which provides conditions for root growth due to, increased transfer of water, nutrients,
gases and humus (Kostler and Bruchner, 1968), greater aeration (Lutz and Chandler,
1947; Van Rees, 1984) and decreased soil strength, which can be extremely important in
high density and compacted soils (Bennie, 1983). These traits would be similarly true for
decomposing stumps.
Van Lear et. al, (2000) examined the impacts of decaying stumps on site
productivity of loblolly pine (Pinus taeda L.). This study showed that loblolly pine
productivity and rooting density was higher for trees closer to old decaying stumps. In
addition, elemental concentrations of C, N, Mg, Ca, and P were seven to forty times
higher in decomposing root systems/stumps than in the root/soil interface and soil matrix,
respectively. These rich microsites also provide a habitat ideal for microorganisms. In
the early phases of decomposition, stump soil has a high C:N ratio in high rates of N
retention by microbes. As decomposition progresses the C:N ratio declines and nutrient
availability increases due to rapid mineralization (Van Lear et al., 2000). This
emphasizes the importance of examining decomposing stumps following harvest or
mortality to provide a better understanding of the role these microsites contribute in
regards to site productivity and nutrient availability.
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Ground-penetrating Radar Study
Principles
Ground-penetrating radar is a geophysical tool that transmits an
electromagnetic wave through the soil. These pulses of electromagnetic energy emitted
through the soil profile have distinct characteristics. Once these pulses contact a
boundary layer or an abnormality (i.e. pipe, cable, rocks, textural change, roots, etc.) with
varying electromagnetic properties, a portion of this energy is reflected back to the earth's
surface (Butnor et al., 2001; Hruska et al., 1999). As the signal travels through a
boundary layer, a series of hyperbolas are reflected and transmitted to the digital control
unit. These hyperbolas along with geoprocessing software can create a three dimensional
representation for a given abnormality. The digital control unit processes the various
signal types from a given transect; making it feasible to differentiate abnormalities from
other properties and boundary layers both above and below the object(s) of interest
(Hruska et al., 1999).
The applicability of GPR is heavily dependent on the clay mineralology, CEC,
soil moisture and the amount of soluble salts present (Doolittle et al., 2006). Clay
particles have higher surface areas, great water holding capacity and high CEC. There is
a direct correlation associated with CEC and the electrical conductivity of soil; as CEC
increases the electrical conductivity also increases (Saarenketo, 1998) resulting in an
overall increase in signal attenuation. However, the type of clay, its associated
mineralology and relative soil weathering status are the driving soil chemical factors
associated with signal penetration depth. High activity 2:1 clays, such as smectitic and
montmorillic clays, attenuate the GPR signal making it difficult to observe features at

14

great depths, whereas 1:1 low activity clays, such as highly weathered kaolinitic clays, do
not attenuate the GPR signal as profoundly. Soils with less than 10% clay are conducive
for GPR, but when clay values exceed 35% (2:1 types), soils become very depth
restrictive and the value of using GPR is negligible at best (Doolittle et al., 2006). In
addition to clay type as mentioned previously; soil moisture and calcareous and
gypsiferous soils with high quantities of soluble salts also attenuate the signal causing a
decrease in observation depth typically <1 meter regardless of signal strength (Conyers
and Goodman, 1997).
Signal strength of the GPR antenna is the other primary driving factor apart from
soil chemical properties that regulates penetration depth. In general, lower frequency
antennae have longer wavelengths resulting in deeper penetration depths; on the other
hand, higher frequency antennae provide a more concentrated and shallower penetration
depth due to the shorter wavelengths and higher signal attenuation (Barton and Montagu,
2004; Butnor et al., 2001; Hruska et al., 1999). For example, a 100mHz antenna can
provide information up to 30 meters in depth, whereas a higher frequency antennae such
as a 2-GHz antenna is better suited for exploring objects near the Earth's surface at depths
typically <0.2 meters (Barton and Montagu, 2004).
Mesocosm Study
Ecological Importance
Salamanders in general have several ecological roles which directly and indirectly
influence many abiotic and biotic processes within their surrounding environment
(Marcot and Vander Hayden, 2001). Many amphibian species and populations
worldwide are declining and in some cases becoming extinct (Semlitsch, 2003). These
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declines are occurring at local, regional and global scales (Alford and Richards, 1999).
Declines in amphibian populations can be attributed to one or more of the six factors
outlined by Semlitsch (2003): 1) habitat destruction and alteration, 2) global climate
change, 3) chemical contamination, 4) disease and pathogens, 5) invasive species and 6)
commercial exploitation.
The role of amphibians in aquatic and terrestrial ecosystems has been the subject
of many ecological studies. Of all vertebrate species, amphibians may be the best
biological indicators of ecosystem health because of their sensitivity to environmental
change (Vitt et al., 1990). The potential top-down trophic effects of amphibian species
on leaf litter decomposition, invertebrate communities and nutrient cycling dynamics has
been the central theme of several recent studies (Beard et al., 2002; Beard et al., 2003;
Walton, 2005; Walton and Steckler, 2005; Walton et al., 2006; Wyman, 1998). In
general, it is considered that small vertebrate predators such as salamanders constitute too
little biomass and therefore their impact on nutrient cycling and leaf litter decomposition
in terrestrial ecosystems would be minimal at the ecosystem scale (Schlesinger, 1997).
However, in Appalachian forests salamanders do constitute a significant portion of the
vertebrate biomass (Burton and Likens, 1975a; Burton and Likens, 1975b). Furthermore,
forests of the Appalachian Mountains contain more salamander species than any other
temperate region in the world (Cohn, 1994). Several studies suggest that certain frog and
salamander species do regulate certain nutrient cycling processes and impart top-down
effects on detrital food webs (Beard et al., 2002; Beard et al., 2003; Walton, 2005;
Walton and Steckler, 2005; Walton et al., 2006; Wyman, 1998). Furthermore, biomass
alone is not a sufficient indicator of the ecological importance of these vertebrate
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predators because it ignores waste production and population turnover, which may be
important fluxes of nutrients (Beard et al., 2002).
Estimates of total salamander biomass and frequency in the Appalachian
Mountains have varied depending on habitat type and regional location. Densities and
biomass estimates of red-backed salamanders have ranged from 4.0 individuals/m2 in
Virginia (Jaeger, 1980), to 1.0/ m2 (10,000/ha) in mature forests of western North
Carolina (Petranka et al., 1993), to 0.9/m2 in Michigan hardwoods (Heatwole, 1962), and
to 0.5/m2 in hardwood forests of south-central New York (Wyman, 1988). Red-backed
salamanders have been examined across several habitat ranges and populations estimates
have ranged from 0.6 to 1.0/ m2 (5961 to 9935/ha; Hairston 1987). Regardless of the
habitat type, these ranges in abundance and biomass for the red-back salamander favor
the use of this species in ecological studies in Appalachia because they are abundant
throughout the eastern US (Welsh and Droege, 2000).
Due to the extensive geographic range of the red-backed salamander, many in situ
and laboratory based experiments have used this species to determine and enhance our
understanding of the ecological importance of salamanders. The focus of these studies
has ranged from the effects of red-backed salamanders on invertebrate communities, leaf
litter decomposition, nutrient cycling, and moisture cycling. The sensitivity of
plethodontid salamanders to changes in the soil microclimate make them ideal candidates
for studying direct and indirect effects on soil processes (Welsh and Droege, 2000).
Reported top-down effects of salamanders and other amphibians on
decomposition processes and nutrient cycling have varied depending on experimental
methodologies, leaf litter substrate, and geographic location. Several studies have
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hypothesized that salamanders may indirectly affect leaf litter decomposition processes
by regulating detritivore prey (Burton and Likens, 1975b; Davic and Welsh, 2004;
Hairston, 1987; Wyman, 1998). Wyman (1998) demonstrated with field enclosures
containing red-backed salamanders that leaf litter decomposition rates were significantly
lower in field enclosures with high densities of salamanders compared to enclosures with
no salamanders in a forest primarily dominated by American beech (Fagus grandifolia).
Wyman (1998) attributed the slower decomposition rates to increased consumption of
macrofaunal detritivores, which are responsible for fragmenting leaf litter. In contrast,
others have hypothesized that control of invertebrate populations by salamanders would
cause decomposition rates to increase because of a reduction of insect predators of
bacterial and fungal communities, thus releasing microbes (Hairston, 1987). Beard (2002,
2003) found that the terrestrial frog, Eleutherodactylus coqui (coquì), enhanced nutrient
cycling processes and increased leaf litter decomposition rates in a Puerto Rican
subtropical wet forest. Beard (2002) concluded that coquìs enhance nutrient cycling
processes and accelerate leaf litter decomposition by converting recalcitrant arthropod
tissue into more decomposable frog feces and other waste products. Finally, Walton and
Steckler (2005) reported no salamander mediated effects on leaf litter decomposition
rates in a laboratory microcosm experiment because reductions in macrofaunal
detritivores (e.g. leaf shredders) were offset by increases in mesofaunal detritivores.
Although the objective of these studies was to determine potential top-down
effects of salamanders on ecosystem processes, there are several potential shortcomings
regarding these in situ or laboratory based studies. The use of enclosures potentially
prevent the movement of invertebrate organisms that could offset losses or imbalances
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associated with predator-prey and competitive relationships (Walton, 2005). Therefore,
enclosures may accentuate salamander-mediated effects on nutrient cycling, invertebrate
communities and leaf litter decompositions because predators and prey are confined to a
small area for a long period of time. Furthermore, the results from these studies may not
be applicable at larger spatial scales (Walton, 2005).
Salamander mediated effects on invertebrate communities have varied temporally
(Rooney et al., 2000) as well as being dependent on leaf litter substrate age and quality
(Walton and Steckler, 2005). Experiments involving lab and field enclosures have
demonstrated increased abundance of Collembola and/or mites (Rooney et al., 2000;
Walton and Steckler, 2005; Walton et al., 2006) as an indirect result of salamanders,
whereas in a field setting the opposite has been observed (Walton, 2005). However, one
of the primary objectives of Walton (2005) was to design a unique open field study n(i.e.
no enclosures) that would either corroborate or disprove the results from previous studies
involving field enclosures which state salamanders indirectly control forest floor
invertebrate communities. Results from their study supported the hypothesis that
salamanders do indeed regulate forest floor invertebrate communities in a natural setting.
Effect of Forest Disturbance on Salamander Populations
The red-back salamander and other woodland salamander species within the
family Plethodontidae are lungless and go through a direct developmental process
(Wyman, 2003), which means that young salamanders are hatched from terrestrial eggs
as miniature adults (i.e. no larval stage). Lungless salamanders are extremely dependent
on soil moisture, thus any disturbance altering the soil moisture cycle could impact
populations. The impact of forest management practices on salamander populations has
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received considerable attention because of their sensitivity to environmental change and
use as biological indicators (Ash, 1996; Davic and Welsh, 2004; Ford et al., 2002; Harper
and Guynn, 1999; Harpole and Haas, 1999; Morneault et al., 2004; Petranka and Smith,
2005; Petranka et al., 1993; Ross et al., 1999; Welsh and Droege, 2000).
The stage of stand development can be used to approximate salamander
abundance. On average, older more well developed forest systems contain higher
salamander densities (Ford et al., 2002). Although this generally pertains to most
woodland salamander species, some salamander species do thrive better in younger than
in mature forests (Brooks, 1948). As stands develop through time, they can be classified
based on one of four commonly recognized stages or phases of stand development: 1)
stand initiation, 2) stem exclusion, 3) understory reinitiating or 4) old growth (Smith et
al., 1997). This is extremely important in regards to salamander habitat because as stands
mature and age, less sunlight penetrates the forest floor, which often increases soil
moisture levels especially in eastern deciduous forests of the US. In addition, individual
trees begin to die due to competition, disease, or age which creates large amounts of
coarse woody debris favorable for salamander habitat. Forest management practices
often cause a reversal of stand development by drastically changing forest structure, light
levels, moisture levels, vegetation diversity and interior microclimates, thus, producing a
temporary or permanent reduction in salamander abundance or habitat.
Woodland salamanders are extremely sensitive to forest disturbances that increase
temperature and decrease moisture levels within the forest floor and upper soil layers
(Welsh and Droege, 2000). If they cannot maintain constant contact with moist litter and
soil, respiration will become difficult and desiccation and mortality will likely occur
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(Welsh and Droege, 2000). Therefore, forest management practices such as extensive
logging, thinning and/or heavy machinery that change the soil microclimate (e.g. leaf
litter properties) and/or habitat structures (e.g. coarse woody debris) may cause
populations to decline temporarily or permanently.
Clearcutting is often viewed as destructive causing irreversible effects on wildlife
habitat for certain species, particularly sensitive species such as salamanders. Following
clearcuts salamander populations typically decline during the first one to three years;
however, populations have been shown to rebound steadily, potentially reaching preharvest levels as little as 20-24 years (Ash, 1997; Harper and Guynn, 1999) or > 50 years
(Ford et al., 2002; Petranka et al., 1993) following clearcuts.
In addition to evaluating the effects of clearcutting on salamander abundance,
several studies have examined how various silvicultural treatments, such as shelterwood,
leave-tree, herbicide systems and group selection, affect salamander populations in
relation to mature stands (Bartman et al., 2001; Ford et al., 2002; Harpole and Haas,
1999; Morneault et al., 2004; Ross et al., 1999). Partial harvesting systems have shown
varying effects on salamander abundance when compared to nearby mature stands, where
either no significant effect (Bartman et al., 2001) or significant effects have been
observed (Harpole and Haas, 1999; Morneault et al., 2004; Ross et al., 1999). However,
Harpole and Haas (1999) emphasize that their conclusions are based on three years of
post-treatment data only and that longer-term data may be needed to determine the true
effects of various partial harvesting systems on salamander abundance. Morneault et al.
(2004) observed a rebound of salamander populations to pre-harvest conditions 3-5 years
following an intermediate shelterwood harvest (basal area of 17m2-21m2/ha) in a white
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pine (Pinus strobus) and Ross et al. (2000) found that shelterwood systems that retain a
basal area > 15 m2/ha may represent a threshold for maintaining high salamander
populations in northern hardwood and oak-hickory forests of Pennsylvania. These two
studies show when shelterwood systems retain 15 to 21 m2 ha-1 of basal area salamander
populations can be sustained to pre-harvest levels in both hardwood and conifer stands.
Declines in salamander abundance have been directly related to changes in the
overstory and understory composition as well as disturbance of the forest floor (Ash,
1997; Harper and Guynn, 1999; Harpole and Haas, 1999; Morneault et al., 2004). As
mentioned previously, clearcuts cause dramatic decreases in the forest floor moisture
content and increased leaf litter decomposition due to increased solar radiation and
temperatures, both of which have negative effects on salamander populations. On the
other hand in cooler or more mesic sites, partial harvesting systems may be able to
maintain a favorable forest floor microclimate for sustaining salamander populations if
enough overstory is retained (Ross et al., 1999). Furthermore, forest community type
(Morneault et al., 2004), soil pH and aspect can also play a key role in how salamanders
will respond to disturbances. Sites occurring on drier south facing aspects (Harpole and
Haas, 1999) and/or containing high amounts of conifers with low soil pH (<4; Harper and
Guynn 1999) may show larger declines for certain salamander species when disturbed.
3. Southern Appalachian Silviculture and Biodiversity Project
History
The initial goals of the Southern Appalachian Silviculture and Biodiversity
(SASAB) project were to evaluate the effects of seven common operational silvicultural
treatments have on Appalachian hardwood forests, specifically in regards to salamander
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and plant diversity as well as the impact that these treatments have on oak regeneration
and tree growth. A major focal point of this particular research was to increase our
understanding of resource availability and heterogeneity in these Appalachian hardwood
forests to improve forest management practices.
Numerous graduate students, technicians, and faculty at Virginia Tech have
contributed to the research history of the SASAB Project (Table 1.1). As a result several
theses, dissertations, technical reports, and peer-reviewed publications have been written.
Many pre-treatment measurements were conducted so that post-treatment research would
have accurate baselines to test various hypotheses. Pre-treatment data included: 1) plant
diversity, abundance and composition, 2) soil moisture and temperature 3) leaf litter
biomass, coverage and moisture, and 3) canopy coverage (Hammond, 1997; Harpole,
1996; Harpole and Haas, 1999). Currently, 1-, 4- and 9- to 11-year post treatment data
have been collected (Atwood, 2008; Belote et al., 2008; Hammond, 1997; Harpole, 1996;
Harpole and Haas, 1999; Hood, 2001; Hood et al., 2002; Knapp, 1999; Knapp et al.,
2003; Lorber, 2003; Sucre and Fox, 2008; Sucre et al., 2007; Wender, 2000). Posttreatment studies have continued to assess all vegetation strata and salamander
populations. In addition to these frequent measurements, soil N and C pools, seedling
and stump sprout regeneration, exotic species and underlying geology have been
evaluated (Table 1.1).
Early results from this long-term study suggest that multiple entry harvesting
regimes compared to single entry harvesting regimes may be more detrimental to
salamander populations. As salamander abundance increases in these multiple entry
harvest systems, reopening skid trails may cause salamander abundance to decrease as

23

well as increase soil erosion (Hood et al., 2002; Knapp et al., 2003). In regards to oak
regeneration, oak stump sprouts were larger than oak seedlings, but no difference in oak
regeneration were observed across all treatments (Atwood, 2008).

Table 1.1 – Summary of graduate students, research history and sites sampled during 14year history of the SASAB Project.
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Study Design
The SASAB project is comprised of seven sites and extends across three different
physiographic regions in Virginia and West Virginia: 1) Ridge and Valley, 2)
Cumberland Plateau, and 3) Allegheny Plateau (Figure 1.2). Seven silvicultural
treatments were implemented: 1) an undisturbed control, 2) group selection, 3) high-leave
shelterwood (12-15 m2 ha-1 of residual basal area retained), 4) low-leave shelterwood or
commercial clearcut (4-7 m2 ha-1 of residual basal area retained), 5) leave-tree (3-4 m2
ha-1 of residual basal area retained), 6) commercial clearcut, and 7) midstory removal
using herbicide. These treatments manipulated canopy cover, providing both a light and
disturbance gradient. The experimental design of the SASAB project is a randomized
incomplete block design with sub-sampling. Each location (N = 7) represents one block
with a total area of 14 hectares subdivided into seven equally sized plots. The blocks are
commonly referred to as Blacksburg 1 and 2 (BB1 and BB2), West Virginia 1 and 2
(WV1 and WV2), Clinch 1 and 2 (CL1 and CL2) and Newcastle (NC), respectively
(Figure 1.2). The BB1 and BB2 sites are located on the Jefferson National Forest in
Montgomery County, Virginia. The CL1 and CL2 sites as well as the NC site also occur
on the Jefferson National Forest in Wise and Craig Counties, Virginia. The WV1 and
WV2 sites are located on what was MeadWestvaco Corporation's Wildlife and
Ecosystem Research Forest in Randolph County, West Virginia.
The location of the seven study sites was based on predetermined criteria such as
elevation, slope, site quality, stand age, aspect and forest cover type (Lorber, 2003). In
each block, two-hectare plots were randomly assigned the aforementioned silvicultural
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treatments. The WV1 study site did not have the herbicide and low-leave shelterwood
silvicultural treatments due to area constraints.

Figure 1.2 - Location of seven Long-term Biodiversity Sites which are located across
three physiographic provenances; 1) Ridge & Valley, 2) Allegheny Plateau and 3)
Cumberland Plateau.
In each of the seven treatment plots within each study site there were three nested
levels of subplots; 24 x 24 meter tree plots (n =3 per treatment), 6 x 6 meter shrub plots
(n = 48 per treatment) and 1 x 1 meter herbaceous plots (n = 24 per treatment) that were
established randomly (Figure 1.3). Buffer strips were not implemented between the two
hectare silvicultural treatment plots. A serpentine numbering scheme was used across the
tree plot to denote the shrub plots. Skid trail design on plots receiving mechanical
silvicultural activities was at the discretion of the logger and followed state and federal
best management practices (BMP's). Therefore, post-treatment results may be influenced
by edge effects from the skid trails. In addition, the randomized location of the small
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patches of trees removed in the group selection treatments often fell within streamside
management zones and data from plots where this occurred may not reflect the true
nature of the treatment.

Figure 1.3 - Schematic of nested plot design within each of the randomly assigned
silvicultural treatments within each study site, respectively.
The research studies presented in this dissertation were largely conducted outside
the SASAB measurement plots. The only study that utilized plots within the SASAB
project was the GPR project. In this study, all tree measurement plots (Figure 1.3) across
the seven sites were used. However, the results from the salamander and stump study in
addition to the GPR study are relevant to the overall goals of the SASAB project, despite
not conducting research in each silvicultural treatment.
An important aspect of this research was to synthesize the results from each of
these independent projects and speculate how these findings could improve our
management of these ecosystems (see Chapter 5). As site or stand-level management
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(i.e. precision forestry) becomes the norm in the 21st century, understanding ecosystem
processes is integral for achieving specific objectives. In hardwood ecosystems managed
for timber production, rotations are typically > 75 years and any management activities
that could reduce rotation lengths by 5, 10 or 15 years would increase both the return on
investment and general landowner interest to actively manage their land. Factors such as
relict stumps (see Chapter 2) and depth to bedrock (see Chapter 3) affect site
productivity. Understanding the effect of decomposing stumps on soil resource
heterogeneity and depth to bedrock on water holding capacity and water availability can
help landowners reduce upfront costs and maximize long-term returns. Equally
important to forest landowners is the effects forest management activities have on
wildlife such as salamanders (see Chapter 4). Furthermore managing these forests
appropriately to maintain or increase current salamander population could also increase
soil nutrient availability and thus increase site productivity over time.
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2. Contribution of Soil Influenced by Decomposing Stumps to Soil Nutrient Pools
and as Favorable Microsites for Fine Root Proliferation.
Eric B. Sucre1 and Thomas R. Fox1
1

Virginia Tech, Department of Forestry, 228 Cheatham Hall, Blacksburg, VA
24061.
Abstract
Decomposing stumps increase soil resource heterogeneity in forest ecosystems,
but the impact of these microsites on nutrient retention and cycling is relatively unknown.
In this study, the soil in decomposing stumps (a.k.a. stump soil) that is largely altered by
the decomposing rooting system was sampled. Six randomly established 10 m x 10 m
measurement plots were evaluated. These sites were located in mature hardwood stands
on the Jefferson National Forest in the Ridge and Valley Physiographic region of
southwest Virginia.
The objectives of this study were to: i) determine the total soil volume influenced
by remnant stumps, ii) compare and contrast total carbon (C) and nitrogen (N),
extractable ammonium (NH4+) and nitrate (NO3-), potentially mineralizable N, microbial
biomass C (MBC), root length and root surface area between the bulk soil (i.e. O-, A-, Band C-horizons) and stump soil and iii) determine if differences in nutrient concentrations
and fine root dynamics exist between stumps at various stages of decomposition based on
a four category stump classification system.
Results show that decomposing stumps occupy approximately 1.2% of the total
soil volume and constitute 4% and 10% of total soil N and C pools. Significant
differences in N (p = 0.0114), C (p = 0.0172), microbial biomass C (p = 0.0004), and
potentially mineralizable N (p = 0.0042), and extractable NH4+ (p = 0.0312)
concentrations were observed when compared to mineral soil horizons. In particular,
potentially mineralizable N was 2.5 times greater in stump soil than the A-horizon (103
vs. 39 mg kg-1), 2.7 times greater for extractable NH4+ (16 vs. 6 mg kg-1) and almost 4
times greater for MBC (1528 vs. 397 mg kg-1). These measured properties suggest higher
N-availability, organic matter turnover and N uptake in stump soil versus the bulk soil.
19% of the total fine root length and 14% of fine root surface area also occurred in the
stump soil. The increased fine root length suggests higher concentrations of labile
nutrient in the stumps since roots often proliferate in areas with higher nutrient
availability. Significant differences occurred in N and C concentrations between all four
decay classes and the A-horizon, which validated the use of this system and the need to
calculate weighted averages based on the frequency and soil volume influenced by each
decay class.
The results and conclusions of this study illustrate the need for more extensive
long-term research on the impact of stumps on C sequestration, nutrient cycling, and site
productivity as well as including this highly labile pool in ecosystem nutrient budgets.
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1. Introduction
Plants have evolved to maximize nutrient acquisition by exploiting soil
heterogeneity via changes in root proliferation, uptake kinetics and mycorrhizal
infections (Drew, 1975; Drew and Saker, 1975; Fitter, 1994; Gile and Carrero, 1917;
Jackson et al., 1990b; Robinson, 1994). Forest soils in particular are extremely
heterogeneous. The influence of trees and other vegetation on nutrient cycling dynamics
and soil genesis can cause coarse- and fine-scale soil heterogeneity. However, it is often
difficult to quantify the effect of vegetation on soil chemical and physical properties as
significant changes often take centuries if not millennia to occur (Stone, 1975).
Temporal and spatial heterogeneity in nutrient availability and soil moisture of
forested and rangeland ecosystems are influenced by disturbance intensity, time of
sampling, and/or soil sampling methodology (Farley and Fitter, 1999; Guo et al., 2002;
Guo et al., 2004; Gupta and Rorison, 1975; Jackson and Caldwell, 1993; Lister et al.,
2000). It is well established that there is a relationship between nutrient availability and
seasonality due to changes in temperature, rainfall frequency and microbial activity
(Brady and Weil, 2002; Fisher and Binkley, 2000). Stochastic, biological and
anthropogenic disturbances play major roles in soil resource heterogeneity often
increasing site heterogeneity as a result of sudden changes in forest structure and light
(Pickett and White, 1985). Large-scale disturbances such as tree harvesting (e.g.
clearcuts), disease and pest outbreaks, wind and ice storms and/or landslides cause soil
resource heterogeneity to increase. However, soil resource heterogeneity often returns to
pre-disturbance levels within several years (Guo et al., 2004).
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Soils and forests in the Southern Appalachian Mountains are heterogeneous due
to the tremendous amount of orogenic (i.e. folding and faulting), biologic and more
recently anthropogenic disturbances that have occurred over the last 100 million years. A
particular source of heterogeneity that has received little attention is the impact that
decomposing stumps have on nutrient storage, nutrient availability (Van Lear et al.,
2000), fine root growth and microbial activity. Old root channels for example are known
to increase spatial heterogeneity in the soil environment, which provide optimum
conditions for root foraging and proliferation. Live root density typically increases in
these microsites because of increased soil moisture and nutrients concentrations (Kostler
and Bruchner, 1968), high organic matter content, greater aeration (Lutz and Chandler,
1947; Van Rees, 1984) and low soil strength. All of these benefits become increasingly
important in naturally high bulk density soils as well as soils that have experienced
considerable compaction as a result of past management activities (Bennie, 1983).
It would be expected that relict tree stumps provide similar nutrient rich
microsites, in particular the mineral soil affected by the decomposing root system. The
slow degradation of the underlying root systems of relic stumps creates an organic rich
mineral horizon, which likely has higher nitrogen (N) and carbon (C) concentrations than
the nutrient rich A-horizon.
The lack of information regarding the impact of stumps on nutrient cycling
illustrates the need for more detailed research in this area. Because of the large number of
stumps in Appalachian forests due to past logging operations and natural mortality, a
clearer understanding of the contribution and release of nutrients over time could change
our current understanding of nutrient cycling and how we estimate ecosystem nutrient
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budgets. Southern Appalachian hardwood forests have experienced several disturbances
in the last 80-120 years which have caused a large amount of stumps to be distributed
across the landscape: 1) extensive high-grading around the turn of the 20th century and 2)
the chestnut blight (Cryphonectria parasitica ), which significantly altered forest
community structure and function.
The objectives of this study were: i) determine the total soil volume influenced by
remnant stumps (i.e. stump soil), ii) compare and contrast total C and N, extractable
ammonium (NH4+) and nitrate (NO3-), potentially mineralizable N, microbial biomass C,
root length and root surface area in the bulk soil (i.e. O-, A-, B- and C-horizons) to soil
influenced by the decomposing rooting systems associated with stumps and iii) determine
if differences in nutrient concentrations and fine root dynamics exist between stumps at
various stages of decomposition.
2. Material and Methods
Study Sites
This study was installed on the Jefferson National Forest in the Ridge and Valley
physiographic region approximately 8 km west of Blacksburg, VA in Montgomery
County (37°17’38” N, 80°27’27” W). The elevation is approximately 670 m and the
average annual precipitation is approximately 1,015 mm. Average annual temperature is
10.8 °C, ranging from low temperatures of 0.3 °C in the winter to high temperatures of
20.7 °C in the summer. All study sites were occupied by a second growth forest
approximately 100 years in age with an average basal area of 23 to 30 m2 ha-1. The forest
cover type in these stands was predominately white oak (Quercus alba L.), black oak
(Quercus velutina Lamb.) and scarlet oak (Quercus coccinea Muenchh.) with red maple
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(Acer rubrum L.) and several species of hickory (Carya sp.) as associates in this mixed
hardwood community. Forest soils in this region are often derived from a combination of
sandstone and shale formed in residuum or colluvium. All measurement plots in this
study occurred on the Clymer soil series, which is a residual soil (coarse-loamy, siliceous,
active, mesic Typic Hapludults).
Experimental Design
Six, 10 m by 10 m plots were randomly established during the summer of 2007.
At each 10-m by 10-m plot (n =6) bulk soil samples were taken by horizon (i.e. O-, A-,
B- and C-horizons). The location for each bulk soil sample was determined by dividing
each 10 m by 10 m plot into 1 m by 1 m cells labeled 1 to 100 and randomly selecting
five cells. If a tree, decomposing stump or other feature resided within a randomly chosen
cell, then another cell was selected as a replacement to ensure that the bulk soil samples
were relatively uninfluenced by nearby stumps, living trees or coarse wood debris.
Following the collection of the bulk soil samples, the entire forest floor (i.e. leaf litter)
was completely removed so that all decomposing stumps could be identified.
Stump Classification System
Stumps were classified based on aboveground characteristics. Windthrow or tipup mounds were excluded in this study as the majority of the root system is often ripped
out of the soil. The primary interest regarding decomposing stumps was the mineral soil
enriched with organic matter directly underneath. A stump classification system was used
by assigning a categorical variable to each stump based on its current stage of
decomposition (Table 2.1). Classification systems similar to the one used have been
implemented to assess the decomposition stage of coarse and fine woody debris in
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coniferous forests of the Pacific Northwest (Fogel et al., 1973; Hunter, 1990; Maser et al.,
1979; Sollins, 1982) and eastern deciduous forests (McCarthy and Bailey, 1994; Pyle and
Brown, 1998).
Estimation of Soil Volume Influenced by Stumps
For each stump, a series of diameter and depth measurements were taken to
determine the approximate soil volume influenced by decomposing stumps. Two
diameter measurements (Eq.1) were taken and averaged for each stump and a soil pushtube sampling device was then used to estimate the extent of soil influenced by the
decomposing root system. The soil push-tube was driven through the stump to obtain
accurate depth measurements (Eq. 1). Qualitative attributes such as changes in soil color,
organic matter content and texture were used to determine the extent of soil influenced
for each stump. If the stump was not adequately fragmented for the use of the push-tube,
then the soil was carefully excavated to determine the extent/depth of soil influenced by
stumps and taproots. Together, these two measurements, diameter and depth, were
inserted into an equation for an elliptical cone which best describes the shape of the
underlying root systems encountered in this study. This assumption was based on 12
excavated stumps located outside the measurement plots:
(1)

where:
V = volume of soil influenced by a decomposing stump
D = mean cross-sectional diameter of a decomposing stump
SD = average depth or extent of soil influenced by a decomposing stump
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In this study only the areas largely affected by decomposing stumps were
considered (i.e. directly underneath). As coarse roots decompose, a pronounced coloring
of the soil occurs creating an easily identifiable boundary between the decomposing
stump and the surrounding bulk soil. Once the soil volume influenced by each stump was
calculated and assigned to the appropriate decay class, a weighted average was calculated
for each plot based on the total soil volume and the frequency of stumps for each decay
class (i.e. 1-4).
Soil Physical and Chemical Analysis
Soil and Root Density
A soil bulk density corer was used to obtain samples for bulk density (Db) and
root density for each sampling location (i.e. stump and bulk soil), whereas a soil pushtube was used to obtain fresh soil for the chemical analyses outlined below. For the bulk
soil, bulk density samples were taken by horizon. Prior to oven drying each bulk soil and
stump Db sample, roots were carefully removed to determine total root length and surface
area using the WinRhizo 5.0A root scanning software (Regent Instruments Inc., Quebec,
Canada). Roots were then oven dried at 65° C for 48-hrs to determine mass and density.
The remaining soil sample was oven dried at 105° C for 48-hrs. and subsequently
separated into coarse and fine fractions using a 2-mm sieve.
Total C and N Determination
The combustion method was used to determine the concentration of N and C in
the fine-earth fraction (<2-mm) and roots for the bulk soil and decomposing stump
samples (Nelson and Sommers, 1982) using an Elementar CHNS analyzer (Elementar,
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Hanau, Germany). Total N and C were expressed in kilograms (kg) per hectare as follows
for the bulk soil:
Total N or C (kg ha-1) =

(2)

Equation 2 is the traditional method for converting concentrations of C and N to a
kilogram per hectare basis, where average horizon thickness (i.e. depth) is used in
conjunction with measured soil physical (Db) and chemical (%N or %C) data. On the
other hand, extrapolating C and N concentration data from decomposing stumps required
multiplying the fine fraction soil weight per unit volume from the bulk density core (g
cm-3) by the total soil volume occupied by the stump. This value was then extrapolated
to a kg ha-1 basis.
Potentially Mineralizable N and Extractable Inorganic N
A seven-day anaerobic incubation was used to determine potentially mineralizable
N for the bulk soil and stump soil. This method has been used to provide an index of
potentially available N released from the soil in the form of ammonium (NH4+) and has
been frequently correlated to N uptake by plants (Bremner, 1965; Shumway and
Atkinson, 1978). For each bulk soil or stump sample, 5.0g of air-dried soil was added to a
glass vial and filled with deionized water to ensure that the sample was devoid of O2.
Following the seven-day incubation samples were quantitatively transferred using 3M
KCl and shaken for 1 hour. Final sample extractions contained a 10:1 KCl:soil ratio with
a final normality of 2 (Burger, 2007).
For the extractable inorganic N procedure (Mulvaney, 1996), exchangeable
ammonium (NH4+) and nitrate (NO3-) were determined by adding 50 ml of 2M KCl to
5.0g of air-dried soil and shaken for 1 hour. Extracts from the potentially mineralizable N
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and extractable inorganic N procedures were analyzed using a Bran and Leubbe
TRACCS 2000 Auto-Analyzer (SPX Corporation) and were expressed in mg kg-1 and
extrapolated to a kilogram per hectare basis.
Microbial Biomass C
Microbial biomass carbon (MBC) was determined using the chloroform
fumigation-extraction method (Anderson and Domsch, 1978). The chloroform
fumigation-extraction method lyses soil microbial cells with chloroform over a period of
48hrs. Following the 48hrs incubation time, a dilute salt solution (0.5M K2SO4) was used
to extract C (Anderson and Domsch, 1978; Jenkinson and Powlson, 1976). Total MBC
was determined using the following formula:

where Kec = 0.35. The Kec is a soil dependent constant used to estimate the percent MBC
recovered. In most soils approximately 35% of total MBC is recovered using this
technique (Anderson and Domsch, 1978; Gregorich et al., 1990). Samples were analyzed
using a Shimadzu TOC-5050 (Scientific Instruments, Columbia, MD).
Data Analysis
All statistical tests were conducted using SAS version 9.1 (SAS Institute Inc.,
Cary, NC). A one-way analysis of variance (ANOVA) was used to determine if
significant differences in N and C pools existed between the bulk soil (O, A-, B-, and Chorizons) and decomposing stumps. For post-hoc analysis, the Tukey-Kramer HSD
multiple comparisons test (α = 0.05) was used to determine the ranking between the bulk
soil horizons and stump soil.
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This same sequence of statistical tests was also used to test for differences
between decay classes (1-4) and the A-horizon. The purpose of these comparisons were
to: 1) determine if separating stumps by decay class was beneficial (i.e. significant
differences occurred) and 2) to determine at what decay class (i.e. 1-4) does the soil
influenced by decomposing stumps become similar to the A-horizon and if all decay
classes contain significantly higher concentrations of N and C than the A-horizon.
3. Results
Soil Volume, Carbon and Nitrogen Content
Estimates of soil volume were based on horizon thickness for the bulk soil and
diameter and depth measurements (Eq. 1) for the stump soil. Results show that stump
soil occupies approximately 1.2% of the total soil volume or 151 m3 ha-1 (Table 2.2).
Stump soil occupied the smallest proportion of the total soil volume relative to the
mineral soil horizons, but contained significantly higher concentrations of N (p =
0.0114), C (p = 0.0172), MBC (p = 0.0004), extractable NH4+ (p = 0.0312) and
potentially mineralizable N (p = 0.0042) when compared to the mineral soil horizons
(Tables 2.2 and 2.3).
When all N and C pools were compiled to determine the proportion of total N and
C in the soil, the stump soil contained approximately 4% and 10% of the total soil N and
C (Figure 2.1). The C and N content of the stump soil was greater than the C and N
content of the O-horizon (i.e. forest floor). The O-horizon contained 2% of the total N
and 7% of the total C, respectively (Figure 2.1). The lower contributions to total N and C
pools compared to the mineral soil horizons is largely a function of the lower soil volume
for stump soil (151 m3 ha-1 or 1.2% of total soil volume) and the O-horizon (329 m3 ha-1
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or 2.6% of total soil volume) (Table 2.2). These data show that decomposing stumps
contribute more to the total soil C and N pools than the O-horizon; however, unlike
stump soil the forest floor would never be excluded from estimates of total soil N and C.
On the other hand, the A-horizon contained approximately 24% and 36% of the total N
and C in only 10.1% of total soil volume, while the B- and C-horizon contained
approximately 34% and 36% of the total N and 34% and 13% of the total C, respectively
(Figure 2.1). This larger proportion of total soil volume can be attributed to the greater
horizon thickness of the B- and C-horizons.
Concentration values are often the best indicators of labile and plant available
nutrients. Potentially mineralizable N and MBC in particular are two strong indicators of
N availability and active cycling (Bremner, 1965; Geist, 1977; Knoepp et al., 2000;
Shumway and Atkinson, 1978). Stump soil had 2.5 times more potentially mineralizable
N than the A-horizon (101 vs. 39 mg kg-1), 2.7 times greater for extractable NH4+ (16 vs.
6 mg kg-1) and almost 4 times more MBC (1528 vs. 397 mg kg-1) (Table 2.3). While the
stump soil only contains 4% and 10% of the total N and C (Figure 2.1), the majority of
these totals are in labile and a plant available form. The A-horizon contains the largest
amount of labile N and C in the bulk soil but on proportional basis (total vs. plant
available) is relatively low compared to the stump soil despite containing 24% and 36%
of the total N and C, respectively (Figure 2.1). The majority of N (70%) and C (47%) is
contained in the B- and C-horizons, but these pools are primarily in a recalcitrant form.
Roots
No differences were observed for N and C concentrations in roots between the
mineral soil and stump soil (Table 2.3 and 2.4). When total fine and coarse root length
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and surface area were examined on a relative basis (i.e. per m3 of soil), stump soil
contained significantly more total fine root length (p = 0.0001) and total surface area (p
=0.0008) than all bulk soil horizons (Table 2.4). Average total fine root length and
surface area in the stump soil was approximately 13,937 m m-3 and 43 m2 m-3, whereas
average values for the A-horizon, which is where the majority of fine roots are located in
the bulk soil, were substantially less (4,676 m and 19 m2 per m3 of soil), respectively
(Table 2.4). In addition, stump soil contained few coarse roots; the majority of coarse
roots were located in the A- and B-horizons (Table 2.4; Figure 2.2).
The distribution and concentration of fine roots in particular can be used as an
indicator of labile nutrient pools (Figure 2.2) as roots often proliferate in areas with
higher nutrient availability (St. John, 1983; St. John et al., 1983). Stump soil is an ideal
medium for fine root proliferation considering the higher concentrations of potentially
mineralizable N and MBC compared to the bulk soil (Table 2.3). On a per hectare basis,
approximately 19% and 14% of the total fine root length and surface area (Figure 2.2)
were located in stump soil. This a substantial proportion of the total fine root length and
surface area in only 1.2% of the total soil volume (Table 2.2). Collectively in 11.4% of
the total soil volume, the A-horizon and stump soil contained 72% of the total fine root
length and 65% of total fine root surface area (Figure 2.2) in these ecosystems (Table
2.2). Furthermore, the A-horizon had significantly more fine root length than the Chorizon, but the A-horizon was statistically similar to the B-horizon and stump soil
(Figure 2.2).
As mentioned previously, stump soil contained low concentrations of coarse
roots per m3 soil. On a per hectare basis, stump soil contained 0.2% of the total coarse
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root length and 2% total coarse root surface area (Figure 2.2), whereas 67% of the total
coarse root length and 66% of the total coarse root surface area were located in the Bhorizon (Figure 2.2). The B-horizon had significantly more coarse roots than the A- and
C-horizons, respectively. The results were slightly different for coarse root surface area
with the B-horizon having significantly more than the A-horizon, and the A-horizon have
significantly higher surface area than the C-horizon and stump soil (Figure 2.2).
Decay Class Differences
Differences in nutrient concentrations and total fine root length and surface area
between the four decay classes were mixed; however, some consistent trends were
observed between the decay classes and the A-horizon (Table 2.5). Nitrogen
concentrations across all decay classes were significantly higher than the A-horizon
except for decay class 4 (Table 2.5). Carbon, potentially mineralizable N, extractable
NH4+ and MBC concentrations were significantly higher in all decay classes compared to
the A-horizon. Decay class 1 had significantly higher concentrations than all other decay
classes (Table 2.5) suggesting that stumps which have decayed less at the surfacehave
higher C, potentially mineralizable N, extractable NH4+ and MBC concentrations than
more decomposed stumps. A reverse trend was observed for extractable NO3-, where the
A-horizon had significantly higher concentrations than all decay classes (Table 2.5).
Decay classes 2, 3, and 4 also had significantly higher significantly extractable NO3- than
decay class 1 (Table 2.5).
Results were also mixed for the root data. Only decay class 1 had significantly
higher N concentrations, whereas no significant differences were observed for C
concentrations in roots across all decay classes and the A-horizon (Table 2.5). Total fine
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root length and surface area were similar across all decay classes with all decay classes
exhibiting significantly higher values than the A-horizon (Table 2.5).
4. Discussion
Distribution of Carbon and Nitrogen in the Stump and Bulk Soil
In upland soils the A-horizon is generally thought to be the site where the
majority of available nutrients are absorbed due to the high concentration of fine roots
(<2mm diameter), higher nutrient availability, and favorable soil structure. On the other
hand, the clay rich B-horizon and C-horizon have a high water holding capacity and,
consequently, may be more important in the supply of water to roots in these upland
systems.
We found that stump soil contained appreciable amounts of C and N and more
fine roots than the A-horizon suggesting that they may be an important loci of nutrient
and water uptake. Similar results have also been found in below-stump biomass (Van
Lear and Kapeluck, 1995), roots (Park et al., 2007; Vogt et al., 1995), old root channels
(Parker and VanLear, 1996) and coarse fragments (Harrison et al., 2003; Whitney and
Zabowski, 2004). However, these belowground soil constituents are often ignored or
inadequately sampled (Park et al., 2007). Stump soil only occupies 1.2% of the total soil
volume and the relative contribution to labile N and C pools is higher per m3 of soil than
any master horizon. The O-horizon, which also occupied a relatively small proportion of
total soil volume (2.6%; Table 2.2), contained 2% and 7% of the total N and C pools
(Figure 2.1); however, as mentioned earlier the O-horizon would never be excluded from
estimations of ecosystem nutrient budgets.
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These observations are important when we think about forest soil sampling
methodologies. The majority of sampling designs are based on detecting treatment
differences by collecting enough samples to obtain site averages with small standard
deviations (i.e. high precision). Even though the sampling methodology that we
implement in the field may yield precise results and accurate conclusions when a
particular sampling bias is consistently applied (Canary et al., 2000; Harrison et al.,
2003); the overall accuracy and ecological relevance of these results may be low
(Huntington et al., 1988). This frequently occurs because we fail to incorporate all pools
(i.e stump soil, coarse fragments and old root channels) and fail to sample deep in the
subsoil and C-horizon. For example, Canary et al. (2000) found that the effects of N
fertilization on carbon sequestration depended on the depth of sampling. This study
showed that C content following fertilization increased 20% when sampling the forest
floor, 11% when sampling to a depth of 25cm, and 4% when sampling to a depth of
85cm. Likewise, studies accounting for the >2mm coarse fraction (i.e. coarse fragments)
have shown that excluding this pool would underestimate total soil N by 0.3 to 37%
(Whitney and Zabowski, 2004) and total soil C by 50% (Harrison et al., 2003). These
examples clearly show how conclusions can be inaccurately drawn despite sound
sampling, analytical and statistical techniques if the whole system is not taken into
account.
Quantifying all of the aforementioned pools is important if accurate treatment
effects are to be ascertained from various forest management activities. Perhaps more
important than total nutrient pools in stump soil are the nutrient concentrations and fine
root dynamics found in these microsites. When we compared nutrient concentrations
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between stump soil and the bulk mineral soil, concentrations were often higher in stump
soil.
Stump soil N and C, extractable NH4+, potentially mineralizable N, and MBC
concentrations were all significantly higher than the mineral soil horizons (Table 2.3).
The O-horizon had higher N and C concentrations than the stump soil, but this was
expected since it was 100% organic matter (Table 2.2). The C-horizon had higher
extractable NO3- than the other soil horizons, which can be attributed to the mobility of
NO3- during rain events, especially in these soils derived from sandstone (i.e. lower
absorption).
In these low to medium quality sites in the southern Appalachians, N and water
availability frequently limit forest productivity. Potentially mineralizable N in particular
is an index of available N released from the organic soil fraction as NH4+ (Geist, 1977)
and has been frequently correlated to N uptake by plants (Bremner, 1965; Shumway and
Atkinson, 1978). Furthermore, N availability via N mineralization is a function of soil
moisture and temperature, microbial biomass, and soil organic matter quality (Knoepp et
al., 2000). Potentially mineralizable N concentrations for the A-horizon was 39 mg NH4+
kg-1 of soil, whereas the stump soil contained 103 mg of potentially mineralizable N as
NH4+ per kilogram of soil (Table 2.3). Extractable NH4+ was 2.7 times higher in the
stump soil than A-horizon suggesting higher rates of mineralization. Furthermore, these
rich microsites also provide favorable conditions for microorganisms. Microbial biomass
in the stump soil was almost 4 times higher (1529 mg C kg-1) than the A-horizon (397 mg
C kg-1; Table 2.3).
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The higher concentrations of potentially mineralizable N, extractable NH4+ and
MBC suggest higher organic matter turnover rates in stump soil and consequently higher
nutrient and water availability (Knoepp et al., 2000). This largely explains why fine root
proliferation (i.e. total fine root length and surface area) was substantially higher in stump
soil compared to the bulk soil master horizons (Table 2.4; Figure 2.2). This phenomenon
of roots proliferating when randomly encountering 'zones' or 'pockets' containing high
concentrations of nutrients has been well documented (Hodge, 2004; Hodge et al., 1998;
McKee, 2001; St. John et al., 1983).
Decomposing stumps are rich in organic matter, which has several benefits. First,
organic matter is a driving factor in soil nutrient heterogeneity because of its has high
cation exchange capacity (CEC), water holding capacity, and aeration as well as low soil
strength and low bulk density, which are optimum for root growth (Brady and Weil,
2002; Fisher and Binkley, 2000). Secondly, organic rich mediums have greater nutrient
availability compared to the mineral horizons, but the transfer of nutrients may be slower
due to higher macroporosity and aeration. However, even though the transfer of nutrients
may be slower in organic matter, the increased nutrient concentration associated with
organic material may offset this process (Bowen, 1984). Except for nutrient uptake via
root interception, the vast majority of nutrient uptake requires adequate soil moisture for
nutrient uptake via mass flow or diffusion to occur. Nutrient uptake via mass flow or
diffusion is often rapid in organic matter because of the close proximity of nutrients in
solution to active roots. Thus, stumps represent a zone for increased root proliferation and
nutrient uptake in these Appalachian hardwood forests
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Approximately 19% of the total fine root length and 14% of total fine root surface
area occurred in stump soil (Figure 2.2). Stump soil had significantly higher total fine
root length and surface area on a concentration basis (m3 soil). This suggests stump soil
has greater absorptive and uptake potential than the bulk soil. The higher concentration
of fine roots in stump soil also implied increased rhizodeposition and consequently a
greater proportion of rhizosphere soil. The rhizosphere and associated rhizodeposits are a
point where substantial N-cycling occurs (Hinsinger et al., 2003). Microbial populations
turnover rapidly inside the rhizosphere resulting in increased amounts of dissolved
organic nitrogen (DON) and low C:N ratio material that is quickly mineralized and
subsequently utilized by plant roots (Schimel and Bennett, 2004). As the fine roots
continually turnover additional organic matter is deposited in the soil, which increases
soil buffering capacity and cation exchange capacity (Wang and Zabowski, 1998). These
processes largely explain the higher nutrient concentrations and the subsequent
proliferation of fine roots observed in the stump soil.
Importance of Decay Classification System
The purpose of developing the decay classification system was to ascertain
whether stumps at various stages of decomposition have different soil chemical and root
properties. We used the stump itself or in the case of decay class 4 microdepressional
areas where a stump previously existed (Table 2.1). This was particularly important
because if decay class 4 did not differ significantly than the A-horizon then it was likely
that soil sampled in these concave areas was not recently influenced by stumps. In these
forests, there are approximately 1280 stumps per hectare with approximately 63% of
them being classified as decay class 4. These results showed that differences existed
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between decay class 4 stumps and the A-horizon, thus justifying the use of our four level
classification system (Table 2.5).
It is difficult to explain why the roots in decay class 1 stump soil had higher N
concentrations, but we also observed significantly higher C concentrations, potentially
mineralizable N, extractable NH4+ and MBC in decay class 1 stump soil than decay
classes 2, 3 and 4. Furthermore, all decay classes had significantly higher nutrient
concentrations than the A-horizon (i.e. decay class 1 > 2 = 3 = 4 > A-horizon) (Table
2.5). On the other hand, extractable NO3- and N concentrations exhibited slightly
different trends. Extractable NO3- was significantly higher in the A-horizon than in the
stump soil (i.e. A-horizon > decay class 4 = 3 = 2 > 1) and N concentrations were only
significantly higher in decay classes 1, 2 and 3 (Table 2.5). The reverse trend observed
with extractable NO3- may be an indication that plant uptake of NH4+ is higher in stump
soil (i.e. low nitrification rates). This can be attributed to the higher concentrations of
potentially mineralizable N (Table 2.5) in stump soil and that roots are effectively
competing against microbes in stump soil. Conversely, microbes may have a competitive
advantage over roots in the A-horizon where N may be more limiting and as result
experience higher rates of nitrification (Kaye and Hart, 1997).
We believe that the presence of these trends justifies the use of the decay
classification system proposed. Stumps classified as decay class 1 often showed
significantly higher nutrient concentrations than the other three decay classes, possibly
suggesting that only two decay classes are needed (Table 2.5). However, we believe until
more research is done the four level classification system should be used since trends
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were somewhat mixed and for the most part nutrient concentrations decreased as stumps
decomposition increased.
5. Conclusions
Stump soil is an important nutrient pool that should be included in soil nutrient
budgets. Including this pool will increase our understanding of nutrient cycling and
increase the overall accuracy of forestry research. A stratified sampling scheme versus
conventional random sampling may increase our understanding of soil heterogeneity and
detecting treatment differences with a greater accuracy (Vogt et al., 1995).
This nutrient rich soil fosters a favorable environment for fine root production and
consequently higher nutrient uptake potential largely due to higher organic matter
concentration and water holding capacity. This is supported by the higher potentially
mineralizable N, extractable NH4+ and MBC concentrations in stump soil compared to
the bulk soil (Table 2.3). Forest management practices such as plantation forestry should
also include stump soil and belowground biomass (Van Lear and Kapeluck, 1995) in
long-term C sequestration estimates. Following each rotation the amount of soil volume
influenced by stumps and their decomposing rooting systems increases. Additionally, site
productivity will increase over time particularly for those trees planted in close proximity
to old stumps (Van Lear et al., 2000).
Classifying stumps by level of decomposition captured the variability within
stumps at different stages of decomposition and allowed for an accurate representation of
the overall influence of stump soil across the landscape. Differences between decay
classes may have been slightly obscured by varying decomposition rates associated with
different tree species, however this classification system is age independent. This is
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probably not an issue for stumps sampled in monoculture plantations where the age of
stumps and number of rotations is known, but it could be an issue in hardwood forests
that contain a mixture of early and late successional species with different wood
properties. The results and conclusions of this study illustrate the need for more extensive
long-term research on the impact of stumps on C sequestration, nutrient cycling, and site
productivity.
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Table 2.1 - Stump decomposition classification system used for categorizing stumps into
appropriate decay classes based on aboveground features of stumps.
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Table 2.2 - Contribution of all soil horizons and stump soil to total soil volume and
carbon and nitrogen concentrations (n = 6). Study sites were sampled during the summer
of 2007 in Montgomery County, Virginia.
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Table 2.3 – Mean mineral soil and stump soil nutrient concentrations for measured N and
C pools (n = 6). Study sites were sampled during the summer of 2007 in Montgomery
County, Virginia.
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Table 2.4 – Root carbon and nitrogen concentrations and total root length and surface
area for mineral soil and stump soil.
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Table 2.5 – Nutrient and root data comparisons between four different decay classes and
A-horizon (n = 6).
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Figure 2.1 – Proportion of measured soil nitrogen and carbon pools derived from
kilogram per hectare values for southern Appalachian Hardwood Forests of the Ridge and
Valley Physiographic Region (n = 6). Significant differences (p < 0.05) indicated by
different letters using Tukey-Kramer HSD.
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Figure 2.2 – Proportion of total fine and coarse root length and surface area for southern
Appalachian Hardwood Forests of the Ridge and Valley Physiographic Region (n = 6).
Significant differences (p < 0.05) indicated by different letters using Tukey-Kramer HSD.
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Abstract
Ground-penetrating radar (GPR) is a geophysical tool that has the capability,
given the right soil properties, to accurately estimate soil depth. Accurate estimations of
soil depth can be difficult to obtain in rocky forest soils using conventional technique
such as an auger. The electrical conductivity of soil largely determines the suitability of
GPR for a particular soil (i.e. signal attenuation). Clay content and clay mineralogy as
well as cation exchange capacity are the primary soil chemical properties that cause
signal attenuation in the southern Appalachian Mountains and consequently, could reduce
the effectiveness of collecting accurate data with GPR.
This study was conducted in three different physiographic regions across the
southern Appalachian Mountains; the Ridge and Valley (n = 9), Cumberland Plateau (n
=6) and Allegheny Plateau (n =6). At each site (n = 21), a 20 m by 20 m measurement
plot was scanned in the east-west and north-south directions using both 200 MHz and
400MHz antennas to estimate average soil depth. Soil depth estimations obtained from
GPR were compared to depth estimations obtained via a soil auger using a paired t-test (α
= 0.05). Simple linear regression was used to determine if soil depth estimations from
both methods are predictors of site quality, which was calculated using the Forest Site
Quality Index (FSQI) method.
Across all plots (n = 21) depth estimations were shallower using a soil auger
compared to estimates obtained using GPR across all plots (p = 0.0002; Figure 3.4). On a
soil volume basis, this was equivalent to about 3500 m3 of soil per hectare unaccounted
for using traditional methods. In regards to using soil depth as a predictor for site quality,
no significant relationships were observed with soil depth estimations obtained from the
auger (Table 3.3). On the other hand, depth measurements from GPR explained
significant amounts of variation across all sites and by physiographic region. Across all
sites, soil depth estimates from GPR explained 45.5% of the residual variation (p = 0.001;
Table 3.3). When the data were stratified by physiographic region, a higher amount of
variation was explained by the regression equations; 85% for the Cumberland Plateau (p
= 0.009), 86.7% for the Allegheny Plateau (0.007) and 66.7% for the Ridge and Valley (p
= 0.013), respectively (Table 4.2). Results from this study demonstrate how inaccurate
current methods can be for estimating soil depth rocky forests soils. Furthermore, depth
estimations from GPR can be used to increase the accuracy of site quality in the southern
Appalachians.
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1. Introduction
Site productivity is often regulated by soil physical and chemical properties
affecting water and nutrient availability. Accurately measuring soil properties is time
consuming and expensive (Schoenholtz et al., 2000). A challenging conundrum for land
managers is selecting soil properties that provide the most information for the amount of
time and money available. Soil properties that are known to limit site productivity in a
particular region are targeted first, but current methodologies for acquiring these data
often fail to generate accurate, unbiased and consequently, reliable results (Harrison et
al., 2003). Furthermore, soil heterogeneity and soil stoniness further complicate
obtaining accurate data.
The southern Appalachian Mountains represent a geographical region where
vastly different soils types occur over relatively short distances (i.e. <10 m). This is due
to the rich geologic history of this region, which has experienced several orogenic events
(i.e. folding and faulting, landslides, etc.) and extensive physical and chemical
weathering over the last several millions of years. Site productivity is often highest in
colluvial soils and lowest in residual soils located on ridgetops and shoulder slopes. Both
soils have low pH and cation exchange capacity; however, soil depth is substantially
higher in the colluvial soils (> 1 m) compared to residual soils (< 1 m).
Water availability often limits productivity more than nutrient availability in
southern Appalachian forest soils. Forests on colluvial soils often have the highest site
productivity because of the greater soil rooting volume and higher clay content (i.e.
increased available water holding capacity) compared to residual soils, which often have
a sandier soil texture. However, regardless of slope position and parent material most
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soils in the southern Appalachians contain large amounts of coarse fragments. High soil
stoniness makes it extremely difficult to accurately estimate soil physical properties such
as soil depth and soil volume. Consequently, this may impair our ability to develop
reliable site quality indexes. For example, depth to mottling (Brown, 2007; Burger and
Kelting, 1999) and loamy substrata (Farrish et al., 1989), surface horizon thickness,
effective rooting depth (Graney, 1977) and total soil depth (Kimsey Jr. et al., 2008;
Sànchez-Rodrìguez et al., 2002) have all been used to estimate site quality.
A common method for estimating site quality in upland oak forests in Southern
Appalachian hardwood forests is the Forest Site Quality Index (FSQI). This method
takes into account slope, aspect and landform position to generate a relative index of site
quality. This method has been used to adequately describe site quality in these
ecosystems (Meiners et al. 1984). The lack of suitable site index (SI) trees and easy
implementation of this method in the field allow FSQI to be a viable alternative to site
index. For example, sites that have a south facing slope on a shoulder slope position with
steep slopes would likely have lower water availability compared to a north facing slope
on a toe slope position with relatively no relief (Meiners et al. 1984).
Common methods to estimate soil depth such as using a soil auger or excavation
are time consuming and expensive (i.e. high sample size) in order to accurately determine
soil depth because of large amount of spatial heterogeneity (Collins and Doolittle, 1987).
Furthermore, information on soil depth is only collected at discrete locations on the
landscape using these methods (i.e. a 2-dimensional approach). On the other hand,
ground-penetrating radar (GPR) is a geophysical tool that is easy to use in the field and
provides reliable 3-dimensional estimation of soil depth. The applicability of GPR is
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heavily dependent on the electrical conductivity of soil (Doolittle and Collins, 1995).
Soil properties such as clay mineralology, soil moisture and soluble salt content are the
primary factors affecting soil conductivity (Doolittle et al., 2006). In southern
Appalachian soils, the type of clay, its associated mineralology and relative soil
weathering status are the driving soil chemical factors associated with signal penetration
depth. Clay particles have high surface areas, water holding capacity and cation
exchange capacity (CEC) when compared to sandy textured soil. As CEC increases, the
electrical conductivity also increases (Saarenketo, 1998) resulting in an overall increase
in signal attenuation. High activity 2:1 clays (i.e. high CEC), such as smectitic and
montmorillic clays, greatly attenuate the GPR signal making it difficult to observe
features at great depths. On the other hand, 1:1 low activity clays (i.e. low CEC), such as
highly weathered kaolinitic clays, do not attenuate the GPR signal as strongly allowing
for more accurate interpretations.
Therefore, the objectives of this study were to: 1) estimate soil depth using GPR
and compare to standard depth estimations using a soil auger (i.e. traditional method) and
2) determine if soil depth measurements obtained using a GPR is a better predictor of site
index than depth measurements obtained using an auger.
2. Material and Methods
Study Sites
This study contained 20 m by 20 m measurement plots (n =21) located in three
different physiographic regions across the southern Appalachian Mountains; the Ridge
and Valley (n = 9), Cumberland Plateau (n =6) and Allegheny Plateau (n =6) (Figure
3.1). The sites in the Ridge and Valley contained soils classified as either a Berks-
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Weikert complex (n =6) or the Clymer series (n = 3) (Table 3.1). The Berks series is
characterized as a Loamy-skeletal, mixed, active, mesic, Typic Dystrudept, the Weikert
series as a Loamy-skeletal, mixed, active, mesic, Lithic Dystrudept and the Clymer series
as a Coarse-loamy, siliceous, active, mesic, Typic Hapludult. Berks soil series typically
has bedrock at 50 cm to 100 cm and Weikert soil series typically has bedrock <50 cm
(i.e. lithic). Clymer soil series typically has bedrock at 100 cm to 150 cm. These sites had
slopes ranging from 10 to 25%, coarse fragment content (> 2 mm fraction) from 15 to
25% (Parrish and Fox, unpublished) with a skeletal textural modifier (Table 3.1). On the
Cumberland Plateau, soils were classified as the Muskingum soil series (n = 6) with
slopes ranging from 15 to 25% and coarse fragment content from 20 to 30% (Parrish and
Fox, unpublished) across all sites (Table 3.1). Muskingum soil series is classified as a
Fine-loamy, mixed semiactive mesic Typic Dystrudept with depth to bedrock between 50
cm to 100 cm. For sites on the Allegheny Plateau, soils were classified as a DekalbGilpin stony complex (n = 6), where the Dekalb series is characterized as a Loamyskeletal, siliceous, active, mesic, Typic Dystrudept and the Gilpin series as a Fine-loamy,
mixed, active, mesic, Typic Hapludult (Table 4.1). Dekalb and Gilpin soil series typically
have bedrock at 50 cm to 100 cm. These sites had the steepest slopes (20-45%) and
highest coarse fragment content (40-60%) (Table 4.1). Across all physiographic region
coarse fragment content ranged from 15 to 60% with approximately 40% of the total
coarse fragment content in the 19 to 76 mm size class and an additional 20% in the >76
mm size class (Parrish and Fox, unpublished).

66

Ground-penetrating Radar
Principles
GPR is a time scaled system that functions by transmitting an electromagnetic
wave through the soil. The pulses of electromagnetic energy emitted through the soil
have distinct characteristics. Once these pulses contact a boundary layer or an
abnormality (i.e. bedrock, soil textural changes, roots, etc.) with varying electromagnetic
properties, a portion of this energy is reflected back to the earth's surface (Butnor et al.,
2001; Hruska et al., 1999) (Figure 3.2). To convert the amount time for the signal to
travel through the soil and back to the surface into a depth scale requires calculating the
velocity of pulse propagation. Several methods are available to determine the velocity of
propagation. These methods include use of table values, common midpoint calibration,
and calibration over a target of known depth. The last method is considered the most
direct and accurate method to estimate propagation velocity (Conyers and Goodman,
1997). The procedure involves measuring the two-way travel time to a known reflector
that appears on a radar record and calculating the propagation velocity by using the
following equation (Morey, 1974):

V = 2D/T

[1]

Equation [1] describes the relationship between the propagation velocity (V),
depth (D), and two-way pulse travel time (T) to a subsurface reflector. During this study,
the two-way radar pulse travel time was compared with measured depths to known
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subsurface interfaces within each study site. Computed propagation velocities were used
to scale the radar records.
Signal strength of the GPR antenna is the primary driving factor that regulates
penetration depth given the right soil chemical properties (i.e. low 2:1 clay and soluble
salt content). Lower frequency antennae (i.e. 200 MHz and 400 MHz) have longer
wavelengths resulting in deeper penetration depths. On the other hand, higher frequency
antennae (1 GHz) provide a more concentrated and shallower penetration depth due to
the shorter wavelengths and higher signal attenuation (Barton and Montagu, 2004; Butnor
et al., 2001; Hruska et al., 1999). A basic understanding of these principles is necessary
when considering GPR as a tool in forest soil research. There are obvious limitations
associated with GPR and users must be cognizant of these restrictions so that radar
records are not inaccurately interpreted.
The United States Department of Agriculture Natural Resources Conservation
Service (USDA-NRCS) has developed detailed large-scale suitability maps by state using
the Soil Survey Geographic (SSURGO) data base (Doolittle et al. 2006). These Statelevel maps integrate soil chemical and physical properties from county soil surveys.
These maps provide information for operators to determine whether GPR can be used
effectively, which antennas are most appropriate and the degree of data processing
required following collection (Doolittle et al. 2006) using a GPR suitability index. The
GPR suitability index is based on a scale from one to six with a rating of one representing
a site highly suitable for GPR and a rating of six representing a site unsuitable for GPR
(i.e. high signal attenuation). For this study, the mountainous soils of the Appalachians
are primarily formed from sandstone and shale (Table 3.1) and rank as moderate to high
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for the applicability of GPR with suitability indices < 3 (Doolittle et al., 2003; Doolittle et
al., 2006).
Equipment
The GPR device used was the Subsurface Interface Radar System-3000 (SIR3000) manufactured by GeoPhysical Survey Systems, Inc. (North Salem, NH). The SIR3000 system has a Windows® operating system consisting of a digital control unit (DC2000) with a keypad, VGA video screen, and connector panel that provides real-time
observations. The antennas used in this study were the 400 MHz (Model 5103) and 200
MHz (Model 5106). The two antennas with different frequencies were used to maximize
interpretations in rough terrain. This is of particular interest since the 200 MHz antenna
is a much larger heavier antenna that requires two people to operate efficiently, whereas
the 400 MHz antenna is smaller and lighter and can be used by a single operator. Both
the 200 MHz and 400 MHz are considered low frequency antennas and are better suited
for estimating depth to bedrock as compared to higher frequency antennas (e.g. 1 GHz)
that exhibit greater signal attenuation loss in soil mediums. The use of two antennas
allowed us to validate depth to bedrock observations.
Sampling Methodology
Twenty-one, 20 m by 20 m plots were randomly established and sampled. Total
soil depth was determined using GPR (200 MHz and 400 MHz antennas) and a soil auger
in each plot. Soil depth estimation obtained using GPR acted as the control because of
the higher accuracy associated with this methodology compared to the soil auger. For the
GPR methodology, each antenna was pulled along two identical 20 m transects in the
north-south and east-west directions (Figure 3.3). This provided continuous radar records
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that could be interpolated to determine accurate estimations of soil depth. However, prior
to using the GPR at each site a metal calibration plate was buried at a known depth (≈ 50
cm) to estimate the velocity of propagation and determine the depth scale (Butnor et al.
2001). This was required at each site because soils have varying dielectric properties (i.e.
soil moisture, clay mineralogy, etc.), which influence the two-way pulse travel time of
the electromagnetic energy emitted. We conducted soil excavations at points along each
transect to validate any ambiguous observations on the radar records while in the field.
This eliminated any uncertainties during the interpretation of each radar record in the
office and ensured the greatest accuracy.
For the auger method, five random sampling points were selected within each 20
m by 20 m measurement plot (Figure 3.3). At each sampling point the auger was bored
through the soil until an obstruction was encountered. This obstruction could have been
bedrock or large boulders and coarse fragments (Figure 3.9). It is difficult to tell whether
bedrock or a large coarse fragment is encountered without spending a tremendous amount
of time and energy.
Site Quality Regression Equations
Forest site quality index (FSQI) values from previous research on these sites were
used to determine which method for obtaining soil depth is a better predictor for site
quality (Hammond 1997). FSQI is derived from a series of site values that relate to water
availability in southern Appalachian hardwood forests. Equation [2] illustrates how FSQI
is calculated on a 16 point scale with a value of 3 indicating an extremely poor site and a
16 indicating a very productive site .
FSQI = Aspect Value + Slope % Value + Slope Position Value [2]
(1-16)
(1-6)
(1-5)
(1-5)
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Data Analysis
A paired t-test (α = 0.05) was used to compare differences in soil depth values
using GPR versus a soil auger using SAS version 9.1 (SAS Institute Inc., Cary, NC). The
RADAN for Windows (version 5.0) software program was used to process the radar
records (Geophysical Survey Systems, Inc, 2003). For the site quality component of this
study, simple linear regression analysis (α = 0.05) was conducted to compare differences
in GPR versus a soil auger for estimating site index using SAS version 9.1.
3. Results
Soil Depth
Across all plots (n = 21) soil depth estimations were shallower (p = 0.0002) using
a soil auger compared to estimates obtained using GPR (Figure 3.4). Average soil depth
was 88 cm using GPR, while the average soil depth using an auger was 53 cm (Figure
3.4). On a soil volume basis, this was equivalent to 3500 m3 of soil per hectare
unaccounted for using traditional methods.
Data were also stratified by physiographic region to determine the impact
underlying geology and location have on the accuracy of using traditional methods to
estimate soil depth (Figure 3.5). Furthermore, stratification by physiographic region
allowed for a more representative comparison of the variability associated with each
method (Figure 3.5). Radar records for the Ridge and Valley physiographic region
showed that soil depth using an auger could range from < 25 to > 150 cm depending on
sampling location (Figure 3.6). Furthermore, the soil in this region contained a
considerable proportion of coarse fragments (Table 3.1; Figure 3.6). The combination of
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folding and faulting and coarse fragment content contributed to a shallower estimation of
soil depth using a soil auger on sites in the Ridge and Valley (p = 0.037).
The Cumberland and Allegheny Plateaus have more horizontally oriented strata
compared to the more vertically oriented strata in the Ridge and Valley, respectively.
However, there were some fundamental differences between the Cumberland and
Allegheny Plateaus. The soil on the Cumberland Plateau appeared to be relatively
shallow when sampling with a soil auger due to a thin band of resistant sandstone
material (Figure 3.7). This thin band of sandstone contained numerous fractures when
excavated and was corroborated by nearby road cuts, which contained many coarse- and
fine-roots. An additional 1 m of rooting existed between the thin layer of fractured
sandstone and the more resistant sandstone at 1.5 m below the soil surface. This
additional meter of soil material (C-horizon) would have been missed using traditional
methods. Average soil depth estimations using GPR (98 cm) was more than twice as
deep as estimations obtained using a soil auger (46 cm) (p = 0.038).
Soil on the Allegheny Plateau sites had the highest amount of coarse fragments
(40-60%) and steepest slopes (20-45%) (Table 3.1). These site characteristics resulted in
tremendous colluvial deposits and mass wasting of large boulders; thus, making it
virtually impractical to obtain accurate soil depth estimates using a soil auger or via
excavation. GPR allowed for an inexpensive and feasible method to obtain accurate
estimations of soil depth on these sites. As observed on the Cumberland Plateau sites,
soil depth estimates were significantly greater using GPR (p = 0.028) and were almost
twice as deep as estimates obtained with an auger (Figure 3.5). Depth to bedrock ranged
from 50 to 118 cm on these sites (n = 6) with an average soil depth of 82 cm (Figure 3.8).
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Site Quality Estimates
Predicting site quality using soil depth estimations obtained with GPR was better
than estimates from the soil auger (Table 3.3). Site index values were based on previous
estimates from Hammond (1997) using the FSQI methodology for estimating upland oak
site index in the southern Appalachians. No significant relationships were observed with
soil depth estimations from the auger (Table 3.3). On the other hand, depth
measurements from GPR explained significant amounts of variation across all sites and
by physiographic region. Across all sites, soil depth estimates from GPR explained
45.5% of the residual variation (p = 0.001; Table 3.3). When the data were stratified by
physiographic region, a higher amount of variation was explained by the regression
equations; 85% on the Cumberland Plateau (p = 0.009), 86.7% on the Allegheny Plateau
(0.007) and 66.7% in the Ridge and Valley (p = 0.013), respectively (Table 3.3).
4. Discussion
Soil depth and its correlate soil volume are important soil physical properties that
are often indicators and explanatory variables for understanding site productivity
(Kimsey Jr. et al., 2008; Sànchez-Rodrìguez et al., 2002; Schoenholtz et al., 2000).
Farrish et al. (1990) showed that white oak (Quercus alba L.) site index was significantly
related to depth to loamy substrata (p = 0.0001) using GPR. This negative correlation (r2
= 0.45) showed an inverse relationship between white oak site index and depth to loamy
substrata. This inverse relationship was due to the fact that the loamy substratum is where
the majority of the nutrient availability resides. Consequently, the further down the soil
profile the roots have to migrate, the lower the site productivity. The low r2 value was
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attributed more to the difficulty in estimating site quality in hardwood forests than the
values obtained using GPR.
We examined potential relationships between site index as a dependent variable
and soil depth and/or soil volume as independent variables. Soil depth estimates from
GPR explained a significant amount of the residual variation compared to those obtained
using the auger (Table 3.3). The strong correlations between soil depth estimates and
site index using GPR emphasizes the importance of obtaining accurate depth
measurements. The site index equations were based on the FSQI approach for estimating
site quality in the southern Appalachian Mountains. FSQI is based on topography and
landscape which modify the local climate and affect temperature, soil moisture, and water
availability. This explains why concave landforms such as coves have higher site quality
because water and soil accumulate in these areas, whereas convex landforms shed water
and often have higher soil erosion rates; thus, having lower site quality.
Soil depth estimations were underestimated by 40% when using a soil auger
(Figure 3.4). This equates to approximately 3500 m3 of unaccounted soil per hectare,
which likely contains portions of the B-horizon on some sites but is predominantly and
the majority of the C-horizon. This underestimation in soil volume and depth would
result in lower estimates of soil nutrient pools and soil water holding capacity and
consequently site quality (Table 3.3). GPR has been used to differentiate soil horizons
that have contrasting soil properties (Collins and Doolittle, 1987; Doolittle and Collins,
1995; Lapen et al., 1996). These data could be used to calculate accurate horizon
thicknesses, particularly for deeper hard-to-sample soil horizons. This would improve
ecosystem nutrient budget calculations on sites suitable for GPR.
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Coarse fragment content is probably the most influential factor in obtaining
accurate soil depth estimations (Eriksson and Holmgren, 1996). In older more developed
and extensively weathered soils such as those in the southern Appalachians, large coarse
fragments that resemble bedrock exist in the profile (Figure 3.9). Excavating deep soil
pits is destructive, time consuming and expensive. Furthermore, obtaining accurate
statistically strong estimations of soil depth using traditional methods often requires an
unrealistically high sample size. This dilemma was encountered across all three
physiographic regions as coarse fragment content ranged from 15 to 60% (Table 3.1).
Obtaining soil depth measurements was difficult at all sites using an auger because of
coarse fragments both at the surface and deep in the subsoil (Figure 3.9). Results by
physiographic region indicated that the measurements were precise because of the small
standard deviations (Figure 3.5), but were inaccurate (Figure 3.4).
The use of GPR has been documented to reduce field time and cost by as much as
70% as well as increasing efficiency by 210% (Doolittle, 1987; Doolittle and Collins,
1995). In this study, five random depth measurements using an auger took on average 11.5 hours to complete per site. On the other hand, GPR transects on each plot took 5 to
10 minutes on average following radar calibration (Figure 3.3). Furthermore, GPR is a
non-destructive method that provides continuous data and a visual depiction of the
variability in soil depth over a fixed distance (Figures 3.6-3.8). However, it should be
emphasized that accurate quantitative GPR measurements require frequent ground truth
information to support features observed on the radar record (Lapen et al., 1996). Failure
to ground truth often results in questionable radar interpretations that have little merit.
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This is why excavations were periodically conducted to verify observations observed in
the field on the GPR SIR-3000 CPU.
5. Conclusions
Ground-penetrating radar is a proven method that provides reliable results on soil
physical properties in a non-destructive, timely and efficient manner. When the soil
auger was used to estimate soil depth, shallow depth estimates were observed (Figure
3.4) as well as being a poor predictor of site quality (Table 3.3). Potential pitfalls
associated with inaccurate depth measurements are poor understandings of nutrient
cycling dynamics, water holder capacity, and rooting depth. On the other hand, the use of
GPR was a better estimator of soil depth and explained a significant amount of residual
variation when used as a predictor of site quality. GPR is a powerful geophysical tool
that can be used independently or with other methods to increase the overall accuracy of
nutrient budgets and site quality estimates that rely on soil chemical and physical
properties by providing a 3-dimensional representation of soil volume. Furthermore, the
use of multiple antennas helped corroborate soil and geologic features observed with each
antenna independently (Barton and Montagu, 2004) and together two antennas provided
more accurate soil depth and volume estimates. However, GPR does not work on every
soil type and ground truth information is occasionally required to validate obscure objects
that appear on the radar record while in the field. Traditional methods are destructive,
time consuming and expensive, whereas GPR is less destructive and time consuming
resulting in more accurate and reliable result than more traditional methods.
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Table 3.1 – Site and soil characteristics by physiographic region for measurement plots
Sampled (n = 21). Coarse fragment content based on Parrish and Fox unpublished data.
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Table 3.2 – FSQI values associated with azimuth, % slope, and slope position with a
maximum value of 16 indicating the highest site quality and a value of 3 indicating the
lowest possible site quality, along with approximate upland oak site indexes (base age 50).
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Table 3.3 – Forest site quality regression equations for upland oaks in southern
Appalachian hardwood forests stratified by location and methodology for obtaining soil
depth. FSQI values were determined by Hammond (1997) on these sites.

82

Figure 3.1 – Site locations of 20m by 20m measurement plots using a soil auger and GPR
(n=21) by physiographic region in Virginia (n = 6 in Cumberland Plateau and n = 9 in
Ridge and Valley) and West Virginia (n = 6 Allegheny Plateau), USA.
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Figure 3.2 – Soil depth measurements as estimated by GPR. Abnormalities are
represented by stacked hyperbolas on the radar record as illustrated by the dashed lines.
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Figure 3.3 – Sampling methodology for GPR and soil auger for determining total soil
depth and soil volume (n = 21). GPR was pulled along two 20 m transects in the northsouth and east-west directions and five random points, indicated by stars, were selected
for auger sampling points.
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Figure 3.4 – Soil depth estimates from 21 plots in Appalachian forests in VA and WV.
Soil depth values across all plots measured using an auger and ground-penetrating radar.
Different capital letters indicate significant differences (α = 0.05) using a paired t-test.
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Figure 3.5 – Depth estimations using an auger and ground-penetrating radar stratified by
physiographic region: Ridge and Valley (n = 9), Cumberland Plateau (n = 6) and
Allegheny Plateau (n = 6). Different capital letters indicate significant differences (α =
0.05) using a paired t-test.
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Figure 3.6 – Representative radar profile from the Ridge and Valley Physiographic
Region of Virginia. Solid line represents the boundary between soil and bedrock. Top of
dashed hyperbolas represent approximate location of some large coarse fragments within
soil profile.
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Figure 3.7 – Representative radar profile from the Cumberland Plateau Physiographic
Region of southwest Virginia. Solid lines represent the boundary between soil, soft
bedrock and hard bedrock. The soft bedrock was heavily weathered with soil-like
properties and contained numerous tree roots. The stratigraphic properties were verified
in nearby roadcuts.
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Figure 3.8 - Representative radar profile from the Allegheny Plateau Physiographic
Region of West Virginia. Solid line represents the boundary between soil and bedrock.
Depths to bedrock along this portion of the radar record were verified with soil borings.
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Figure 3.9 – Soil profile in the Ridge in Valley Physiographic region illustrating the
challenges large coarse fragment present for obtaining accurate soil depth estimations
using traditional point sampling methodologies.
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Abstract
The use of amphibians as biological indicators of ecosystem health has received
considerable attention because of the increasing importance placed upon maintaining
biodiversity in forested ecosystems. The southern Appalachian Mountains contain more
salamander species than any other temperate region in the world. Terrestrial salamanders
are the most abundant forest vertebrate fauna in the Appalachian Mountains with the redbacked salamander (Plethodon cinereus) being the most widespread species. The
sensitivity of plethodontid salamanders to changes in the soil microclimate make them
ideal candidates for studying direct and indirect effects on soil processes.
This study consisted of twelve, 3 m2 field enclosures (i.e. mesocosms). Three
treatments with different densities of red-backed salamanders in each enclosure were
implemented: 1) low (zero salamanders per mesocosm; n = 4), 2) medium (three
salamanders per mesocosm; n = 4) and 3) high (six salamanders per mesocosm; n = 4).
The objective of this in situ field experiment was to determine if variations of eastern redbacked salamander abundance affect N mineralization rate and consequently, nitrogen
(N) availability directly under the forest floor and within the A-horizon. Available
ammonium (NH4+) and nitrate (NO3-) within each mesocosm was measured over 23
months.
Over the entire study period (June 2006 – May 2008), no significant salamander
density treatment or treatment by time effects were observed (p < 0.05). However, when
the data were separated by sampling period a few significant treatment by time
interactions occurred: 1) during August 2006 for available NH4+ under the forest floor
(i.e. horizontal cation membranes; p = 0.001), 2) August and 3) September 2006 for
available NH4+ in the A-horizon (p = 0.026), and 4) May 2007 for available NO3- under
the forest floor (p = 0.011). As a result of these trends, an index of cumulative Navailability (i.e. NH4+ and NO3-) under the forest floor and in the A-horizon was
examined through the entire study period. Cumulative N-availability under the forest
floor was consistently higher in the low- and medium-density treatments compared to the
high-density treatment. For cumulative N-availability in the A-horizon, a gradient of high
to low N-availability existed as salamander density increased.
Factors such as a prolonged drought in 2007 may have affected our ability to
detect differences since nutrient exchange was minimal. We concluded that higher
salamander densities do not increase N-availability.
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1. Introduction
The role of amphibians in aquatic and terrestrial ecosystems has been the subject
of many ecological studies. Many recent amphibian studies have focused on determining
the causes of declining amphibian populations (Alford and Richards), while fewer studies
have examined the potential implications of amphibian decline to ecosystem processes.
Of all vertebrate species, amphibians may be the best biological indicator of ecosystem
health because of their sensitivity to environmental change (Vitt et al., 1990).
The potential top-down trophic effects of amphibian species such as salamanders
on leaf litter decomposition, invertebrate communities and nutrient cycling dynamics
have been the central theme of many ecosystem-level studies (Beard et al., 2002; Beard et
al., 2003; Walton, 2005; Walton and Steckler, 2005; Walton et al., 2006; Wyman, 1998).
Results from these studies have varied depending on experimental methodologies, leaf
litter substrate, and geographic location. A central hypothesis associated with these
studies is that salamander species indirectly affect leaf litter decomposition processes and
subsequently nutrient availability by regulating detritivore prey (Burton and Likens,
1975b; Davic and Welsh, 2004; Hairston, 1987). Leaf litter decomposition rates and
nutrient availability have been shown to decrease (Wyman, 1998), increase (Beard et al.,
2002; Beard et al., 2003) or remain the same (Walton and Steckler, 2005) when
salamander abundance is increased in various in situ mesocosm and laboratory
microcosm experiments. For example, Wyman (1998) demonstrated with field
enclosures in a forest dominated by American beech (Fagus grandifolia) that leaf litter
decomposition rates were significantly lower in field enclosures with high densities of
red-backed salamanders (Plethodon cinereus) compared to enclosures with no
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salamanders. Wyman (1998) attributed the slower decomposition rates to the increased
consumption of macrofaunal detritivores responsible for fragmenting leaf litter. In
contrast, Beard (2002, 2003) found that the terrestrial frog Eleutherodactylus coqui (i.e.
coquìs) enhanced nutrient cycling processes and increased leaf litter decomposition rates
in a Puerto Rican subtropical wet forest. Beard (2002) concluded that coquìs enhanced
nutrient cycling processes and accelerated leaf litter decomposition by converting
recalcitrant arthropod tissue into very labile waste products. Thus as amphibians control
invertebrate populations, decomposition rates increase by releasing microbes responsible
for the breakdown of leaf litter (Hairston, 1987). Lastly, Walton and Steckler (2005)
reported no salamander-mediated effects on leaf litter decomposition rates in a laboratory
microcosm experiment.
The forests of the Appalachian Mountains contain more salamander species than
any other temperate region in the world (Cohn, 1994). In this region, salamanders
constitute more biomass than any other vertebrate predator (Burton and Likens, 1975a;
Burton and Likens, 1975b; Hairston, 1987). Terrestrial salamanders of the family
Plethodontidae are the most abundant forest vertebrate fauna in the Appalachian
Mountains with the red-backed salamander being the most common species (Burton and
Likens, 1975a; Burton and Likens, 1975b; Hairston, 1949; Hairston, 1987).
Densities of the eastern red-backed salamander vary across their range from 4.0
individuals/m2 in Virginia (Jaeger, 1980), to 0.9/m2 in Michigan hardwoods (Heatwole,
1962), 0.5/m2 in hardwood forests of south-central New York (Wyman, 1988), and
0.3/m2 in the Hubbard Brook Experimental Forest of New Hampshire (Burton and
Likens, 1975a). Due to the extensive geographic range of this species, many in situ and
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laboratory based experiments have concentrated on enhancing our overall understanding
of the ecological importance of salamanders (Ash, 1997; Hairston, 1949; Heatwole, 1962;
Morneault et al., 2004; Petranka et al., 1993; Rooney et al., 2000; Taub, 1961; Test and
Bingham, 1948; Walton et al., 2006; Welsh and Droege, 2000; Wyman, 1998).
The sensitivity of plethodontid salamanders to changes in the forest floor and soil
microclimate make them ideal candidates for studying direct and indirect effects on soil
processes (Welsh and Droege, 2000). As a result, the primary objective of our research
experiment was to determine if variations of eastern red-backed salamander abundance
affects nitrogen (N) availability directly under the forest floor and within the A-horizon.
2. Materials and Methods
Site Description
This study was installed on the Jefferson National Forest approximately 8 km
west of Blacksburg, VA in Montgomery County (37°17’38” N, 80°27’27” W). The
elevation is approximately 670 m with an average annual precipitation of approximately
1015 mm. Average annual temperature is 10.8 °C, ranging from 0.3 °C in the winter to
20.7 °C in the summer. The forest cover type is predominately white oak (Quercus alba
L.) and scarlet oak (Quercus coccinea Muenchh.) between 80 to 100 years in age with an
overstory basal area of 23 m2 ha-1. The majority of forests in the southern Appalachian
Mountains are second growth forests that have undergone extensive clearcutting and
high-grading practices.
The study area was located in the Ridge and Valley physiographic region, which
is comprised of shale, sandstone and limestone sedimentary rocks. Many forest soils in
this physiographic region are derived from a combination of sandstone and/or shale in
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residuum or colluvial parent materials. The soil at the study site was classified as a
Clymer soil series (coarse-loamy, siliceous, active, mesic Typic Hapludult).
Experimental Design
Field enclosures (mesocosms) were established randomly using a 5 x 5 grid
containing 20 m x 20 m cells. Twelve cells were randomly selected for mesocosm
locations and treatments were then randomly assigned. Each mesocosm was 1.2 m x
1.5 m (i.e. 3 m2) and were 0.25 m tall. Vinyl flashing was buried along the perimeter of
each mesocosm to 40 cm. Vinyl flashing was also attached perpendicular to the top of
each mesocosm so that approximately 16.5 cm of flashing overhung both within and
outside the mesocosms. The purpose of the vinyl flashing was to restrict salamanders
from moving in and out of the mesocosms. Lastly, four blocks of rough-cut yellow
poplar (Liriodendron tulipifera) (30 × 20 cm) were placed in each mesocosm to serve as
salamander refugia and to facilitate recapture of study animals throughout the
experiment. Cover boards were sampled monthly to recapture salamanders.
Three treatments manipulating density of red-backed salamanders were
implemented: 1) low (n = 4; added 0 salamanders to each mesocosm or 0 m-2), 2)
medium (n = 4; added 3 salamanders each mesocosm or 1 m-2) and 3) high (n = 4; added
6 salamanders to each mesocosm or 2 m-2). The primary purpose of adding salamanders
to the mesocosms was to examine how above average increases in salamander abundance
affect certain ecosystem processes compared to an environment with no salamanders. In
May 2007 (12 months into the experiment), we pressed the system further by doubling
the density of salamanders in the high treatment to 4 salamanders m-2 (i.e. from 6 to 12
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salamanders per mesocosm). For this study, the medium-density treatment reflected
typical salamander densities found in this region.
Prior to the addition of salamanders, mesocosms experienced a 2-week
acclimation period with cover boards in place. During this adjustment period, cover
boards were periodically checked in each mesocosm and all salamanders found
underneath were removed. Salamanders added to mesocosm were marked using a visible
implant fluorescent elastomer (VIE) (Northwest Marine Technology Inc., Shaw Island,
Washington, United States). Only adult male or non-gravid female salamanders (SVL
>34 mm) were selected. Unique combinations of red, orange and yellow VIE were
injected on the ventral side of each salamander. Two injections located posterior to the
front legs and two located anterior to the hind legs were administered (Heemeyer et al.,
2007) . Each color combination was recorded so that we could monitor activity of
individual salamanders and identify any salamanders that we did not add (i.e.
salamanders with no VIE marks). We removed any captured salamanders from the
mesocosms that did not contain a VIE marking. Unmarked salamanders captured within
the mesocosms may have been within the enclosures at study establishment, but because
salamanders remain below the soil surface for extended periods, some were likely
unaccounted for during the 2-week acclimation period. However, we also detected
movements of some animals into the mesocosms, so we know the barrier was not
completely effective. Because we could not be sure we had a known number of
salamanders within each enclosure, we calculated the number observed under cover
boards during each visit to the mesocosms and used this as an index of density (Williams
and Berkson, 2004).
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Indexing Nutrient Availability
Cation and anion exchange membranes (Ionics Inc., Watertown, MA, United
States) were used to index the amount of available ammonium (NH4+) and nitrate (NO3-)
within each mesocosm. Each membrane type (anion and cation) had a surface area of
6.45 cm2 and was placed directly underneath the forest floor in a horizontal position and
within the A-horizon in a vertical position, resulting in a total of 12 membranes for each
mesocosm (i.e. three anion membranes and three cation membranes for each orientation).
Cation and anion membranes were extracted every month or two and replaced with a
newly charged set immediately following extraction. Lab tests were conducted following
both one month and two month in situ membranes to examine whether membranes were
saturated. In all analyses, membranes were not saturated indicating that exchange sites
were still active despite length of in situ incubations. To minimize the disturbance to the
mesocosms, each enclosure was divided into 189, 25.8 cm2 cells (i.e. 21 rows consisting
of 9 cells per row). Each month, 12 cells were randomly selected for the replacement
batch of freshly charged membranes. After a cell was used, it was disregarded from the
randomization procedure and could no longer be selected until all other cells had been
used (i.e. each mesocosm contains enough cells for 15 months). Cells that overlapped
cover boards were not used. Salamanders are sensitive to habitat disturbance and
excessive movement of cover boards could result in skewed and inaccurate recapture data
(Fellers and Drost, 1994).
Extracted membranes were placed in individual centrifuge tubes containing 25 ml
of 1M KCl. Tubes were shaken for 1 hour and subsequently poured through Whatman #2
filter papers (Whatman International Ltd.). Solutions were analyzed using a Bran and
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Leubbe TRACCS 2000 Auto-Analyzer (SPX Corporation). Values were converted from
parts per million to milligrams of NO3- or NH4+ per square meter of membrane per day
(i.e. mg m-2 d-1). In essence, the reported values are an index that represents the average
amount of inorganic N available for plant uptake.
Statistical Analysis
One-way repeated measures analysis of variance (SAS 9.0 Institute Inc., Cary,
NC) was used to detect potential differences in nutrient availability between the three
salamander density treatments through time (α = 0.05). There were 16 extraction periods
from July 2006 to May 2008 included in the analysis. Each extraction period was
examined individually to analyze the data for treatment by time interactions. When
significant differences were detected, we used the Tukey-Kramer differences of least
square means test to examine how treatments differed. Three variance-covariance
structures (compound symmetry, unstructured and autoregressive) were examined to
determine the best model for the data. The compound symmetry variance-covariance
model was used because it had the best overall fit statistics. The selected variancecovariance model was used to determine if any significant treatment, time and treatment
by time interactions occurred.
3. Results
During the course of the study, no significant treatment effects were observed
(Table 4.1), despite doubling the high-density treatment from 6 to 12 salamanders per
mesocosm (i.e. 2 to 4 salamanders m-2) in May 2007. However, beginning in May 2007
southwest Virginia as well as the entire southeastern US experienced a prolonged drought
through the summer (Figure 4.1). This drought made it difficult to accurately assess
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whether the increased salamander density in the high-density treatments would have
caused available N to change relative to the low-density treatment. The data in Figure 4.1
show how monthly rainfall totals during the study dropped precipitously below historic
averages from May 2007 through September 2007 (National Weather Service, 2008). A
record number of days were also above 32.2°C (i.e. 90°F) during the summer in
Blacksburg, VA in 2007 (National Weather Service, 2008).
When soil moisture is low or the soil is frozen, nutrient uptake via mass flow and
diffusion is inhibited. This is in agreement with what was observed in 2006 versus 2007
(Figures 4.2-4.5). Trends began to develop in through summer and fall 2006, which had
normal rainfall averages until December 2006. Monthly rainfall totals were below
normal from December 2006 through March 2008 except for October 2007 which had
three consecutive days of rain > 2.54 cm near the end of the month that accounted for
85% of the monthly rainfall (National Weather Service, 2008; Figure 4.1). The annual
variation in rainfall patterns along with seasonal changes in temperature and microbial
activity resulted in seasonal differences in NH4+ availability throughout the duration of
this study (Table 4.1).
Over the entire study period (June 2006 – May 2008), no significant salamander
density treatment or treatment by time effects were observed (p < 0.05; Table 4.1). The
data were disorderly and contained a high degree of variation (Figures 4.2-4.4). The
Tukey-Kramer differences of least square means test allowed us to examine the data by
sampling period, which was used to examine potential differences between 2006, 2007
and early 2008. When the data were separated, the only significant treatment by time
interactions occurred during August 2006 for available NH4+ under the forest floor (i.e.
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horizontal cation membranes; p = 0.001), August and September 2006 for available NH4+
in the A-horizon (i.e. vertical cation membranes; p = 0.026), and May 2007 for available
NO3- under the forest floor (i.e. horizontal anion membranes; p = 0.011). These sparse
treatment by time interactions are too inconsistent to make confident assertions about the
effects of salamanders under normal precipitation patterns. At all of these dates, the lowdensity treatment had higher N availability than the medium- and high-density
treatments.
As a result of these early trends, an index of cumulative N-availability (i.e. NH4+
and NO3-) under the forest floor and in the A-horizon was examined through the entire
study period (Figures 4.6-4.7). Cumulative N-availability under the forest floor was
consistently higher in the low- and medium-density treatments compared to the highdensity treatment (Figure 4.6). For cumulative N-availability in the A-horizon, a gradient
of high to low N-availability existed as salamander density increased (Fig 4.7).
4. Discussion
Results from this study suggest that red-backed salamanders do not increase Navailability (Table 4.1). Based on monthly population sampling within the mesocosms, a
strong population gradient existed between the low- and high-density treatments.
Consequently, this allowed us to make valid assumptions regarding the impact of
salamanders on N-availability.
As with many in situ research studies potential factors could have affected the
outcomes. First, salamanders may be active deeper in the soil than previously expected
and as a result current density estimates may be significantly higher (Taub, 1961nd 3.2).
Many of the current estimates are based on sampling that occurs in the forest floor, under
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coarse wood debris, and rocks (Burton and Likens, 1975a; Heatwole, 1962; Jaeger, 1980;
Wyman, 1998). We used these estimates as the basis for our treatment ratios. However,
Taub (1961) examined the vertical distribution of red-backed salamanders within the soil
and found salamanders down to 30 cm deep. Therefore, it is feasible that many
salamanders still resided deep in the soil after the experiment began and that burying
flashing deeper than 40 cm may be warranted.
The strongest factor that could have affected the results observed during the
course of this study was the pronounced drought that occurred during 2007 (Figure 4.1).
Under normal climatic pattern in the Ridge and Valley of Virginia, we would expect Navailability to be highest in the summer due to higher rainfall and warmer soil
temperatures (Figure 4.1). Forest soils typically have higher NH4+ concentrations below
the forest floor and in the A-horizon due to increased ammonification of organic matter
given the right climatic condition, whereas NO3- concentrations are an order of
magnitude less. However, extractable NH4+ and NO3- in the A-horizon in the nearby
stump study (Table 2.3) were similar to the values observed in this study and also
occurred on the Clymer soil series.
Interesting trends were observed when cumulative N-availability was examined
over time (Figures 4.6 and 4.7). Cumulative N-availability was higher in the low
treatment than the high treatment under the forest floor (Figure 4.6) and in the A-horizon
(Figure 4.7). Although leaf litter decomposition rates were not directly examined in this
study, a concurrent study from the same mesocosms showed that leaf litter decomposition
rates were not significantly different (Homyack, unpublished data). However, Wyman
(1998) did observe an 11% to 17% reduction in leaf litter decomposition due to
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salamanders. This could partially explain the lower cumulative N-availability observed
because there would be fewer leaf-shredding organisms, which would maintain a lower
leaf surface area per unit mass; consequently reducing the effectiveness of fungal and
bacterial populations from accelerating leaf litter decomposition. This study and
Wyman’s (1998) occurred in stands dominated by oak or American beech (Fagus
grandifolia Ehrh.), respectively. Both these forests contain leaf litter with high lignin
content compared to Appalachian hardwood forests dominated by red maple or yellowpoplar. Thus, a potential salamander by leaf litter substrate mediated effect on Navailability may exist and should be explored.
5. Conclusions
The climatic factors could have played a role in results observed. However, many
studies have showed no salamander mediated effects on nutrient availability as leaf litter
decomposition is slowed (Wyman, 1998). Additional controlled microcosm laboratory
experiments under ideal soil moisture conditions are needed to further test the hypothesis
of whether salamanders indirectly affect nutrient availability. Furthermore, the indirect
effects of salamanders on various leaf litter substrates may be of importance as foliage
with lower lignin content often decomposes within a few months, whereas foliage like
oak leaves often take several years. Obviously in situ field experiments are ideal, but may
require longer measurement periods given the variation in forest community types and
climate.
Additional population ecology research is also needed so that field and laboratory
experiments can be tailored to mimic low, medium and high salamander populations
more accurately. It is possible that our high density treatment, which was doubled from 2
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to 4 salamanders m-2, could actually represent normal densities since very little sampling
has occurred deep in the soil (Jaeger, 1980). Salamanders as well as other amphibians
still remain as great ecological indicators of ecosystem change and additional replicated
studies are needed to corroborate or disprove these results.
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Table 4.1—Effect of salamander density on nitrogen availability (NO3- for anion and
NH4+ for cation membranes) through the course of the experiment (July 2006 –
May 2008).
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Figure 4.1 – Historical precipitation versus actual precipitation patterns during the course
of the experiment. Historical and actual precipitation data obtained from the
Blacksburg, VA weather station, which was closest to the study site (Service,
2008)
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Figure 4.2- Extractable NO3- under the forest floor as measured by anion exchange
membranes by sampling date and salamander density treatment; Jefferson National
Forest, Montgomery County, VA. Variability indicated by standard error bars.
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Figure 4.3 - Extractable NO3- in A-horizon as measured by anion exchange membranes
by sampling date and salamander density treatment; Jefferson National Forest,
Montgomery County, VA. Variability indicated by standard error bars.
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Figure 4.4 - Extractable NH4+ under the forest floor as measured by cation exchange
membranes by sampling date and salamander density treatment; Jefferson National
Forest, Montgomery County, VA. Variability indicated by standard deviation bars.
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Figure 4.5 - Extractable NH4+ in the A-horizon as measured by cation exchange
membranes by sampling date and salamander density treatment; Jefferson National
Forest, Montgomery County, VA. Variability indicated by standard deviation bars.
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Figure 4.6 – Cumulative N-availability index under the forest floor.
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Figure 4.7 – Cumulative N-availability index in the A-horizon.
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5. Soil Resource Heterogeneity in the Southern Appalachian Mountains:
Conclusions from Three Interrelated Research Projects
Eric B. Sucre
1. Study Summaries
Stump Study
As illustrated by the results of the stump (Chapter 2), GPR (Chapter 3) and
salamander studies (Chapter 4), there are many factors that contribute to soil resource
heterogeneity in southern Appalachian hardwood forests (Figure 1.1). In the stump
study, decomposing stumps occupied only 1.2% of the total soil volume (Table 2.2) and
still constituted 4% and 10% of total soil N and C (Figures 2.1 and 2.2). The C and N
content of the stump soil was greater than the C and N content of the O-horizon (i.e.
forest floor) with the O-horizon constituting 2% of the total N and 7% of the total C,
respectively (Figure 2.1). However, we would never exclude the forest floor from our
nutrient pool estimations, but we rarely include stump soil.
Significant differences in N (p = 0.0114), C (p = 0.0172), microbial biomass C (p
= 0.0004), and potentially mineralizable N (p = 0.0042), and extractable NH4+ (p =
0.0312) concentrations were observed in stump soil when compared to mineral soil
horizons (Table 2.3). In particular, potentially mineralizable N was 2.5 times greater in
stump soil than the A-horizon (101 vs. 39 mg kg-1), 2.7 times greater for extractable NH4+
(16 vs. 6 mg kg-1) and almost 4 times greater MBC (1528 vs. 397 mg kg-1) (Table 2.3).
These higher concentrations of potentially mineralizable N, extractable NH4+ and MBC
suggest higher organic matter turnover rates in stump soil and consequently higher
nutrient and water availability (Knoepp et al., 2000).
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Lastly, the stump decay classification system was validated. Weighted averages
based on the frequency and soil volume influenced by each decay class is needed to
obtain accurate results. Significant differences occurred between all four decay classes
and the A-horizon. Stump soil associated with decay class 1 stumps had higher N and C
concentrations, potentially mineralizable N, extractable NH4+ and MBC than decay
classes 2, 3 and 4, suggesting that a 2-level stump classification system may be adequate.
However, regardless of a 2-level or 4-level classification system, the relative stage of
decomposition has a significant effect on the overall influence of stumps on C and N
cycling was significant (Tables 2.1 and 2.5).
GPR Study
The use of a 3-dimensional tool like GPR produced better estimations of soil
depth than traditional point sampling techniques as seen with the soil auger (Figures 3.4
and 3.5). This is primarily due to the large amount of coarse fragments that exist in
southern Appalachian forest soils. Differentiating between large rocks and bedrocks is
impossible when using a soil auger and doing large scale excavations would be too
expensive and time consuming (Figure 3.9). The use of GPR caused fewer soil
disturbances and was more efficient and accurate than traditional methods.
Across all plots (n = 21) soil depth estimations were significantly lower (p =
0.0002) using a soil auger compared to estimates obtained using GPR (Figure 3.4). On a
soil volume basis, this was equivalent to about 3500 m3 of soil per hectare unaccounted
for using traditional methods. The use of soil depth as a predictor of site quality showed
no significant relationships when soil depth estimations from the auger were used (Table
3.3). On the other hand, depth measurements from GPR explained significant amounts of
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variation across all sites and by physiographic region (Figures 3.6-3.8). Across all sites,
soil depth estimates from GPR explained 45.5% of the residual variation (p = 0.001;
Table 3.3). When the data were stratified by physiographic region, a higher amount of
variation was explained by the regression equations; 85% on the Cumberland Plateau (p
= 0.009), 86.7% on the Allegheny Plateau (0.007) and 66.7% in the Ridge and Valley (p
= 0.013), respectively (Table 3.3).
Salamander Study
Over the entire study period, no significant density treatment or density treatment
by time effects were observed (p < 0.05; Table 4.1). However, beginning in May 2007
through the entire summer southwest Virginia as well as the entire southeastern US
experienced a prolonged drought (Figure 4.1) with a record number of days above 32.2°C
(i.e. 90°F) during the summer for this region (National Weather Service, 2008). This
drought made it difficult to accurately assess whether the increased salamander density in
the high-density treatments would have caused available N to change relative to the lowdensity treatment.
When the data were separated by individual sampling periods a few significant
treatment by time interactions occurred: 1) during August 2006 for available NH4+ under
the forest floor (i.e. horizontal cation membranes; p = 0.001), 2) August and 3)
September 2006 for available NH4+ in the A-horizon (i.e. vertical cation membranes; p =
0.026), and 4) May 2007 for available NO3- under the forest floor (p = 0.011; Table 4.1).
As a result of these trends (Figures 4.2-4.5), an index of cumulative N-availability (i.e.
NH4+ and NO3-) under the forest floor and in the A-horizon was examined through the
entire study period (Figures 4.6 and 4.7). Cumulative N-availability under the forest
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floor was consistently higher in the low- and medium-density treatments compared to the
high-density treatment (Figure 4.6). For cumulative N-availability in the A-horizon, a
gradient of high to low N-availability existed as salamander density increased (Figure
4.7). Factors such as a prolonged drought in 2007 (Figure 4.1) may have affected our
ability to detect differences since nutrient exchange was minimal. We concluded that the
presence of salamanders did not increase N-availability and in the absence of
salamanders higher cumulative N-availability was observed (Figures 4.6 and 4.7).
2. Relevance and Application
Across the southern Appalachian Mountains, many forest community types are
indicators of site quality. Based on the silvics of the species that comprise these
communities, we can determine which sites have higher site productivity than others.
However, our ability to quantitatively explain and estimate site productivity has always
been a challenge. There are five commonly recognized site quality classes in the
southern Appalachians (Schnur 1937) (Table 5.1). For each one of these site classes,
there is a forest community type that is commonly associated with them. In the lower site
class IV and V’s (SI50 < 55 feet), we typically observe stands dominated by scarlet oak
(Quercus coccinea) and chestnut oak (Quercus prinus) (Dave Wm. Smith, Professor
Emeritus Virginia Tech Department of Forestry personal communication). On the lower
end of medium quality sites (SI50 < 70 feet), stands are often comprised of white oak
(Quercus alba), chestnut oak and some black oak (Quercus velutina) (Dave Wm. Smith,
personal communication). Then on the highest quality sites (SI50=80-110 ft), northern
red oak (Quercus rubra), sugar maple (Acer saccahrum) and yellow-poplar
(Liriodendron tulipfera) are abundant (Dave Wm. Smith, personal communication).
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Table 5.1 – Schnur (1937) classification of site quality classes (SI50) in upland oaks in
relation to stand volume and value.

These trends in forest community types are a result of temperature, light, and soil
nutrient and water availability. The results from this dissertation research, particularly the
stump study and GPR study, have illustrated the importance of acquiring accurate
estimations of soil physical, chemical and biological properties. Our current estimations
of soil nutrient pools in these ecosystems are underestimated because we do not account
for the soil volume occupied and influenced by decomposing stumps nor do we have
good estimations of soil depth. The use of GPR has promise in improving our current
estimations of site quality, which has been a challenge in forestry. Thus, utilizing the
results and methodologies presented in the dissertation could improve landscape- and
stand-level forest management.
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