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Abstract. Soil organic carbon (SOC) was partitioned between unprotected and protected pools
in six forests along an elevation gradient in the southern Appalachian Mouniains using two
physical methods: flotation in aqueous CaCl, (1.4 g/mL.) and wet sieving through a 0.053 mm
sieve. Both methods produced results that were qualitatively and quantitatively similar. Along
the elevation gradient, 28 to 53% of the SOC was associated with an unprotected pool that
included forest floor O-layers and other labile soil organic matter (SOM) in various stages
of decomposition. Most (71 to 83%) of the C in the mineral soil at the six forest sites was
identified as protected because of its association with a heavy soil fraction (> 1.4 g/mL) or a
silt-clay soil fraction. Total inventories of SOC in the forests (to a depth of 30 cm) ranged from
384 to 1244 mg C/em? . The turnover time of the unprotected SOC was negatively correlated
(r =-0.95, p < 0.05) with mean annual air temperature (MAT) across the elevation gradient.
Measured SOC inventories, annual C returns to the forest floor, and estimates of C turnover
associated with the protected soil pool were used to parameterize a simple model of SOC
dynamics. Steady-state predictions with the model indicated that, with no change in C inputs,
the Iow- (235-335 m), mid- (940-1000 m), and high- (1650-1670 m) elevation forests under
study might surrender ~ 40 to 45% of their current SOC inventory following a 4 °C increase in
MAT. Substantial losses of unprotected SOM as a result of a warmer climate could have long-
term impacts on hydrology, soil quality, and plant nutrition in forest ecosystems throughout
the southern Appalachian Mountains.

Introduction

Soil organic matter (SOM) has a potentially important role in the Earth’s
carbon (C) cycle because it is the largest terrestrial C pool. It is estimated
that, globally, SOM (including surface detritus) contains &~ 1580 Gt of C as
compared to ~ 610 Gt C in terrestrial vegetation and ~ 750 Gt C in the
atmosphere (Schimel 1995). Approximately 40% of the global soil C inven-
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Figure 1. A simple model of soil organic carbon (SOC) dynamics in forest ecosystems.
Amnnual aboveground and belowground C inputs to the unprotected soil C pool are repre-
sented by parameters Ij and I, respectively. The unprotected pool is comprised of forest
floor O-layers and labile organic matter in the mineral soil (SOM). Rate constants k; and
k3, respectively, represent annual decomposition losses from unprotected and protected soil C
pools. Parameter ks is the annual fractional transfer of unprotected SOC to the protected soil
pool.

tory resides in forest ecosystems (Hudson et al. 1994). A relatively small
change in forest soil C inventories could have important implications for
the global C budget. It is important that we understand how the dynamics
of forest soil organic carbon (SOC) may influence both atmospheric CO,
concentrations and soil quality following large-scale changes in climate or
land use.

Several approaches have been used to investigate factors affecting the
dynamics of SOC, including soil chronosequence studies (Schlesinger 1990;
Torn et al. 1997), long-term experimental manipulations at field sites (Jenkin-
son & Rayner 1977; Balesdent et al. 1988; Balesdent 1996), and use of bomb
carbon-14 as a tracer for calculating SOC turnover (Harrison et al. 1993;
Trumbore et al. 1996; Harrison 1997). The former studies have been a valu-
able resource to parameterize and test predictions from theoretical models of
SOC dynamics (e.g., Parton et al. 1988; Jenkinson 1990; Harrison 1997).
These models typically simulate SOC dynamics by assuming  transfers
between a small number of discrete conceptual pools.
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In this work, we have defined two principal pools of forest SOM (Fig-
ure 1). The first pool consists of the forest floor O-layers as well as labile
SOM within the mineral soil. The second pool is organomineral SOM. Forest
floor O-layers and labile SOM consist mainly of organic matter in various
stages of decomposition, thus these pools have been aggregated and are
collectively referred to as “unprotected”. Within the mineral soil, SOC that
is associated with primary soil particles through organomineral complexes
is referred to as “protected”. Physical protection resulting from interactions
between SOM and primary soil particles (silt and clay) plays an important
role in determining the accumulation of SOC and its turnover time (Oades
1988; Balesdent et al. 1988; Balesdent 1996). In some models, 25 to 50%
of the SOC is assumed to be associated with a physically or chemically
stabilized fraction of SOM (Jenkinson & Rayner 1977; Parton et al. 1987;
Van Dam et al. 1997). However, it is unprotected SOC that has the greatest
potential to respond to changes in land use or climate and to thereby influence
the global C cycle over a time scale of decades to centuries (Harrison et al.
1993; Harrison 1997).

Temperature is an important factor controlling both the amount and
turnover time of unprotected SOC. From an analysis of bomb carbon-14 data
in archived and contemporary soil samples, Trumbore et al. (1996) reported
relatively long turnover times (7 to 65 years) for fast-cycling, low-density
SOM in the upper 20 cm of soil along an elevation gradient in the California
Sierra Nevada. Turnover times for SOM in forests and pastures also vary as
a function of temperature along altitudinal gradients on the island of Hawaii
(Townsend et al. 1995). From these, and other studies (Kirschbaum 1995), it
can be concluded that temperature is a primary controller of SOC dynamics
at regional and global scales.

Regional differences in forest SOC inventories and turnover rates exist
because of natural variability in climate, soil types, rates of aboveground and
belowground C inputs, different rates of transfer between various SOC pools,
and differing rates of SOM decomposition. Temperate and boreal forests are
distinguished from grasslands, deserts, and agro-ecosystems by having rela-
tively large inventories of unprotected SOC in the form of forest floor organic
matter. Estimates of decomposition rate constants for forest floor organic
matter vary widely depending upon forest type, location, and climate. For
example, the turnover time of forest floor C in the California Sierra Nevada
is four times longer than that in forests from the eastern United States (Olson
1963). Such differences might also readily extend to pools of labile mineral
soil C and give rise to large geographic differences in the turnover time of
SOC within the temperate forest biome.
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The extent of C storage in forest soils is important for understanding the
interrelationships between increasing atmospheric CO, concentrations, the
global C cycle, and climate change. In the present study, different pools of
forest SOC have been quantified along an elevation gradient in the southern
Appalachian Mountains in eastern Tennessee. Our objectives were to better
understand the distribution of SOC between different soil pools and to deter-
mine how inventories and turnover times of forest SOC vary as a function of
mean annual temperature. In addition, empirical measurements related to cli-
mate, litterfall C returns, and C inventories in different soil pools, along with
a limited set of assumptions, have been used to parameterize a two compart-
ment model of SOC dynamics at six forest sites. Climate change assessments
forecast that mean annual global temperature will increase by 1 to 3.5°C
over the next 200 years (IPCC 1998), but predictions for the southeastern
United States suggest that regional warming might be much higher. For east
Tennessee, predictions suggest that average annual temperature will increase
by 4 to 5°C (Cooter 1998). Our model was used to predict changes in forest
SOC inventories following a 4 °C increase in mean annual temperature.

Site descriptions

Low-elevation sites

The low elevation forests were located on the Oak Ridge Reservation near
Oak Ridge National Laboratory (35°54’'N, 84°20'W). Both low-elevation
forests were aggrading and had not been disturbed for more than 50 years.

Site 1LP was located at an elevation of 235 m and was used during the
Integrated Forest Study (Johnson & Lindberg 1992). It had a loblolly pine
(Pinus taeda) overstory with some mixed deciduous understory comprised
mostly of yellow-poplar (Liriodendron tulipifera) and red maple (Acer-
rubrum). The basal area was 37.0 m?*/ha. The alluvial silt-loam soil was
classified as a fluventic dystrochrept and the soil depth was ~ §0 cm (Johnson
& Lindberg 1992).

Site 2WB was located at an elevation of 335 m on Walker Branch Water-
shed. The overstory was mainly red maple and yellow-poplar with some
loblolly pine and sourwood (Oxydendrum arboreum). The basal area was
19.8 m?/ha. The silt-loam soil was classified as a typic paleudult and the soil
depth was = 190 cm (Lietzke 1994).
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Mid-elevation sites

The mid-elevation forests were located off the Roaring Fork Motor Trail in
the Great Smoky Mountains National Park (35°41’N, 83°28'W). The presence
of numerous large trees indicated that the mid-elevation forests were mature.
It was estimated that both sites had not been disturbed for more than 60 years.

Site 3SB was located at an elevation of 940 m on a gentle slope. The
overstory was mainly Carolina silverbell (Halesia carolina) and eastern hem-
lock (T'suga canadensis). The basal area was 56.3 m?/ha. The sandy silt-loam
soil appeared to be derived from an ancient alluvium. There was a mull-type
humus layer.

Site 4MH was located at an elevation of 1000 m on the top of a ridge. The
mixed deciduous hardwood overstory was mostly oak (Quercus spp.) and
maple (Acer spp.) with some birch (Betula spp.) and sourwood. The basal
area was 44.9 m?/ha. Eastern hemlock was prevalent in the understory and
may have once been a more dominant species at this site. The silt-loam soil
was covered by a fibrous, mor-type humus layer.

High-elevation sites

The high elevation forests were located along the Appalachian Trail between
Mount Collins and Newfound Gap (35°36'N, 83°28'W) in the Great Smoky
Mountains National Park. The high-elevation forests were undergoing canopy
decline due to Fraser fir (Abies fraseri) mortality caused by an insect infes-
tation (balsam woolly adelgid). Based on previous studies (Nicholas et al.
1992), it was estimated that the high elevation forests had not been disturbed
for more than 100 years. The soils were tentatively classified as umbric dys-
trochrepts based on classifications at similar nearby sites (Johnson et al. 1991;
Johnson & Lindberg 1992). Soil depth was estimated at ~ 60 to 65 cm; also
based on previous studies (Johnson & Lindberg 1992).

Site SBB was located at an elevation of 1650 m at the top of a steep
slope. The overstory was dominated by red spruce (Picea rubens) and beech
(Fagus grandifolia) and included standing dead Fraser fir. The understory
was mostly maple (Acer pensylvanicum or A. spicatum) and birch. The basal
area was 42.2 m*/ha. The poorly drained, loam soil contained numerous rock
fragments. There was a mull-type humus layer. There were indications that,
following heavy storms, this site was subject to overland flow which could
wash away freshly fallen leaf litter.

Site 6SP was located at an elevation of 1670 m on a gentle slope. The
overstory was principally comprised of very old, mature red spruce among
standing dead Fraser fir. The understory was mainly birch, mountain ash
(Sorbus americana), and maple (A. pensylvanicum or A. spicatum). The basal
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area was 40.1 m%/ha. The soil was a sandy loam, derived from sandstone
parent material, with a mor-type humus layer.

Methods

Climate measurements

Air temperature (R 2 m above the ground) and soil temperatures (= 10 cm
deep) were measured at each site at 2 hour intervals over a two year period
and recorded on a Li-Cor LI-1000 data logger (Li-Cor, Inc., Lincoln, NE).
Data from each site were averaged over time to calculate mean monthly air
temperatures. Soil temperatures (from two sensors at each site) were averaged
over space and time to calculate the mean monthly soil temperatures. Mean
monthly temperatures were estimated from sites at the same elevation or from
data in a prior year whenever monthly means could not be calculated due to
data logger malfunction or, more commonly, disturbance of the equipment
by wildlife. Throughfall was measured from September 1995 to September
1996 using open funnels that drained into plastic bottles (2 per site). Sample
volumes were recorded on each visit to a site and the volumes were converted
to cm of throughfall. Cumulative throughfall was used as an indicator of the
annual amount of wet deposition reaching the forest floor.

Soil properties

The pH of the O-layer and the mineral soil (0-20 cm) from each site were
measured in 0.01 M CaCl, using a dry solid:solution (w/w) ratio of 1:20
and 1:6, respectively. Mixtures were vigorously stirred for 5 minutes, or until
the sample was completely wetted, and allowed to settle overnight prior to
the pH measurement. Soil texture was determined from two soil samples (0
20 cm depth) collected at each site. Air dried soil (40 grams) was dispersed by
shaking overnight in a solution of sodium hexametaphosphate (35.7 g/L) and
wet sieved through a 2 mm, 0.425 mm, and a 0.053 mm sieve. Sand content
was equivalent to the air dry fraction > 0.053 mm. Percentage silt and clay
were determined by the hydrometer method (Gee & Bauder 1986) on soil
that passed the 0.053 mm sieve. Sand, silt and clay content was corrected for
gravel and rocks (coarse fraction > 2 mm).

Soil C inventories

Concentrations and inventories of SOC were determined from 18 composite
soil samples collected at each site over a period of 20 months. Soil samples
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were collected from each site on 3 occasions in 1995 (October, November,
December), 5 occasions in 1996 (February, May, July, September, Novem-
ber), and 1 occasion in 1997 (May). During the first four sampling occasions,
two to four soil cores were collected at each site and the same depth incre-
ments from each core were composited. On the following five sampling
occasions, three soil cores were collected from three (in 1996) or two (in
1997) randomly located 1-m? plots at cach site. The same depth increments
from each plot were composited.

Soils were collected with a stainless steel soil recovery probe with hammer
attachment and 2.4 cm diameter butyrate plastic liners (AMS Soil Sampling
Equipment). In the laboratory, each soil core was extruded from the plastic
liner and divided into four depth increments. The first increment consisted of
the forest floor O-horizon (O;+0.+0,) which was carefully removed from the
top of the mineral soil. The mineral soil core was then cut into the remaining
three depth increments: 0-5, 5-20, and 20-30 cm. On a few occasions, the last
depth increment was not complete and the entire increment was discarded.
Forest floor O-layers and mineral soil samples from the 2.4 cm diameter cores
were air dried to a constant weight at room temperature (20 °C) in a laboratory
equipped with a continuously operating room dehumidifier.

High spatial variability in measures of O-layer dry mass were expected
in the six forests, therefore two additional sampling methods were used to
check forest floor C inventories. The second method involved sampling the
forest floor by excavating the O-layers under plates with a known surface
area (145 cm?). Seven estimates of the forest floor C inventory were obtained
at each site with this method (later referred to as method 2) between June
1995 and August 1997. The third method involved estimates of forest floor
mass obtained by driving a 5 cm diameter PVC pipe into the soil. The O-
layers were carefully removed from the top of the soil core extruded from
each pipe. Eight estimates of the forest floor C inventories were obtained at
each site with this method (later referred to as method 3) between May and
November 1996. Forest floor samples were air dried to a constant weight
at room temperature (20 °C) in a laboratory equipped with a continuously
operating room dehumidifier. The dry samples were ground to a fine powder
in a sample mill and analyzed for C concentrations.

The moisture content of mineral soil samples from the 2.4 cm diameter
cores was determined gravimetrically. The air dried mineral soil samples
were crushed inside a plastic bag using a rubber mallet and sieved through
a 2 mm sieve to remove coarse debris (rocks and gravel). The coarse fraction
(debris > 2 mm) was weighed. The dry mass of the sieved soil (< 2 mm) was
calculated by subtracting the weight of the coarse fraction (> 2 mm) from the
total soil dry mass. Percentage coarse fraction was calculated as: 100 x [(dry
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mass > 2 mm) / ((dry mass < 2 mm) + (dry mass > 2 mm))}. Mineral soil
samples were ground with a mortar and pestle to pass a 0.425 mm sieve and
analyzed for C concentrations.

Carbon inventories (mg C/cm?) in the forest floor O-layers were calculated
from concentration (mg C/g dry mass) and dry mass (g dry mass/cm?) data.
Carbon concentrations were determined using a Carlo-Erba NA 1500 ana-
lyzer. Organic C inventories (mg C/cm?) in the mineral soil were calculated
by multiplying the SOC concentration (mg C/g soil) in the sieved (< 2 mm)
soil fraction by the areal density (g soil/cm?) of that fraction. The areal density
of the sieved soil was calculated as the product of the bulk density (g soil/cm®)
for the sieved soil fraction and the increment depth (cm). The coarse fraction
(> 2 mm) was excluded from all calculations of SOC concentrations and
inventories. It was assumed that rocks and gravel (the principal constituents
of the coarse fraction) made no appreciable contribution to amounts of SOC.
Coarse roots (>2 mm) were also not included in our estimates of SOC
inventories in the mineral soil.

Inventories of SOC were expressed as mg C/cm? because this unit is more.
appropriate to our soil sampling procedures; mg C/cm? can be converted to
g/m? by multiplying by 10. Scaling the data to larger areas (e.g., hectares)
would be unwarranted, however, because we have no estimates of soil bulk
density on scales that make allowances for stumps, large roots, large rocks,
and boulders present at each study site. Extrapolating the data to larger scales
without such estimates could lead to serious overestimates of SOC inventories
at scales larger than 1-m?.

Litterfall C and N

Litterfall was collected whenever the sites were visited in 1995, 1996, and
1997. Litterfall samplers at each site included two plastic trays (47 cm x
38 cm) and a stainless steel screen (122 cm x 122 c¢m) placed in close prox-
imity to the area where soil samples were collected. Litterfall was oven dried
(65 °C) and sorted into three fractions: (1) wood and seed, (2) coniferous, and
(3) deciduous. Each fraction was weighed and samples from the same site at a
particular time were composited by litter type and analyzed for C and nitrogen
(N) concentrations using a Carlo-Erba NA 1500 Analyzer. Litterfall C return
to the forest floor (mg C/cm?) was calculated as the product of concentration
(mg C/g) and litterfall dry mass per unit area (g/cm?). Annual C return was
then calculated as the sum of C returns over the year.
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Root Cand N

Belowground litter inputs at each site were not measured, however coarse
roots (> 2 mm) were recovered from 8 soil cores (6.5 cm diameter and 20 cm
deep) collected periodically between December 1995 and October 1996 at
each site. Roots were recovered by shaking a fresh soil sample overnight
in a solution of Na-hexametaphosphate (35.7 g/L) and filtering the mixture
through a 2 mm sieve. Roots were oven dried (65 °C), weighed, and analyzed
for C and N concentrations using a Carlo-Erba NA 1500 analyzer.

Density separations

Soil organic matter was separated into a light and a heavy fraction by flotation
in aqueous CaCl, (1.4 g/mL). Separations were performed on 20 increment
samples from each site: 10 samples from the 0—5 cm increment and 10 sam-
ples from the 5-20 cm increment of mineral soil. Two increment cores were
selected from 1995 (October and December samples), 6 increment cores from
1996 (February, May, September, November samples), and 2 increment cores
from 1997 (May samples) for the density separations.

Five grams (£ 0.0001 g) of oven dry (65 °C) soil that had been ground
to pass a 0.425 mm sieve were shaken overnight with 25 mL of solution
and allowed to settle. The light fraction organic matter (LF-OM) floating on
the solution was removed with a pipet and recovered by filtration (What-
man #541). In order to maximize recovery of the LF-OM, the separation
was repeated at least 3 times, or until no material floated on the solution.
The pooled LF-OM from each sample was thoroughly washed with distilled
water to remove excess CaCl, and was oven dried (65 °C). The heavy fraction
organic matter (HF-OM) was recovered by centrifugation, washed 3 times
with distilled water to remove excess calcium chloride, oven dried (65 °C),
and weighed. No attempt was made to account for losses of soluble C because
such losses probably would not affect the weight of the light and heavy frac-
tions. The LF-OM mass was determined by difference between the initial soil
dry mass and the HF-OM dry mass. Both LF-OM and HF-OM were analyzed
for C and N concentrations using a Carlo-Erba NA 1500 Analyzer.

Soil C in the LF-OM (mg LF-OM C/g soil) or HF-OM (mg HF-OM C/g
soil) was calculated by multiplying the fractional mass (g fraction/g soil) by
the respective C concentration (mg C/g fraction). The fraction of SOC in LF-
OM from each increment sample was one measure of labile C in the mineral
soil and was calculated as: LF = (mg LF C/g soil) / (mg LF C/g soil + mg HF
C/g soil). The fraction of SOC in HF-OM in each sample was equivalent to 1
—(LF).
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Separations by wet sieving

Soil organic matter was also separated into a particulate organic matter
(POM) and an organomineral fraction (SiCl) by wet sieving (Cambardella
& Elliot 1992, 1993). Replicate soil cores were collected from each site
on four occasions in 1996 (May, July, September, and November) and one
occasion in 1997 (May). In the laboratory, each soil core was cut into three
depth increments: (1) O-layers, (2) 0-5 cm mineral soil, and (3) 5-20 cm
mineral soil. Separations by wet sieving were performed on 20 mineral soil
increments from each site: 10 samples from the 0-5 cm increment and 10
samples from the 5-20 cm increment.

Twenty grams of air dry soil were dispersed by shaking overnight in a
100 mL solution of Na-hexametaphosphate (5 g/L). The mixture was wet
sieved through a 0.053 mm sieve. The POM fraction (> 0.053 mm) was
weighed after oven drying (65 °C). No attempt was made to remove sand
from the POM fraction because it contributed little to the SOC content of this
fraction. The SiCl fraction that passed the 0.053 mm sieve was also weighed
after oven drying (65 °C). Both the POM and the SiCl fractions were ground
to pass a 0.425 mm sieve and analyzed for C and N concentrations with a
Carlo-Erba NA 1500 Analyzer.

Soil C in the POM (mg POM C/g soil) or SiCl (mg SiCl C/g soil) fraction
was calculated by multiplying the fractional mass (g fraction/g soil) by the
respective C concentration (mg C/g fraction). The POM fraction of SOC from
each increment sample was another measure of labile C in the mineral soil and
was calculated as: POM fraction = (mg POM C/g soil) / (mg POM C/g soil +
mg SiCl C/g soil). The SiCl fraction of SOC in each sample was equivalent
to 1 — (POM fraction).

Statistical analysis

One-way analysis of variance (ANOVA) was used to test for significant dif-
ferences among site means. Measurements were averaged over space or time,
depending upon the particular comparison that was undertaken. Comparisons
between individual site means were made using Fisher’s Least Significant
Difference when the F-value in the ANOVA was statistically significant.
Unless otherwise stated, each null hypothesis was rejected at a probability
< 0.05.

Modeling forest SOC dynamics

A model of forest SOC dynamics (Figure 1) was parameterized on the basis
of data from the six study sites and several simple assumptions. The two
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state variables in the model were unprotected (U) and protected (P) SOC.
The model was formulated based on first-order differential equations of the
general form: dx/dt = fluxes into a compartment — fluxes from a compartment.
An annual time step was used for each simulation. The units for the state
variables and fluxes were mg C/cm? and mg C/cm? per year, respectively.

Unprotected SOC was equivalent to the sum of C inventories in the for-
est floor O-layer and the labile C pool in the mineral soil. Labile SOC was
calculated by multiplying the C inventory in the upper 30 cm of mineral soil
by a fraction which was determined by density separations (LF-OM) and wet
sieving (POM fraction) methods (see Results). Protected SOC was calculated
by multiplying the C inventory in the upper 30 cm of mineral soil by the
protected fraction which was also determined by density separations (HF-
OM) and wet sieving (SiCl fraction). It was assumed that labile and protected
fractions determined from samples of the upper 20 cm of mineral soil were
representative of those same respective fractions over the upper 30 cm of
mineral soil.

The process of modeling forest SOC dynamics first involved calibration of
the model to fit predicted SOC inventories to measured SOC inventories at the
six forest sites and calculation of the annual loss rate constant for unprotected
SOC (k;). Inputs to the unprotected soil pool included C in aboveground
and belowground litter (Figure 1). Belowground litter C inputs to soil (I5)
at each site were assumed to equal aboveground litterfall C inputs (I;), and
total annual C inputs (I) to unprotected SOC were calculated as: I = 2 (I;).

The turnover time for protected SOC (TT}) was arbitrarily set at 100 years,
and the rate constant for loss from the protected SOC pool (k3) was calculated
as 1/TTj,. Thus, a key assumption is that losses from the protected SOC pool
are temperature independent, or at least much more insensitive to temperature
than unprotected SOC (see Discussion). Given values for the inputs and para-
meter k3, parameters k; and k; (Figure 1) were derived from the following set
of formulae using measured values for the state variables (U and P). The rate
constant for C transfer from the unprotected to the protected soil pool (ky)
was calculated as:

ky = P/(TT, x U),

where P and U were the measured SOC inventories in the protected and
unprotected pool, respectively, and TT, was the turnover time of protected
SOC.

The rate constant for C loss from the unprotected soil pool (k;) was
calculated as:

ki = (1/U) — k.
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Parameters k; and k, were fitted to yield values for the state variables that
would correspond to measured SOC inventories at equilibrium. According to
the preceding set of formulae, turnover times TT, and TT,, did not necessarily
covary. The turnover time of unprotected SOC (TT,) was equivalent to 1/(k
+ kz)

Finally, the effect of a 4 °C increase in mean annual air temperature (MAT)
on steady-state inventories of SOC was modelled following adjustment of the
decomposition rate constant for unprotected SOC (k;) to a new value (ki)
using site specific Qg values and the following formula:

Quo = (k) 10/ T

where T is the initial MAT and T, is the new MAT. The Q;, values for SOM
decomposition decrease with increasing temperature (Kirschbaum 1995), and
the following Qqo values (in parenthesis) were used to solve for k" follow-
ing a 4°C increase in MAT at each study site: 1LP (3.9), 2WB (3.8), 3SB
4.5), 4MH (4.4), 5BB (5.6), and 6SP (5.6). Site specific Q¢ values were
derived from Kirschbaum’s previously described relationship between tem-
perature and CO; efflux from soil or litter in laboratory studies (see Figure 1;
Kirschbaum 1995).

Results

Climate and soil properties

Site differences in climate and soil properties are summarized in Table .
Mean annual air and soil temperatures declined along the elevation gradient
by =~ 0.5 °C with every 100 m increase in elevation. Seasonal changes in mean
monthly air and soil temperatures at the low-, mid-, and high-elevation sites
are shown in Figure 2. In July, mean monthly soil temperature at the low- and
high-elevation sites differed by 7 °C. In January, the low- and high-elevation
sites differed by 4 °C. Annual throughfall was =~ 50% greater at the high-
elevation sites compared to the low-elevation sites. Dry mass to fresh mass
ratios for samples collected at different depths indicated that low elevation
soils (sites 1LP and 2WB) were significantly drier than those at mid- and
high-elevations (Table 1). The data in Table 1 indicated that high-elevation
forests (SBB and 6SP) were both cooler and wetter than the mid- and low-
elevation forests. High elevation forest soils were also more sandy and more
acidic than soils at lower elevations (Table 1). The coarse fraction (small
rocks and gravel > 2 mm) was highest in soils from sites 4MH, 5BB, and
6SP. The coarse fraction content was significantly less in alluvial soils at
sites 1LP and 3SB (Table 2).
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Figure 2. Mean monthly air and soil (= 10 cm deep) temperatures over a two year period at
low- (235-335 m), mid- (940-1000 m), and high-elevation (1650-1670 m) forest ecosystems
in the southern Appalachian Mountains.
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Table 1. Climate and soil properties at the six forest sites along an elevation gradient in the
southern Appalachian Mountains. Mean annual air and soil temperatures were calculated
from data over a 2 year period (1995-1997). Throughfall measurements at site 4MH were
discontinuous due to periodic disturbance by bears. Mean dry mass:fresh mass (DM/FM)
ratios were based on 18 soil samples per site. Coefficients of variation are shown in parenthe-
sis. Means in the same row that do not share the same alphabetic superscript are significantly

different (p < 0.05).

Site variable ILP JWB  3SB 4AMH 5BB 6SP
Elevation (m) 235 335 940 1000 1650 1670
Temperature (°C)
Annual Mean (Air) 12.6 13.1 10.3 10.5 6.2 6.4
Annual Mean (Soil)  13.4 135 10.6 10.6 74 73
Throughfall (cm/year) 117 124 113 — 191 175
pH O-Layer 39 4.5 4.0 32 3.1 3.1
pH Soil (0-20 cm) 4.5 42 3.8 4.0 3.4 35
Sand (%) 0.13 0.33 0.33 0.21 0.40 0.52
Silt (%) 0.73 0.57 0.55 0.63 0.45 0.36
Clay (%) 0.14 0.10 0.12 0.16 0.15 0.12
DM/FM Ratio
Soil 00-05 cm 0.822 0822 062°¢ 0.68 0 0.67° 0.59 4
0.04)  (0.03) (0.04) 0.07) (0.07) (0.10)
Soil 05-20 cm 084> 0862 0.70°¢ 0.76 © 0.76 © 0.744
0.03)  (0.02) (0.03) (0.04) (0.03) (0.02)
Soil 20-30 cm 085> 0872 075¢ 0.81°¢ 0.77¢ 0.78d

0.02) (0.02) (0.04 (0.05) (0.03) (0.04)

Litterfall C returns

Site differences in annual C return to the forest floor in litterfall, averaged
over three years, were not statistically significant (Table 3). Over all sites and
years, the mean (+ SE) annual aboveground litterfall C input was 23.0 +
2.4 mg C/cm?. However, each year there was less annual C return in litterfall
at site SBB than at the other five forest sites (the range was 22 to 64% less
C return at site 5BB). The grand mean for annual litterfall C return at the six
study sites was similar to a previously reported regional mean annual litterfall
input for southern Appalachian forests (Sharpe et al. 1980). Sharpe et al., in
aregional analysis of litter dynamics, found no significant differences among
forest types in aboveground litterfall and calculated a regional mean annual
litterfall input equivalent to 20 mg C/cm?. Carbon concentrations in litterfall
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Table 2. Areal density (g/cmz) of the coarse fraction (rocks and gravel > 2 mm) in
different mineral soil increments at the six study sites. Each mean is based on 18
samples. Coefficients of variation are shown in parenthesis. Means in the same row
that do not share the same alphabetic superscript are significantly different.

Soil zone 1LP 2WB 3SB 4MH 5BB 6SP

00-05ecm 0182 054 0263 o709  106° 0430c
(127)  (0.89) (1.09) (0.60) (0.51)  (1.04)

0520cm 0412 1.62° 0702 3.39¢ 2.68°¢ 1550
147y (0.87) (0.71) (0.55) (040)  (0.64)

20-30em  027% 1169 0622 2934 1.72¢  145bc
(152)  (0.68) (0.76) (0.78) 0.70)  (1.16)

Table 3. Mean annual C return to the forest floor in aboveground litterfall and mean C/N
ratios in litterfall and coarse roots at the six forest sites. Means for litterfall are based on data
from three years (1995, 1996, and 1997). Means for coarse roots are based on 8 soil samples
per site. Coefficients of variation are shown in parenthesis. Means in the same row that do not
share the same alphabetic superscript are significantly different.

Variable ILP 2WB 3SB 4MH 5BB 6SP

C Return (mg C/em?)  29.82 23912 22382 26,62 1322 2234
0.37) (0.26) (0.52) (0.67) (0.09) (0.16)

C/N Ratios
Litterfall 60.7%  658% 4332  639b 3417 4232
0.07) (0200 (004 (0.13) (004  (0.18)
Coarse roots 727%  919b 4632  991b 4922 5612

0.37) (0.27) (0.29) (0.15) (0.10) (0.13)

were ~ 500 mg C/g dry mass; thus, litterfall dry mass can be approximated
as 2 times the litterfall C return (Table 3).

Litterfall C/N ratios at sites 1LP, 2WB, and 4MH were significantly
greater than litterfall C/N ratios at sites 3SB, 5BB, and 6SP (Table 3). Site
differences in C/N ratios were not clearly related to litterfall composition
(Table 4). For example, two sites on opposite ends of the elevation gra-
dient (1LP and 6SP) differed from other study sites by having a higher
percentage of comiferous litterfall (Table 4), but the litterfall C/N ratio at
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Table 4. Litterfall composition at the six forest sites based on data over three years (1995,
1996, and 1997). Coefficients of variation are shown in parenthesis. Means in the same row
that do not share the same alphabetic superscript are significantly different.

Variable 1ILP 2WB 3SB 4AMH 5BB 6SP

% Deciduous 402 04°¢ 74°¢ g1°¢ 73 be 49 @b
(0.19) (0.06) (0.13) (0.13) (0.30) 0.41)

% Coniferous 540 12 9a 3 1@ 360
(0.07) 0.43) (0.45) (0.43) (1.15) 027

% Wood or seed 64 58 178 178 268 154
(1.07) (1.22) (0.78) (0.70) (0.82) (0.67)

the low-elevation site (1LP) was significantly higher than that at the high-
clevation site (6SP). There were also significant differences in litterfall C/N
ratios at sites with similar elevations and similar litterfall composition (3SB
and 4MH). The C/N ratios in coarse roots covaried with litterfall C/N ratios
(Table 3). A positive correlation between mean C/N ratios in litterfall and
coarse roots across the six study sites was statistically significant (r = +0.92,
p < 0.01).

C inventories in forest floor O-layers

Despite considerable within site variation, there were significant differences
among study sites in forest floor C inventories (Table 5). Different methods
for estimating C inventories in the O-layer gave similar results at three (1LP,
2WB, 3SB) of the six study sites. Forest floor C inventories at the latter three
sites were based on estimates from 2.4 cm diameter soil cores (Method 1).
Method 1 appeared to significantly underestimate C inventories in the O-layer
at site 4MH which had a fibrous mor-type litter layer. Carbon inventories in
the forest floor at site 4MH were based on an average of methods 2 and 3
which gave similar results (Table 5). Forest floor C inventories at site SBB
were estimated from the two methods that gave the most similar results
(method 1 and 2). At site 6SP, methods 1 and 2 significantly underestimated
O-layer C inventories compared to method 3. Although methods 1 and 2 were
in good agreement at the latter site, estimates of forest floor C inventories at
site 6SP were based on results from method 3. Previously published data from
spruce and fir forests near site 6SP (Johnson & Lindberg 1992) indicate that
expected O-horizon C inventories in this forest type are in the range of 440
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Table 5. Mean forest floor (O-layer) C inventories (mg C/cm?) at six different sites
in the southern Appalachian Mountains as determined by three different methods (see
text). Coefficients of variation are shown in parenthesis. Means in the same row that
share the same alphabetic superscript are not significantly different. Means in the same
column that share the same numeric superscript are not significantly different.

Method N 1LP 2WB 3SB 4MH 5BB 6SP

1 18 782l 66 21 96 &1 144 bl 168 b1 246 ©1
(0.34) (045  (0.40) (0.26) (0.48) (0.29)

2 7 59al 44 2l 90 al 254 €2 157 b1 306 1
037)  (021)  (0.67) 0.22) (0.36) (0.28)

3 8 64l 488l 90 2l 24152 9350l 53gc2
(041)  (0.36)  (0.63) (0.51) (0.58) (0.46)

to 670 mg C/cm?. Reasons for the apparent underestimation of forest floor C
inventories by methods 1 and 2 are unknown.

C inventories in the mineral soil

Areal density of the soil fraction < 2 mm, C concentrations, and SOC inven-
tories at different soil depths on an area basis are presented in Table 6. Soil
organic C inventories in the low-elevation forests were significantly less than
those in the mid- and high-elevation forests (Table 6), but there were no sig-
nificant correlations across the six forest sites between air or soil temperature
and SOC inventories in the mineral soil.

Soil organic C concentrations declined 79 to 92% from the 0—5 c¢m layer to
the 20-30 cm layer of mineral soil at 5 of the 6 study sites (Table 6). Concen-
trations followed a more gradual decline with depth at site 3SB, declining by
only 67% over the upper 30 cm of mineral soil. At each study site, the decline
in mean SOC concentration with soil depth was described by a logarithmic
relationship of the form In(Y) = a + b(X), where Y = concentration (mg C/g
soil) and X = soil depth (cm). The exact depth of the soil at each site is
unknown, but based on logarithmic declines in SOC concentrations with soil
depth it was estimated that the upper 30 cm of mineral soil contained 81 to
93% of the SOC inventory at sites 1LP, 2WB, 4MH, 5BB, and 6SP and ~
70% of the total SOC inventory at site 3SB.
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Table 6. Mean areal densities, SOC concentrations, and SOC inventories at different
depths from six forest sites in the southern Appalachian Mountains. Means are based
on 18 soil samples per site. Coefficients of variation are in parenthesis. Within each soil
depth, means in the same column that do not share the same alphabetic superscript are
significantly different.

Soil depth Site Areal density SOC concn SOC inventory
g soil/cm? mg C/g soil mg Clem?
00-05 cm 1LP 5.57 € (0.11) 19.12 (0.17) 106 2 (0.18)
2WB 4.63°(0.13) 26.92 (0.14) 1252 (0.19)
3SB 2.912(0.14) 76.7° (0.12) 222 b¢ (0.15)
4MH 2.68 2 (0.24) 90.7 © (0.26) 235 ¢d (0.24)
5BB 2.79 2 (0.26) 76.1° (0.28) 203 b (0.23)
6SP 2.942(0.22) 92.6 € (0.31) 258 4 (0.19)
05-20 cm 1LP 19.6 € (0.04) 8.62(0.11) 169 2 (0.10)
2WB 18.4 € (0.09) 8.2%(0.25) 149 2 (0.25)
3SB 12.1° .07 41.9¢(0.15) 506 4 (0.15)
4MH 115 (0.13) 25.6 % (0.23) 2920 (0.23)
5BB 13.92 (0.10) 26.8© (0.45) 362 © (0.35)
6SP 14.6 2 (0.08) 2285021 332 b¢ (0.20)
20-30 cm ILP 14.5 € (0.09) 3.5%(0.18) 512 (0.20)
2WB 13.9 € (0.08) 322(0.17) 442(0.13)
3SB 10.1 2 (0.10) 25.0 € (0.30) 246 4 (0.24)
4MH 9.22(0.25) 7.2%(0.38) 652 (0.41)
5BB 10.02(0.12) 16.0 9 (0.20) 159 € (0.21)
6SP 1135 (0.12) 10:9 € (0.34) 120%(0.28)

SOC in LF-OM and HF-OM

The partitioning of SOC between LF-OM and HF-OM was relatively similar
across the six sites. At every site, HF-OM contained most of the C in the
mineral soil. In the 0-5 cm depth increment, there were no significant differ-
ences among sites in the fraction of SOC associated with LF-OM or HF-OM
(Table 7). The mean fraction of SOC associated with LF-OM and HF-OM in
the 0-5 cm increment of mineral soil, over all study sites, was 31 and 69%,
respectively.

There were significant site differences in the fraction of SOC associated
with LF-OM and HF-OM in the 5-20 cm depth increment. Site 6SP had
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Table 7. Mean fractional distribution of SOC between LF-OM and HF-OM in two min-
eral soil increments at six forest sites. Coefficients of variation are shown in parenthesis.
Each mean is based on 10 samples. Means in the same row that share the same alphabetic
superscript are not significantly different.

Soil depth  Part 1LP 2WB 3SB 4MH 5BB 6SP

00-05cm LF-OM 0302  034% 028% 0333  028% 0302
0.22)  (0.10) (0.25) (025  (026)  (0.42)

HF-OM  0.70%  0.66% 0728 067%  072% 0702

0.10)  (0.05 (0.10) (0.12)  (0.10)  (0.18)

0520cm LF-OM  024% 029¢ 023b  027b ¢021® Q142
(042)  (036) (0.10) (02D 021  (0.39)

HF-OM 0762 0712 078% 0.73% 0792 0.86°

(0.13) (0.15)  (0.03)  (0.08) 0.06)  (0.06)

Table 8. Mean fractional distribution of SOC between POM and SiCl fractions in two
mineral soil increments at six forest sites. Coefficients of variation are shown in paren-
thesis. Each mean is based on 10 samples. Means in the same row that share the same
alphabetic superscript are not significantly different.

Soil depth ~ Part 1LP 2WB 3SB 4MH 5BB 6SP

00-05cm POM 0272 0332 0282 030% 0242 043P
0.19)  (0.17) (036)  (0.28)  (0.60)  (0.30)

sict 073% 067" 072  070b 076b 0572

0.07)  (0.09) (0.14) (0.12)  (0.19)  (0.23)

0520cm  POM  0.15° 025¢  016b 021¢ 0102 0112
023)  (0.16) (0.19) (022) (0.38)  (0.58)

SiCt  085¢ 075 084°¢ 0792 0909 0894

0.04)  (0.05  (0.04) (0.06) (0.04  (0.07)

significantly more SOC in HF-OM and significantly less SOC in LF-OM
than the other five sites. Although there were other statistically significant
differences between sites in LF-OM, five of the six sites (1LP, 2WB, 3SB,
4MH, and 5BB) were similar with 71 to 79% of SOC in the HF-OM and the
balance (21 to 29%) in LF-OM (Table 7).



134

SOC in POM and SiCl fractions

Wet sieving methods for characterizing C in the mineral soil yielded resuits
that were, in many respects, similar to those obtained with density separa-
tions. Most of the C in the mineral soil at each site was associated with the
SiCl fraction (Table 8). In the 0-5 cm soil increment, there were no significant
differences among five of the six study sites in the fraction of SOC associated
with POM and SiCl. Site 6SP contained significantly more SOC in the POM
fraction and significantly less SOC in the SiCl fraction than the other forest
sites (Table 8).

There were significant site differences in the distribution of SOC between
POM and SiCl fractions in the 5-20 cm increment of mineral soil. The high
elevation forest soils contained significantly more SOC in the SiCl fraction
(&~ 90%) than the low- and mid-elevation sites which contained between 75
to 85% of the SOC in the SiCl fraction (Table 8).

Considering data from both depth increments (0-5 and 5-20 cm) and all
six study sites, the mean fraction of POM soil C was correlated with the
mean fraction of soil C in LF-OM (r = +0.82, p < 0.01). Mean C/N ratios in
LF-OM were significantly correlated with the mean C/N ratios in the POM
fraction, and the mean C/N ratios in HF-OM were significantly correlated
with the mean C/N ratios in the SiCl fraction (Figure 3). These correlations
indicated agreement between density separations and wet sieving methods for
distinguishing different pools of mineral SOC.

Labile and protected mineral soil C

The fractional distribution of SOC between LF-OM and HF-OM or between
POM and SiCl fractions in the upper 20 cm of mineral soil at each study site
(Table 9) was calculated as a weighted average based on data from Tables 6,
7, and 8. Density and wet sieving separations produced similar results for
classifying C in the mineral soil, thus LF-OM and POM fractions were aver-
aged to yield estimates of the labile fraction and HF-OM and SiCl fractions
were averaged to yield estimates of the protected fraction of SOC. Most (71
to 83%) of the C in the mineral soil at the six forest sites was identified as
protected because of its association with HF-OM or the SiCl fraction. The
labile C in the mineral soil ranged from 17 to 29% of the total SOC.

Unprotected and protected SOC inventories

Carbon inventories summed over the upper 30 cm of mineral soil (Table 6)
were multiplied by labile and protected fractions calculated for the upper
20 cm of mineral soil (Table 9) to arrive at the respective estimates of unpro-
tected and protected pools of SOC (Table 10). Unprotected SOC ranged from
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Figure 3. Top panel: Correlation between mean C/N ratios in LF-OM (determined by density
separations) and mean C/N ratios in POM fractions (determined by wet sieving) from mineral
soils collected at six forest sites in the southern Appalachian Mountains. Each mean was based
on 10 samples. Open squares are for samples taken at 0 to 5 cm soil depth and closed squares
are for samples taken at 5 to 20 cm soil depth. Bottom panel: Correlation between mean C/N
ratios in HF-OM and mean C/N ratios in SiCl fractions from the same mineral soil samples.
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Table 9. Distribution of SOC between LF-OM and HF-OM or between POM and SiCl
fractions in the upper 20 cm of mineral soil. The LF-OM and POM fractions were aver-
aged to yield a labile fraction of mineral soil C. The protected fraction was calculated as
an average of SOC associated with the HF-OM and SiCl fractions.

Part 1LP 2WB 3SB 4MH 5BB 6SP
LF-OM 0.25 0.30 0.24 0.28 0.22 0.17
POM 0.18 0.27 0.18 0.23 0.12 0.16
Labile fraction 0.22 0.29 0.21 0.26 0.17 0.17
HF-OM 0.75 0.70 0.76 0.72 0.78 0.73
SiCl 0.82 0.73 0.82 0.77 0.88 0.84
Protected fraction 0.78 0.71 0.79 0.74 0.83 0.83

Table 10. Carbon inventories (mg Clem?) in unprotected and protected soil pools at the six
forest sites in the southern Appalachian Mountains. Total SOC was calculated to a depth
of 30 cm. Unprotected and protected SOC inventories were calculated using labile and
protected fractions of SOC from Table 9.

Soil pool Component ILP 2WB 3B 4MH 5BB 6SP
Unprotected (U)  O-layer 78 66 9% 248 168 538
Mineral Soil 72 92 205 156 123 120
Total U 150 158 301 404 291 658
% Total SOC 37 41 28 48 33 53
Protected (P) Mineral soil 254 226 769 444 603 586
% Total SOC 63 59 72 52 67 47
Total SOC U+P 404 384 1070 848 894 1244

28 to 53% of the total SOC inventory, and protected SOC ranged from 47
to 72% of the total SOC inventory. Inventories of SOC at the low-elevation
forests (1LP and 2WB) were =~ 30 to 50% as large as those estimated for
more mature forests at mid- and high-elevations in the Great Smoky Moun-
tains National Park. Forests with mor-type humus layers (4MH and 6SP)
had a higher percentage of unprotected SOC than other sites. This latter
difference was caused by the large contribution of G-layer C to inventories
of unprotected SOC (Table 10).
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Table 11. Derived annual fractional transfers from unprotected SOC at six forest
sites in the southern Appalachian Mountains (see Figure 1). Parameter k;’ is the
decomposition rate adjusted for a 4 °C increase in mean annual temperature.

Parameter 1LP 2WB 3SB 4MH 5BB 6SP

kg 0.2897 0.2768 0.1273 0.1029 0.0583 0.0610

k' 0.5015 0.4732 0.2321 0.1868 0.1161 0.1213

ko 0.0169 0.0143 0.0255 0.0110 0.0207 0.0089
16
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Figure 4. Relationship between derived turnover times of unprotected SOC (TTy) and mean
annual air temperature (MAT) at six forest sites along an elevation gradient in the southern
Appalachian Mountains. Codes next to symbols correspond to site locations.

Modelling forest SOC dynamics

Derived annual loss rates (k; and k;) from unprotected SOC at the six for-
est sites are presented in Table 11. An annual litterfall C return of 23 mg
C/em? was used as the best estimate of long-term aboveground C inputs to
soils, except at site SBB where the value was reduced by 50%. Across the
elevation gradient, estimates of parameter k; increased (Table 11) and the
derived turnover times for unprotected SOC (TT,) decreased with increasing
MAT (Figure 4). Calculated values for k,’ at the six forest sites following a
4 °C increase in MAT are also presented in Table 11. Simulations with the
model to predict the change in steady state SOC inventories following a 4 °C
increase in MAT indicated that low-, mid-, and high-elevation forest soils
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Table 12. Predicted unprotected (U), protected (P), and total SOC inventories (mg
Clem?), at steady-state and to a depth of 30 cm, at six forest sites following a 4 °C
increase in mean annual air temperature (MAT). The percent reduction in current
total SOC inventories (see Table 10) that accompanies a 4 °C increase in MAT is
shown in the last row.

Variable 1LP 2WB 3SB 4MH 5BB 6SP
Unprotected (U) 89 93 179 233 168 353
Protected (P) 150 133 455 256 348 315
Total SOC (U + P) 239 226 634 489 516 668
Reduction (%) 41 41 41 42 42 46

would give up = 40 to 45% of their current SOC inventory (to a depth of
30 cm) (Table 12). The simulations assumed that aboveground and below-
ground C inputs to the soil did not change over time. Soil C inputs would
need to increase by & 70 to 85% to offset predicted losses of SOC at the
higher MAT.

Discussion

There are both advantages and disadvantages to using elevation gradients as
an approach for testing the effect of environmental variables on the dynamics
of forest SOC. One advantage is that the state of soil C present at an undis-
turbed site is the product of natural change that includes the adaptation of
biological and nonbiological components to an existing climate. Undisturbed
forest ecosystems along elevation gradients have a much greater probability
of being adapted to prevailing climates than ecosystems that are manipu-
lated through short-term experiments. Unlike experimental manipulations of
systems, which include more or less instantaneous and discrete changes in
one or several variables, studies along elevation gradients reflect the out-
come of multiple interacting environmental factors over long time periods.
Short-term responses that normally accrue over a period of several years in
field experiments may not be the same as responses that accrue in nature
from complex interactions between soil, plant, and microbial systems over
a period of decades to centuries. Gradient studies may yield useful data for
modelling changes in SOC storage because undisturbed natural ecosystems
are more likely to approximate steady-state conditions than experimentally
manipulated systems.
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Understanding the present state of forest SOC inventories allows us to
qualitatively predict how soil C storage will change with climate, but there are
several important limitations to studies along elevation gradients. First, there
are no formal controls and all comparisons among ecosystems at different
points along the gradient are relative. Second, the range of environmental
differences along elevation gradients may be too narrow for making con-
fident predictions to other ecosystems through extrapolation. Third, it may
be impossible to determine cause and effect relationships from studies along
elevation gradients because of the many potentially confounding factors that
accompany changes in elevation.

The third limitation is especially important because elevation gradients are
often accompanied by natural changes in climate (both MAT and moisture),
vegetation type, soil properties (chemistry, texture, and parent material), and
soil nutrient availability. For example, along elevation gradients in the south-
ern Appalachian Mountains, N deposition increases from ~ 10 kg N/ha per
year at low elevations to & 28 kg N/ha per year at high elevations due to
greater dry deposition and greater fog and cloud water deposition in high-
elevation forests (Lovett & Lindberg 1993). Lower C/N ratios in litterfall and
coarse roots at sites SBB and 6SP on our elevation gradient are probably
explained, in part, by elevated N availability in these high-elevation forest
ecosystems (Johnson et al. 1991). Although factors affecting soil formation
and SOM accumulation (such as mineralogy, vegetation, and topography)
may vary dramatically along elevation gradients, MAT is unquestionably one
of the most important factors controlling SOC accumulation and turnover
(Trumbore et al. 1996).

Rates of SOM decomposition are strongly affected by prevailing MAT
because soil microbial processes are a function of temperature (Insam 1990;
Kirschbaum 1995; Winkler et al. 1996). Across the sites examined in the
southern Appalachian Mountains, differences in MAT can account for a high
percentage of the variation in calculated turnover times of unprotected SOC.
Precipitation and soil moisture also covary with temperature along our eleva-
tion gradient (Table 1), but there is no pronounced seasonality to precipitation
in this region and rarely does soil moisture decline to levels that are insuffi-
cient to sustain soil microbial activity for extended periods of time. Thus, we
assume that soil moisture is less of a limiting factor to SOM decomposition
along the elevation gradient than is MAT.

A significant limitation to current models of SOC dynamics is the lack
of correspondence between conceptual soil C pools and experimentally ver-
ifiable fractions (Christensen 1996). We have used previously described
methods for the separation of POM (Cambardella & Elliott 1992) and LF-
OM (Spycher et al. 1983) from organomineral matter in order to quantify
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the SOC inventories in different forest soil pools. Departing from methods
used by other authors (e.g., Spycher et al. 1983; Trumbore et al. 1996), LF-
OM was floated in solutions of relatively low density. The soils were also not
dispersed by sonification prior to density separations because such techniques
may redistribute SOC from organomineral to labile mineral soil {ractions
(Elliott & Cambardella 1991). These separations yielded LF-OM that was
almost certainly free of organomineral matter, which generally has a density
> 1.7 g/cm?® (Sollins et al. 1984; Janzenet al. 1992). Our estimates of labile
SOC based on density separations could be regarded as minimum estimates
due to the low density of the solution used to separate LF-OM and HFE-OM.
Nonetheless, amounts of SOC associated with LF-OM ranged from 17 to 30%
of the total SOC (to a depth of 20 cm) at the six forest sites. The latter range is
comparable to the percentage of SOC associated with LF-OM (< 1.65 g/cm?®)
in surface soils from a variety of other forests (Christensen 1992),

Despite some uncertainties, the different methods used to separate labile
and protected fractions of SOC appeared to characterize similar pools of
forest SOM. Separations of forest SOM at a density of 1.4 g/cm? resulted
in a LF-OM pool that was similar in quality (i.e., C/N ratio) and quantity to
POM isolated by wet sieving methods. Correlations between the C/N ratios
in similar fractions (LF-OM versus POM and HF-OM versus SiCl) obtained
by different methods suggest that it is valid to partition SOC at these forest
sites between a labile and an organomineral pool. The labile pool (LF-OM
or POM) is comprised of partially decomposed organic debris. Cambardella
and Elliott (1992) have also suggested that POM isolated from grassland soils
is the same as LF-OM isolated by density separations. In absolute amounts,
more SOC was associated with the organomineral pool. The organomineral
fraction represents SOC that is relatively more protected from microbial
decomposition through physicochemical mechanisms. There was a tendency
for cooler and wetter soils in high-elevation forests to have more SOC in
the organomineral fraction than in the labile mineral soil fraction, but the
differences were small.

Through modeling it was possible to derive a relationship between the
turnover time of unprotected forest SOC and MAT. The modeling approach
assumed that (1) SOC inventories were near steady-state, (2) belowground C
inputs were equal to aboveground litterfall C inputs, (3) the annual transfer of
SOC from the unprotected to the protected soil pool was site specific, and (4)
the turnover of protected SOC was described by a single rate constant which
is independent of MAT.

Concerning the first model assumption, we do not know the long-term
(i.e., centuries) history of the six study sites, but the sites are located on gov-
ernment lands that have been subject to minimal or no disturbance for more
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than 50 years. Furthermore, broadleaf and needleleaf forests are the natural
potential vegetation of this region; thus, the assumption of near steady state
forest SOC inventories is reasonable. Concerning the second model assump-
tion, summaries of data on root biomass and annual production in different
temperate forest ecosystems (Hendrick & Pregitzer 1993) indicate that fine
root production is balanced by fine root mortality on an annual time-scale
(i.e., turnover = annual production/fine root biomass = 1 year). Therefore,
organic C recycling to the unprotected soil pool by way of root mortality will
be nearly equal to fine root production. Furthermore, summaries of C returns
in annual aboveground forest litterfall, belowground C allocation, and fine
root production (as estimated by the N budget method) indicate that the ratio
of aboveground litterfall C return to fine root production is near unity in many
forest ecosystems (Raich & Nadelhoffer 1989; Nadelhoffer & Raich 1992).
In the absence of any data to the contrary, the assumed equality between
inputs of aboveground and belowground C to the unprotected SOC pool was
considered reasonable.

With respect to the last two mode] assumptions, both unprotected and pro-
tected SOC (as defined in Figure 1) may include some intraaggregate SOM
because the methods we used to distinguish these two pools involved minimal
soil dispersion. Transfers of C into and out of the protected soil pool are con-
trolled by processes that create and destroy, respectively, physicochemically
protected SOC. These processes may depend more on site specific edaphic
factors than on prevailing temperature conditions (see e.g., Torn et al. 1997).
Soil aggregates are continuously created and destroyed through physical and
chemical mechanisms, and one result of soil aggregate formation is that SOC
becomes protected from decomposition (Jastrow 1996). Protected SOC may
or may not be chemically recalcitrant. Although there can be differences in
the turnover of SOC associated with silt and clay size soil fractions (Bonde et
al. 1992; Buyanovsky et al. 1994; Gregorich et al. 1995), no distinction was
made in the present study between the smaller primary soil particles. Recent
studies indicate that the turnover of protected SOC (defined as that fraction
of SOC associated with soil particle sizes < 0.050 mm) can be described by
a singe rate constant (Balesdent 1996). We are not saying that the turnover
of protected SOC is completely independent of temperature; only that TT,
is probably less influenced by MAT than TT,. Clearly additional studies are
needed to resolve exactly how the turnover of protected SOC is affected by
differences in soil properties and climate.

Observed differences in forest SOC inventories along the elevation gra-
dient (Table 10) were not a straightforward function of elevation or MAT
because of the many interacting environmental factors that affect SOC stor-
age. Despite the probable importance of other factors, MAT was a reasonable
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predictor of the turnover time of unprotected SOC in model results that were
derived by fitting the measured distribution of SOC between unprotected and
protected soil pools. Simulations with the model suggest that, if all other
factors remain constant, a warming climate will significantly impact SOC
inventories in forests of the southern Appalachian Mountains. After reaching
a new steady state (with no change in inputs of C to the unprotected soil
pool), forest SOC inventories were predicted to decline by ~ 40 to 45%
following a 4 °C increase in MAT (Table 12). This conclusion is unaffected by
assumptions related to the turnover time of protected SOC. Due to the way in
which model transfers were derived, increasing the turnover time of protected
SOC by a factor of 10 (from 100 to 1000 years) has little effect on the esti-
mated turnover time of unprotected SOC. Therefore, the predicted declines in
unprotected SOC as a result of regional warming remain approximately the
same even if there are appreciable errors in the estimation of TT .

Carbon inventories in the forest floor O-layers are a substantial contributor
to the amount of unprotected SOC at each of the six forest sites along the
elevation gradient. It is assumed that the turnover of C in the forest fioor O-
layers and the turnover of labile SOC are sufficiently similar that these two
components of unprotected soil C can be combined and described by a single
rate constant (i.e., k; in Figure 1). However, there may be differences in the
decomposition rate of forest floor O-layers and labile C in the mineral soil
(due to soil aggregate formation) that could be accentuated in a changing
climate. For example, if the forest floor was frequently drier than the under-
lying mineral soil, then the decomposition rate of forest floor O-layers could
be slower than that of labile SOC due to moisture limitations on microbial
activity. Based on data available from studies along the elevation gradient,
we are unable to make distinctions such as this between the turnover times of
these two very different pools of SOC (Figure 1). Tracer experiments using
additions of enriched carbon-13 labelled compounds to the forest floor are
underway at all six forest sites in an attempt to determine what differences
exist between the turnover time of C in the forest floor O-layer and labile
organic C in the mineral soil.

Even though each fraction exists in a different soil horizon, both forest
floor C and labile C in the mineral soil are more vulnerable to microbial
decomposition and the effects of climate change than protected SOC. The
loss of unprotected SOC from forest ecosystems following regional warming
could diminish the beneficial effects that O-layers and stores of labile SOC
impart to forest soils. Those benefits include reduced evaporation, greater
water holding capacity, and essential nutrients (like N, P, and Ca) that are
made available for plant growth through the mineralization of unprotected
SOM. Substantial losses of unprotected SOM as a result of a warmer cli-



143

mate could have long-term adverse impacts on hydrology, soil quality, and
plant nutrition in forest ecosystems throughout the southern Appalachian
Mountains.
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