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Abstract
This study seeks to investigate the dynamics of dead plant carbon over fifty years
of old-field forest development at the Calhoun Long Term Soil-Ecosystem Experiment
(LTSE) in South Carolina, USA. Emphasis is on the transition phase of the forest, which
is less well studied than the establishment and early thinning phase or the steady state
phase. At the Calhoun LTSE, the biogeochemical and ecosystem changes associated with
old field forest development have been documented through repeated tree
measurements and deep soil sampling, and archiving of those soils, which now allow us
to examine changes that have occurred over the course of forest development to date.
In this dissertation, I first quantify the accumulation of woody detritus on the
surface of the soil as well as in the soil profile over fifty years, and estimate the mean
residence times of that detrital carbon storage. Knowing that large accumulations of Crich organic matter have piled onto the soil surface, the latter chapters of my dissertation
investigate how that forest-derived organic carbon has been incorporated into mineral
soils. I do this first by examining concentrations of dissolved organic carbon and other
constituents in soil solutions throughout the ecosystem profile and then by quantifying
changes in solid state soil carbon quantity and quality, both in bulk soils and in soil
fractions that are thought to have different C sources, stabilities, and residence times. To
conclude this dissertation, I present the 50-year C budget of the Calhoun LTSE,
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including live and dead plant carbon pools, to quantify the increasing importance of
detrital C to the ecosystem over time.
This exceptional long term soil ecosystem study shows that 50 years of pine
forest development on a former cotton field have not increased mineral soil carbon
storage. Tree biomass accumulated rapidly from the time seedlings were planted
through the establishment phase, followed by accumulations of leaf litter and woody
detritus. Large quantities of dissolved organic carbon leached from the O-horizons into
mineral soils. The response of mineral soil C stocks to this flood of C inputs varied by
depth. The most surficial soil (0-7.5cm), saw a large, but lagged, increase in soil organic
carbon (SOC) concentration over time, an accumulation almost entirely due to an
increase of light fraction, particulate organic matter. Yet in the deepest soils sampled,
soil carbon content declined over time, and in fact the loss of SOC in deep soils was
sufficient to negate all of the C gains in shallower soils. This deep soil organic matter
was apparently lost from a poorly understood, exchangeable pool of SOM. This loss of
deep SOC, and lack of change in total SOC, flies in the face of the general understanding
of field to forest conversions resulting in net increases in soil carbon. These long term
observations provide evidence that the loss of soil carbon was due to priming of SOM
decomposition by enhanced transpiration, C inputs, and N demand by the growing
trees. These results suggest that large accumulations of carbon aboveground do not
guarantee similar changes below.
v
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Introduction
Ecology of old field forest development
Many aspects of old field pine forest development are rather predictable. Within
a few years following field abandonment, the bare ground is quickly blanketed with
herbs and grasses followed by a thick crop of pine seedlings, whether naturally seeded
or intentionally planted (Peet and Christensen 1987). During this establishment phase,
these seedlings grow rapidly to form a closed canopy at between five and 15 years of
age. As soon as the canopy closes, the thinning phase begins, in which trees begin to
compete for light, water, and nutrients, and mortality rates increase considerably, while
total forest biomass continues to increase. As soon as mortality rates exceed the ability of
remaining trees to compensate, total forest biomass stabilizes, and the transition phase
begins. Often by this time the remaining living trees have no further capacity to increase
light harvesting machinery, and are increasingly vulnerable to storms and pests. In cases
such as these, and where self-thinning was severe enough to prevent establishment of an
understory tree layer, biomass can actually decrease quickly and drastically. In these
cases, biomass will increase again in time as the shade-tolerant understory develops into
a mature overstory. In stands where the understory was better developed, or the early
successional species longer lived, the transition from early to late successional species
can happen with less tumult. However , unless the forest is clearcut and pine seedlings
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reestablished, the forest will never return to the same high levels of biomass storage that
it boasted in the late years of the thinning phase (Peet and Christensen 1987).
Nearly all of what we know about ecosystem development and soil change stems
from chronosequence studies, which substitute space for time in order to study how
communities and ecosystems change during development. Certainly much of our
knowledge of old-field forest development in the southeastern US results from those
chronosequence studies carried out by Oosting, Billings, Coile, Christensen, Peet and
others of their students and colleagues. Yet always underlying such studies is the critical
assumption that the only difference between the sites representing different stages of
development is time. Researchers carefully control for soil characteristics, disturbance
history, topography—everything they reasonably can—in order to satisfy this
assumption, but always there is the possibility that the sites differ in ways we cannot
account or control for.
Chronosequence studies that look across long time scales may miss short periods
of rapid change, such as the rapid reorganization of carbon storage when an early
successional phase goes through self-thinning and/or collapse. Succession is often
depicted as an orderly, gradual, and linear shift in species composition and stand
replacement but as this study will show, pines can decline much more rapidly than
hardwoods can fill in, causing a massive and rapid reorganization of biomass and
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nutrients aboveground. The belowground ramifications of this reorganization are as yet
largely unknown.
The alternative is to study individual ecosystems over long periods of time.
Interestingly enough, one of the pioneers of chronosequence study, Frederic Clements
(1916), wrote on the topic of such long term ecological studies:
“…the method of sequence [here referring to long term study] can not be applied directly
by a single investigator to the whole course of development from the pioneer colonies…to the
final…forest climax…. He may carry his studies of a particular community as far as possible
and then turn his records of the development over to a younger investigator who will carry the
record through another life time. Such a method requires concerted action such as is unknown
at present but there can be little question that continuous investigations of this nature will
soon be organized by great botanical institutions.”
I have had the great fortune to work at such a site, the 50-year-old Calhoun Long Term
Soil Ecosystem Study (LTSE) in South Carolina, organized by the tremendous
dedication and concerted action of Dr. Lou Metz, Dr. Carol Wells (both retired USFS),
and Dr. Daniel Richter, as well as their respective colleagues and students.
At the Calhoun LTSE, as with many other studies of forest development, the
biogeochemical and ecosystem changes associated with the early phases of old field
forest development have been closely monitored and documented (Richter and
Markewitz 2001). However, the Calhoun study is unique in that its long term purview
involved regular tree measurements, repeated deep soil sampling, and archiving of
those soils, which now allow us to examine the changes that have occurred over the
course of the thinning and transition phases as well as the establishment phase. Billings
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(1938) found that the soil changes associated with old-field succession were limited to
six inches depth, based on his chronosequence of old-field shortleaf pine. However
today we understand that roots operate much more deeply than six inches, and by
sampling deeply and repeatedly at the Calhoun LTSE we have been able to observe
rather drastic and deep changes in soil acidity, nutrition, and organic matter over the
course of forest development from the development phase through the thinning phase
(Richter and Markewitz 2001).

Objective
Given the large accumulations of leaf litter that accumulate under coniferous
forests, and given the massive tree mortality that occurred through the thinning phase of
this forest’s development, this study seeks to investigate the dynamics of dead plant
carbon over fifty years of forest development. Emphasis is on the self-thinning and
transition phases of the forest, which are less well studied than early development
phases or the steady state phases, both at this site and in general. In this dissertation, I
first quantify the accumulation of woody detritus on the surface of the soil as well as in
the soil profile over fifty years, and estimate the mean residence times of that carbon
storage (Chapter 1). Knowing that large accumulations of C-rich organic matter have
piled onto the soil surface, the latter chapters of my dissertation investigate how that
forest-derived organic carbon has been incorporated into mineral soils. I do this first by
examining concentrations of dissolved organic carbon and other constituents in soil
4

solutions throughout the ecosystem profile (Chapter 2) and then by quantifying change
in solid state soil carbon quantity and quality, both in bulk soils and in soil fractions that
are thought to have different C sources, stabilities, and residence times (Chapter 3). To
conclude this dissertation, I present the 50-year C budget of the Calhoun LTSE,
including both live and dead plant carbon pools, to quantify the increasing importance
of detrital C in the ecosystem over time (Chapter 4).
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1. Accumulation and decay of woody detritus in a
mature southeastern loblolly pine stand
1.1 Introduction
Although dead wood has long been valued for its importance to the life history
of most forest animals, it has not been nearly as well studied from an ecosystem
perspective. Most studies of dead wood (coarse woody detritus, or CWD) stocks and
decomposition have taken place in the Pacific Northwest or other cool temperate to
boreal regions, where trees are large and relatively slow-growing and decomposition
rates are very slow. In the southeastern US, where the climate is warm and temperate,
decomposition rates are more rapid, and much of the landscape is dominated by shortrotation managed loblolly pine, studies of CWD accumulation and decay have been
understandably rare. In these forests, CWD accumulations are usually human-generated
as logging slash, or are the result of disturbance events such as ice storms, hurricanes,
and bark beetle outbreaks. A 50-year-old long term soil-ecosystem study in South
Carolina, however, provides a unique opportunity to examine the potential for loblolly
stands to accumulate CWD during and after the thinning phase of old-field pine forest
development, and also to estimate the decomposition rate of that CWD.
Hurricanes and ice storms are dominant natural drivers of CWD accumulations
in southeastern forests. Both hurricane and ice storm frequencies have been
hypothesized to increase with future climate change (Cohen et al. 2001, Dale et al. 2001);
thus climate change may result in CWD becoming a more sizeable component of forest
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C budgets. For example, Hurricane Katrina alone has been estimated to have caused a
loss of 105 Tg of live biomass C to snags and CWD, equivalent to 50-140% of the annual
U.S. forest biomass carbon sink (Chambers et al. 2007). A single 2002 ice storm in the
southeastern US has been estimated to have damaged up to 10% of annual U.S. carbon
sequestration (McCarthy et al. 2006).
If a mandatory carbon market is ever instated, great opportunities will arise for
public and private landowners to modify their forest management plans to generate and
sell forest-based carbon offsets. An effective program of forest management for carbon
storage must take into account management effects not only on the large and easilymeasured aboveground biomass carbon pool, but also the vast stores of soil carbon and
the detrital pools of dead leaves, wood, and roots, which all provide extended storage
after trees die or are harvested (Galik et al. 2009). Management changes such as
extension of rotation lengths can increase aboveground carbon storage, and also allow
greater accumulation of detrital and soil carbon compared with standard rotation
lengths (Foley et al. 2009). Although increasing rotation length increases the risk that the
stand will suffer storm, fire, or insect disturbance, extended rotation lengths of
appropriately-thinned stands provide greater C sequestration by storing more C in
larger trees, reducing harvest-associated CO2 emissions, and producing longer-lived
wood products (Foley et al. 2009, Galik and Jackson 2009). Tree mortality losses of live
biomass to the dead CWD pool are not immediately lost from the ecosystem C budget,
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but decompose over the course of decades. The importance of CWD to ecosystem C
storage depends on the decomposition rate, which is not well-constrained for
southeastern loblolly pine stands.
For as little as is known about CWD on the soil surface, much less is known
about the dead root decomposition processes taking place belowground. CWD
belowground experiences a very different abiotic environment, and is subject to
different physical forcings, than that aboveground. Many trees die standing and their
aboveground stems decay through a snag phase in which moisture is limited
throughout much of the stem, and infection by decomposer organisms is slow. Only
when these snags fall due to wind or rot do they come into contact with the soil and the
abundance and diversity of decomposer organisms therein. In contrast, roots are
intimately associated with the soil from the start, and their belowground environment is
buffered from oscillations in temperature and moisture that occur above the soil surface.
Instead, in very clayey soils, all or part of the root system may at least temporarily
experience hypoxic or even anoxic conditions that would retard decomposition. In
addition, the deepest components of the taproot systems extend to soil regions where
soil invertebrate and active microbial biomass is low, which may limit exposure to
decomposer organisms (Richter and Markewitz 1995). This study contrasts the
decomposition process above and belowground by applying the same methodology to
logs and to taproots.
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While a number of studies have used varying approaches to inventory and
estimate decomposition rates of aboveground or belowground CWD, few have studied
CWD decomposition in the warm temperate regions of southeastern North America,
and only a handful outside of the region have examined both above and belowground
CWD decomposition at a single site (but see Fahey et al. 1988, Kapeluck and Van Lear
1995). This study uses a decay class “chronosequence” approach to assess aboveground
CWD decomposition, and then applies a similar decay class approach to tap root
decomposition. Previous studies in the southeast have struggled to apply the decay class
system to decaying logs, finding little significant difference among decay classes and
even concluding that pine decomposition in the Southeast is too rapid to be assessed
with methods developed in cooler climates (Eaton and Sanchez 2009). This is the first
study we know of to use such an approach on roots in order to directly compare the
decomposition trajectories of logs and roots.

1.2 Methods
1.2.1 Calhoun Experimental Forest
The Calhoun Experimental Forest is located in Sumter National Forest in
northwestern South Carolina. Annual precipitation averages 1272 mm and mean annual
temperature averages 15.7°C (National Oceanic and Atmospheric Administration, 2006).
The experimental site is characterized by gentle slopes (<3%) composed of Cataula series
soils (fine, kaolinitic, thermic oxyaquic Kanhapludults). These soils supported cotton,
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corn and wheat crops from the early 19th century until the mid-20th century, at which
time they were planted to P. taeda (Richter and Markewitz 2001). The Calhoun
experiment is organized as a randomized complete block design with 16 permanent
plots of 0.1ha each. The experiment has four blocks arranged by contrasting soil
conditions and historical effects of agricultural soil erosion. Each block contains four
plots planted at different tree spacings: 1.8m, 2.4m, 3.0m, and 3.7m. Planting took place
in the winter of 1956-57 following a two-year fallow after the last cotton crop. Since
forest establishment, major changes in soil fertility and chemistry have taken place,
including soil nitrogen depletion throughout the upper 60cm of the mineral soil profile
as 1.1 Mg N ha-1 was translocated from soil to tree biomass and O-horizons (Richter and
Markewitz 2001). Over this time, the forest accrued approximately 120 Mg C ha-1 in
living tree biomass, and 37.8 Mg C ha-1 in the O-horizon (Richter et al. 1999, Richter and
Markewitz 2001). Over the decades, and especially since the 1990s, the pines were
damaged by bark beetles, ice storms, and wind, all combining to accelerate the loss of
live pine biomass in many plots (Appendix A). Yet a 2005 inventory found the
hardwood understory to comprise less than 5% of aboveground biomass (Appendix A).
Given the intense labor requirements of this study, we focused on 12 plots out of the full
set of 16.
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1.2.2 Field Methods
Aboveground CWD
In spring 2007, across twelve 0.1ha plots, we conducted a full inventory of logs,
stumps, and snags greater than 10cm diameter at the thickest end and greater than 1m
length or height. Log lengths were measured from end to end, or to the point at which
the log crossed the plot boundary or tapered to less than 2.5cm diameter. Three
diameters were recorded on all logs, at each end and at the midpoint. Diameters of intact
snags were measured at 1.37m. Base and top diameters were recorded for broken snags
and stumps. Every piece of wood greater than 1m length was assigned to a decay class IIV, after Harmon and others (Harmon and Sexton 1996, Harmon et al. 1999; Table 1.1).
In May 2008, we returned to six of the 12 inventory plots to collect wood samples from
16 logs of each of three decay classes (II-IV). Log selection was stratified by log length:
for each decay class, we sampled four logs from each of four length classes: <5m, 5-10m,
10-15m, >15m. From each log, we collected three to four cross-sections, using chainsaw
or shovel depending on state of decay. Two samples were collected at 30cm from each
end. For logs less than 10m length, one additional cross section was cut from the
midpoint of log length, while for logs greater than 10m length, two cross-sections were
sampled at 1/3 and 2/3 the distance between the samples at the two ends (Figure 1.1).
Diameters and thicknesses of cross section samples were recorded before the sample
was transferred from the log into a brown paper bag. In June 2008, we located three
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class I logs, and felled three live trees in the buffer zone between plots in order to
increase sample size to a total of six class I logs.
Table 1.1: Description of five decay classes of coarse woody detritus. Modified from the
methods of Harmon and colleagues (Harmon, personal communication).

Decay
Class

Description

I

Needles and fine twigs still present, freshly downed, intact bark. Metal nail or
screwdriver does not penetrate.

II

Fine twigs and needles not present, some fungal fruits, loosened bark. Nail
penetrates only a little.

III

No twigs, loss of many branches, bark very loose or absent, sapwood soft, a
kick test produces a sound of decay. Nail penetrates deeply, sometimes with a
hard push.

IV

Decay has penetrated to the heartwood; elliptical shape to stem, longitudinally
the stem conforms to the shape of the soil surface, branch stubs are loose and
can be moved.

V

Buried under litter; material has lost its structural integrity, missing parts,
heartwood lacking. At Calhoun, class V CWD is collected with the O horizon.

Denotes cookie sampling site

30cm

30cm
section a

1-10m log

section b

30cm
10+ m log

30cm
section a

section b

section c

Figure 1.1: Schematic of locations of cross-section samples and number of remaining log
sections for two length classes of logs.
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Age estimation
To estimate time since death for individual logs, and thus residence times of
decay classes, we used two approaches. First we sampled over 30 cross-sections from the
bases of class I, II, III logs for tree ring counts. Cross-sections with loose outer wood
were stabilized by wrapping plastic wrap tightly around the circumference, after which
the samples were sanded with 320grit sandpaper, and then tree rings counted under a
dissecting microscope. Knowing that all trees were planted in 1957, we could then use
the number of tree rings to estimate the year of death. We were able to count rings on 21
class II samples, but only three class III samples given their greater extent of decay.
A second approach to estimating CWD ages used the stem maps from the
historical tree inventories. In Summer 2011, in six of the permanent plots, we walked to
the stump of every dead tree within a plot, noted the last inventory year in which that
tree was alive, whether that tree was subsequently classified as a snag and, where
possible, we located and assessed the decay class of the log that matched the stump. In
this way we were able to estimate the year of death (±3 years given the 4 to 6 year
interval between tree inventories) for one individual of class I decay, 17 class II, 31 class
III, 18 class IV, 5 class V, and 13 snags.
Belowground CWD
In Summer 2009, we excavated 13 taproots that matched logs or stumps of decay
class I (n=4), II (n=5), and III (n=4). Class IV roots were too decomposed to remove intact,
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and so were excluded. Class I roots were supported with a tripod and chain hoist
during excavation to prevent sample damage or bodily injury. Roots were removed by
depth increments: from 10cm aboveground (bottom of merchantable bole height
measurements) to 10cm belowground (samples labeled 0-20cm), 10-60cm belowground
(20-70cm), 60 to 110cm belowground (70-120cm), and any taproot that remained below
110cm depth (120+cm). Root samples were cleaned using wire brushes and tap water
when necessary to remove adhered soil. Each depth increment was then divided into a
unconsolidated fraction of loose, decomposed organic material that could be sloughed
off with a wire brush, and a consolidated fraction of intact, sound wood.

1.2.3 Laboratory Methods
Aboveground CWD
Log cross-sections were returned to the laboratory at Duke University Nicholas
School of the Environment in Durham, NC, and oven-dried at 50°C until reaching a
constant mass. Once weighed, cross-sections were prepared for grinding. For class I
samples greater than 15cm diameter, a wedge of approximately 7cm arc length was
subsampled and the remaining wood discarded. These wedges, entire class I samples
less than 15cm diameter, and entire class II and class III samples were then shredded in a
Sears Craftsman chipper shredder (Sears, Roebuck and Co., Hoffman Estates, IL). This
material and the class IV samples were then milled using a Thomas Model 4 Wiley Mill
(Thomas Scientific, Swedesboro, NJ) at the USDA Forest Service office in Research
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Triangle Park, NC. Subsamples of milled materials were pulverized with a SPEX model
8500 shatterbox (SPEX SamplePrep, Metuchen, NJ). These samples were then analyzed
for C and N content on a CE Elantech Flash EA 1112 Elemental Analyzer (CE Elantech,
Inc., Lakewood, NJ) using the "NC Soil" configuration, but with 18mm combustion tube
(instead of 25mm) to improve N chromatography and detection limit.
Belowground CWD
All root samples were weighed in the field, the unconsolidated fractions
subsampled and the subsamples weighed, and the entire sound wood samples and
unconsolidated wood subsamples transported back to the laboratory. Unconsolidated
subsamples were immediately oven-dried at 50°C. The volume of sound wood samples
was estimated by water displacement after samples were soaked in distilled water for
3hr to account for any water absorbed by the wood. After volume estimation, the
samples were oven-dried and weighed before subsampling, grinding, and analysis.
Sound root wood was subsampled by cutting one 5cm cross-section from the 0-20cm
and 120+ samples, and two 5cm cross-sections, equally spaced, from the 20-70 and 70120 samples. Subsamples were broken up with a hatchet, shredded, milled, and
pulverized following the same protocols as the aboveground samples. Unconsolidated
wood subsamples were milled, pulverized, and analyzed for C and N according to the
same protocols.
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Ecosystem-level estimates
CWD inputs from dying trees were estimated as follows: For every tree that died
within a four to six year tree-inventory interval, its allometrically determined stem and
bark mass were assigned to the CWD pool. The sum of dead mass over the
remeasurement interval was annualized by dividing by the number of years in the
interval.
Snag volume and C and N mass was also estimated from tree inventory data.
Heights and diameters of trees indicated as snags in the 2007 inventory were used to
estimate volume. Snag volume was estimated at 2/3 the volume of a cylinder, or twice
the volume of a cone. To estimate snag C and N storage, we applied the wood density
and element concentrations of class II wood to the snag volumes.
Sample volumes were calculated from the in-field measurements of diameter and
thickness, and sample densities calculated from the oven-dry mass and calculated
volume. Log volume, Vl, was calculated according to Newton’s formula following
Harmon and Sexton (1996):

  Dbase   Dmid   Dtop
)  + 4
 + 

2
2
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Vl = Ll * π 
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 ,




where Ll = log length, Dbase = base diameter, Dmid = midpoint diameter, Dtop = top diameter.
Log density, ρmeasured, was estimated as the sum of cross-section masses divided by the
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sum of cross section volumes. Wood densities were corrected for mineral soil
incorporation based on C concentrations. For any log with %C < 48%, corrected wood
density ρcorrected, was calculated as follows:

ρ corrected = ρ measured

(C measured − C soil ) ,
(C wood − C soil )

where ρmeasured represented the log density as calculated from cross-section dry mass and
volume, Cmeasured represented the volume-weighted mean %C of all the cross-sections in a
log, Csoil represented the C concentration of surface soil at 0.85%, and Cwood represented
the C concentration of wood at 48%.
To scale elemental analyses of individual log cross-sections to a whole log basis,
we estimated a mass-weighted average of concentration of cookies of a given log. Means
for decay classes were estimated as the mean of all logs of that decay class. Plot-level
wood, C, and N masses were estimated for each decay class as the product of total log
volume for each decay class (from the 12-plot complete log inventories) and the average
wood density and %C or N for the decay class. Per hectare values for each decay class
were then summed to estimate whole plot wood mass, C mass and N mass.
Due to artifacts of small sample size (described in results), we were unable to
scale our taproot C and N data to the ecosystem level. Whole root estimates of %C and
%N were calculated as the mass-weighted mean of %C and %N of the four depth
increments, which were themselves the mass-weighted means of the C and N
concentrations of the two wood types at each depth.
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1.3 Results
1.3.1 Estimated inputs
Generation of CWD by tree mortality occurred at very low rates early in forest
development, but began to increase in the late 1970s through to 1990 when self-thinning
of the forest began in earnest (Figure 1.2). CWD production was highest circa 2000, at 11
Mg oven-dry biomass yr-1, and then decreased down to four Mg yr-1 by 2007.

Figure 1.2: New inputs of stem wood and bark to the dead biomass pool from dying trees, in
Mg oven-dry biomass yr-1, estimated from diameters and heights of trees that died between
stem inventories at the Calhoun Experimental Forest, SC.

1.3.2 Decay class ages
Time of death was directly observed at 0 to 2y for class I logs, so no estimation of
time of death was necessary. The ring-count approach to decay class residence time was
effective for class II logs, but not class III. For class II logs, the ring-count approach
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estimated the mean years since death to be 10.2y, with a standard deviation among logs
(n=21) of 3.1y (SD not including uncertainty in individual ring counts; Figure 1.3). Ring
counts on the three class III logs suggested a mean age of eight years, with a standard
deviation among logs of one year. Age estimates from tree inventory data overlapped
those of direct ring counts, but revealed a bias in ring count estimates towards younger
ages for class III logs. Inventory-based age estimates for class II logs ranged from 2 to 11
years (mean=8, n=17; Table 1.2). For class III logs, individual estimates ranged from 6 to
26 years (mean=10, n=31). Ring counts were impossible to obtain from class IV logs due
to wood fragmentation; the inventory-based mean and median years since death were
17y, with a range of 11-31y (n=18). For comparison, class V logs averaged 26y dead. Log
ages were significantly different among decay classes in a one-way ANOVA (p<0.0001).
Our direct inventory approach indicated that snags (no decay classes assigned) averaged
10y dead, with a range of 2-17y (n=13).

1.3.3 Aboveground CWD
Differences among decay classes
From class I to class IV, wood density decreased from 0.54 g cm-3 to 0.08 g cm-3
(Figure 1.4), with density values excluding the considerable mass of mineral soil
incorporated into decaying wood (Figure 1.5). The decrease in density was most
dramatic during the shift from class I to class II wood, in which density decreased by
more than half. Density loss over time, based on mean decay class ages estimated
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Decay Class
Figure 1.3: Comparison of two methods of CWD age estimation, with 95% CIs based on
variation among logs of each decay class.
Table 1.2: Mean ages of CWD in five decay classes, as well as in snags, as estimated from
historical tree inventory data at the Calhoun Experimental Forest, SC.

Class
I
II
III
IV
V
snag

n
1
17
31
18
5
13

Years dead:
Mean Median
2
2
8
11
12
11
17
17
26
26
10
11

Range
-2-11
6-26
11-31
22-31
2-17

95% CI
-±7
±9
± 10
±6
--

from tree inventory data and individual log densities, was well described by an
exponential decay function with k = 0.12 yr-1 (± 0.019, 95%CI) and R2 = 0.76 (Figure 1.4).
Based on density loss, the mean residence time of 95% of the wood material (MRT95 =
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3/k) is 24.3y (95% confidence range from 21.2 to 28.7y), which matches quite well with
the field inventory age data.

Figure 1.4: Decrease in density of decomposing wood over time. The four points represent the
mean wood densities of four decay classes of CWD, with 95% CIs representing variation
among logs within a decay class. The black line represents the decay function fit to individual
log densities, and the gray lines the upper and lower bounds of the 95% predictive interval for
individual log measurements.

Class I, II, and III wood averaged 47-48%C, then decreased to 39% C in class IV
wood (Figure 1.6). Percent N increased exponentially from 0.06%N in class I logs to
0.39% in class IV logs (Figure 1.6). The C:N ratio decreased linearly from over 800 in
class I wood to less than 100 in class IV wood (Figure 1.7). The densities of C and N,
estimated from the product of element concentration and the corrected wood density
and expressed as g C or N per cm3 wood, followed slightly different patterns (Figure
1.8). C density loss necessarily mirrored that of wood density over time (k = 0.12, R2 =
0.76), while N density decreased from class I to class II, but then returned to class I levels
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through class III and IV states. Mineral soil incorporation into wood, estimated from the
deviation of CWD %C from 48%, increased from <1% in class I and II logs to 5% by mass
in class III logs, and 18% by mass in class IV logs (Figure 1.5).

Figure 1.5: Incorporation of mineral soil into CWD by decomposer organisms over time. Points
represent the mean soil content of wood of four decay classes, calculated from the deviation of
wood C concentration from 48%. 95% CIs represent variation among logs.

Biomass and plot-level heterogeneity in decay classes
Plots showed consistency in the distribution of CWD among decay classes, with
among-plot CVs for fraction of total CWD C in class I-IV at 94%, 23%, 29%, and 33%. The
high CV% for class I was a function of low mean CWD stocks (~1% of total CWD mass).
However, total CWD stocks varied greatly among plots (Figure 1.9; among plot CV=
43%). No relationship was detected of CWD stocks with experimental block or tree
spacing (p=0.549 in two-way ANOVA). Plot-level CWD mass did correlate negatively
with aboveground biomass (r = -0.63, p = 0.030).
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Figure 1.6: Change in concentration of C and N in decomposing logs over time. The four points
in each sequence represent the mean concentrations of logs of four decay classes, with 95% CIs
representing variation among logs.

Figure 1.7: Linear decrease in mass C:N ratio of decaying logs over time. 95% CIs represent
variation among logs.
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Figure 1.8: Changes in C and N density, or mass of element per volume of wood, after
correcting for mineral soil incorporation into wood. Square symbols represent C densities, and
diamonds N densities, of four decay classes of CWD. 95% CIs represent variation among logs.

C storage
In 2007 at stand age 50, the Calhoun forest averaged 13.8 (± 3.8, 95% CI among
plots) Mg C ha-1 in aboveground CWD. Most C was in class II wood (8.5 ± 2.3 Mg C ha-1),
followed by class III (4.2 ± 1.7 Mg C ha-1), class IV (1.0 ± 0.4 Mg C ha-1), and class I (0.15 ±
0.17 Mg C ha-1; Figure 1.10). The 2007 standing biomass inventory indicated snags stored
an additional 5.7 (± 1.8) Mg C ha-1.
N storage
On average, the Calhoun forest stored 45.3 (± 12.9, 95% CI among plots) kg N ha-1
in aboveground CWD. Like C, class I stocks were small (0.20 ± 0.22 kg N ha-1), most N
was in class II (19 ± 5.1 kg N ha-1), but N was more evenly distributed than C across the
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later decay classes. Class III stored 17 ± 6.7 kg N ha-1, and class IV stored 9.7 ± 3.6 kg N
ha-1 (Figure 1.10). Snags contributed 13.1 (± 4.2 kg N ha-1).

Figure 1.9: Plot-level heterogeneity in CWD C stocks at the Calhoun Experimental Forest, SC.
All 12 sample plots are represented on the x-axis, where the Roman numeral indicates the
experimental block and the Arabic numeral represents the tree spacing of the plot in feet.

Figure 1.10: Standing stocks of C and N in four decay classes of aboveground dead wood at the
Calhoun Experimental Forest at age 50. 95% CIs represent variation among 12 plots.
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1.3.4 Belowground
The two root wood fractions (sound core wood and unconsolidated material) had
different trajectories of change over the decomposition sequence. The fraction of total
root mass represented in the sound wood decreased from 0.9 for class I roots, to 0.4 for
class II roots, and 0.2 in class III roots as wood was transformed from sound into
decayed wood (Table 1.3). Density of sound wood was slightly higher in class III than in
class I and II roots. The %C of both fractions was 48% in class I wood, and then
diverged. The C concentration of sound wood increased across the decomposition
sequence, while the %C of unconsolidated wood decreased, resulting in significant
wood type (p < 0.0001) and decay class x wood type (p < 0.001) effects in two-way
ANOVA (Figure 1.11). The N concentration of unconsolidated wood (> 0.15%N) was
higher than that of sound wood (< 0.10%N) across all decay classes (wood type p <
0.0001; Figure 1.11). The fraction of taproot C and N mass stored in sound root wood
declined from class I to class III (Table 1.3). Among root depth segments, neither sound
wood density nor root N concentration, as the mass-weighted mean of the two wood
types, differed significantly(data not shown). C concentration did vary significantly by
depth (p = 0.021), as a result of deeper depths having more mineral soil incorporated
into the root wood (Figure 1.12). Only three roots, all of class II decay, extended beyond
120cm depth.
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Figure 1.11: Change in %C and %N in sound and unconsolidated wood from class I to class III
roots. 95% CIs based on n=4,5,4 for class I, II, and III roots, respectively. C and N values are
slightly offset for visibility. P-values are significant results of two-way ANOVAs.

Table 1.3: Properties of sound root wood across decay classes. Corresponding mass, C, and N
values for unconsolidated root wood can be obtained by subtracting the sound root values
from 100; density was not estimated for unconsolidated wood. Among-root SDs in italics.

Decay Class
I

n
4

II

5

III

4

Percentage by mass
Mass
C
N
86
86
70
10
10
21
39
41
19
22
21
17
20
22
9
29
31
13

27

Density
g cm-3
0.43
0.045
0.39
0.077
0.51
0.015

Figure 1.12: Differences in mineral soil incorporation into four depth segments of taproots
over a decomposition sequence. P-values are the significant results of a two-way ANOVA.

We found no relationship between total root mass and age since death (data not
shown). Class I root mass and volume were well-fit by linear allometric equations based
on stem basal area (Figure 1.13). However, we were unable to apply these equations to
predict initial masses and volumes of class II roots, because three of the class II roots had
a larger mass than class I roots of similar diameter, and one of the class II roots had
larger volume than the equivalent class I (Figure 1.13). These same three roots also
penetrated more deeply into the soil than others. We attribute these unexpected patterns
to a combination of high variability among tree root systems and our small sample sizes
(n=4 for class I and III, n=5 for class III).
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Figure 1.13: Linear regression predicting dead tap root mass (corrected for mineral soil
contamination) and volume from stem basal area for class I dead root systems (black symbols)
at the Calhoun Experimental Forest, SC. Note that three class II roots have masses greater than
class I of similar basal area, and one has greater volume than a class I of similar basal area.

Figure 1.14: Comparison of loblolly pine log and taproot %C, %N, and C:N, across three decay
classes representing ~12 years of decomposition at the Calhoun Experimental Forest, SC.
Values are offset for visibility. P-values are the significant outcomes of 2-way ANOVAs on
decay class, wood type, and class x type. 95%CIs among individual logs and roots.
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1.3.5 Comparison of above and belowground CWD dynamics
Both logs and roots of class I decay had overall mean C concentrations of 48%,
and decreased by only 1-2%C to class III (Figure 1.14). Overall C varied significantly
among classes (p < 0.0001 in two-way ANOVA), but did not vary significantly by wood
type (logs vs roots). Class I log and root N concentrations were both 0.07%. From class I
to class II, log %N increased to 0.10%N while roots increased to 0.21%N. Log %N
increased to 0.18% from class II to class III, not significantly different from the 0.21%N in
class III roots. N concentrations differed significantly by both wood type (p = 0.015) and
decay class (p < 0.0001). C:N ratios of logs were systematically higher than that of roots,
dropping from 830 for class I wood to 580 in class II, to 340 in class III. In roots, the C:N
of class I wood was 680, dropping to 264 to 243 in class II and III wood. class III C:N
ratios of logs and roots were not different. Overall, C:N ratios were found to vary
significantly by decay class (p < 0.0001) and by wood type (p < 0.001) in two-way
ANOVA.

1.4 Discussion
1.4.1 Comparison of CWD pools and decay to other studies
In 2007, the Calhoun stored 19.5 Mg C ha-1 in aboveground CWD and snags,
equivalent to 11% of the whole ecosystem C budget. This agrees quite closely with the
10% of ecosystem C estimated for southeastern forests by Turner and others (1995). It is
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also quite similar to the estimate of Delaney et al. (1998) for Amazonian CWD, in which
CWD amounted to 20% of aboveground biomass.
The dead wood decomposition rate constant of 0.12% yr-1 estimated in this study
is comparable to the few rates reported from other studies of warm temperate to tropical
forest systems. Although most previous studies were conducted in cool temperate to
boreal systems, regularly reporting k-values < 0.08 and not infrequently < 0.01 (see
reviews by Zell et al. 2009, Mackensen et al. 2003), studies in the southeastern US
Appalachians and Piedmont (Harmon 1982, Barber and Van Lear 1984, Mattson et al.
1987), Australia (Brown et al. 1996, Guo et al. 2006), and the South American tropics
(Delaney et al. 1998, Chambers et al. 2000, Hérault et al. 2010) have found rates similar
to or exceeding ours.
Although a decay constant of 0.12 and MRT95 of 25 years indicate quite rapid
decomposition, we find that this rate is insufficient to decompose the estimated inputs of
CWD to the levels measured in CWD and snags in 2007. To decompose this quantity of
wood to the measured 2007 value requires either increasing the decay constant to 0.18,
outside of the confidence interval of our k-value, or reducing the annual inputs by 1/3.
At least two sources of uncertainty may play a role in this discrepancy: an assumption of
constant volume implicit in the use of density loss to describe decay, and a lack of
explicit incorporation of snags into the process.
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Because we used a chronosequence approach to log decomposition, we cannot
control for log volume among the different decay classes, and thus examine mass loss
over time on a per-volume, or density, basis, which implicitly assumes constant volume
over the duration of the decomposition process. Based on our field observations, we feel
this assumption to be well-supported for classes I-III, but less valid for logs of class IV
decay, as class IV decay is partially defined by the collapse of the log from a circular
cross-sectional profile to a flattened oval shape. A remeasurement study monitoring the
same logs over time, and thus able to directly capture mass loss , is underway at this
same site.
Our treatment of snags also introduces uncertainty to the decay estimation.
Given the miniscule quantities of class I wood on the ground, we find that most dead
trees must pass through the class I stage of decay while standing as snags, before falling
to the ground as class II logs. We did not sample wood from snags, and thus our
understanding of the earliest stage of wood decomposition is limited to the few stems
that did fall to the ground, or that we cut down, as class I logs. Furthermore, because
snags must include both class I and class II wood types, the true mean value for snag
density is likely higher than that of class II logs, and the value for N concentration likely
slightly lower. As a result, our class II wood-based estimates of snag density and C
content are likely to be underestimated, and our estimate of snag N content likely to be
slightly overestimated.
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1.4.2 Belowground estimates
Our attempt to estimate decay of belowground CWD in taproots was stymied by
large variation among roots and a small sample size. Better estimates of dead root
biomass and decay will require concerted efforts of a large workforce in order to extract
and process a sufficiently large sample of roots. Nevertheless, although we could not
scale our measurements to the ecosystem level or explicitly examine mass or density loss
over time, we were able to directly compare changes in wood quality above and
belowground over time, in a manner that has not been attempted by others. In lieu of a
field-based estimate, we can estimate taproot CWD from allometric equations. Based on
allometric estimates of live taproot biomass at approximately 15% of live stem+bark
biomass (Appendix A), and assuming the aboveground decomposition rate of 0.12% yr-1
applies belowground as well, we estimate a C storage of 2.0 Mg C-1 in belowground
taproot CWD in 2007. This boosts C storage in dead wood pools to 21.5 Mg C ha-1, or
12% of ecosystem C storage at forest age 50.

1.4.3 Comparison of above to belowground wood decomposition
Comparisons of trajectories of whole-log %C, %N, and C:N to whole root values
across the three decay classes reveals an interesting contrast. C and N concentrations of
logs and roots are indistinguishable in freshly dead wood, but the change from class I to
class II is much less marked for logs than for roots, resulting in lower %C and C:N, and
higher %N in class II roots than class II logs (Figure 1.18). Root and log C and N values
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begin to converge again at the class III stage of decay. The lesser change in C and N in
the first decay stage for logs reemphasizes the role of snags in this system. Most trees die
standing and decay from class I to class II stage as snags before falling to the ground, as
shown by the lack of class I wood on the ground at the Calhoun, as well as a mean snag
age of 10 years dead (Figure 1.10, Table 1.2). Decomposition of snags is slower than that
of wood in contact with the soil (Mackensen et al. 2003), thus taproots get a “head start”
on the decomposition process relative to logs. Once logs hit the ground, however, their
decay process speeds up to match that of roots by the class III stage.

1.4.4 Conclusion
This study shows that on longer rotations, un-thinned stands can generate large
quantities of detrital wood during the thinning and transition phases of forest
development. At age 50, CWD stocks of logs, snags, and taproots equate to 21.5 Mg C
ha-1, approximately 80% of O-horizon (Chapter 3) or 25% of aboveground biomass C
storage (Appendix A). This work suggests that in similar old pine stands, or in stands
where ice storms, hurricanes, bark beetles, or other disturbance cause significant local or
regional mortality, CWD will provide transient C storage for 25 years before 95% of that
C is returned to the atmosphere.
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2. Coarse-textured forest soils promote rapid and nearcomplete decomposition of dissolved organic matter
2.1 Introduction
Old-field forests are supposed to sequester soil carbon. Odum’s (1969) “Strategy
of Ecosystem Development” posited that forest succession should be characterized not
only by increasing forest biomass, but also by accumulations of detrital materials and
organic matter and tightening of nutrient cycles. Myriad studies since then have
confirmed increases in soil carbon following disturbance or land use change (Schlesinger
1990, Post and Kwon 2000). Much of the increase in soil organic matter is attributed to
sorptive stabilization of litter and microbial biomass-derived C by soil minerals (Kaiser
and Guggenberger 2000, Kalbitz and Kaiser 2008).
At the Calhoun Experimental Forest in South Carolina, USA, a loblolly pine
forest planted in an old cotton field in 1957 accrued approximately 120 Mg C ha-1 in
living tree biomass, and 37.8 Mg C ha-1 in the O-horizon, by the time it reached maturity
in the mid-1990s at 40 years of age (Richter et al. 1999, Richter and Markewitz 2001). At
this time, 104 kg DOC ha-1 yr-1 was entering the soil system in canopy throughfall, and
317 kg DOC ha-1 yr-1 was infiltrating from the O-horizon to the mineral soil, while less
than 4 kg DOC ha-1 yr-1 was leached below 175cm soil depth (Markewitz et al. 1998).
However, despite these large fluxes of ecosystem carbon, mineral-soil carbon only
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Figure 2.1: Changes in bulk soil (a) organic carbon (SOC) content and (b) nitrogen (N) content
over 40 years of old-field pine forest development at the Calhoun Experimental Forest, SC,
calculated as the difference between 1962 and 1997 values (data from Richter et al., 1999,
Richter et al., 2000). Error bars are 95% confidence intervals based on among-plot variation
(n=16 plots).
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increased by 1300 kg C ha-1 in the top 0-7.5 cm layer (Richter et al. 1999), but also
decreased by 4500 kg C ha-1 at the 35-60 cm depth (Figure 2.1).
Including small increases at intermediate depths, the 40-year net change in SOC
was a significant loss of over 2500 kg C ha-1 (p = 0.032), indicating clearly that OM was
not accruing in these reforested soils (Figure 2.1). At the same time, soil nitrogen (0 to
60cm) was also depleted by 880 kg N ha-1, as about 1100kg N ha-1 were accumulated into
tree biomass and O-horizons (Richter & Markewitz, 2001)

.

Climate, here referring to annual and seasonal expressions of precipitation and
temperature, exerts strong control over soil solution chemistry directly and indirectly
through effects on aboveground and belowground biological processes. DOC and DON
concentrations tend to behave similarly in response to climate, due to similar origin in
microbial decomposition: in wet climates concentrations of DOM tend to correlate with
temperature and thus biological activity, whereas in dry climates concentrations tend to
increase during precipitation events (Kalbitz et al. 2000, Bernal et al. 2005, Dawson et al.
2008). In contrast, DIN concentrations may vary in inverse relationship to seasonal
biological demand, i.e. to temperature (Bernal et al. 2005). In studies of concentration
responses to temperature and precipitation, laboratory incubations and leaching studies
tend to suggest strong positive responses of DOC and DON concentrations to
temperature (Christ and David 1996, Andersson et al. 2000), while field studies find less
consistent linkages between intraannual variations in climate and DOM concentrations
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(Michalzik and Matzner 1999, Solinger et al. 2001). It should be noted that most of these
studies have been conducted in cool temperate climates. It is possible that the moist,
warm temperate climate of the Calhoun Forest places fewer dormant-season constraints
on production or decomposition of dissolved C and N.
Once DOM is produced, much emphasis has been placed on its potential
physicochemical stabilization in soil, with microbial degradation of DOM suggested to
be a relatively minor process (Qualls and Haines 1992, Kalbitz and Kaiser 2008). In
support of this perspective, dissolved organic carbon (DOC) and nitrogen (DON)
concentrations almost universally decrease with soil depth (Qualls and Haines 1991,
Qualls and Haines 1992, Neff and Asner 2001). Soil minerals preferentially sorb large,
aromatic, lignin-derived compounds, with the remaining solution largely being
composed of mobile, less reactive products of microbial processing (Kalbitz et al. 2005,
Schwendenmann and Veldkamp 2005). A general pattern emerges from the literature in
which more complex and reactive organic compounds are retained by mineral-soil
associations, while molecules with low aromaticity and low molecular weight are
mobilized into deeper soil horizons (Qualls and Haines 1991, McKnight et al. 1992,
Qualls and Haines 1992, Kalbitz et al. 2000, Guo and Chorover 2003, Fimmen 2004,
Corvasce et al. 2006). At the Calhoun Forest, however, C and N dissolved in forest floor
solutions infiltrate through thick, sandy A and E horizons, lacking in reactive mineral
surfaces before reaching illuvial clay and sesquioxide enriched B horizon between 35
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and 60 cm. This ecosystem offers a unique opportunity examine the trajectory of DOM
decomposition in a warm temperate soil with limited potential for physicochemical
interactions in surface soils.
To address the question of why the Calhoun forest soils are not gaining soil C or
N after 40 years of forest development, we examine, in situ, the patterns in dissolved
carbon and nitrogen (DOC and DON, together referred to as DOM; and DIN)
concentration and quality as solutions pass through the forest canopy and O-horizon
and percolate through mineral soils to a seep outflow. We examine a suite of DOM
quality variables including reactive, recalcitrant compounds such as polyphenols which
are likely to sorb to soil minerals but not be consumed by microbial communities, as
well as degradable but nonreactive compounds such as carbohydrates and amino acids,
in order to assess the relative importance of mineral sorption and microbial degradation
as agents of DOM removal from solution. We hypothesize that despite high hydraulic
conductivity, the sandy surface soils of the warm temperate Calhoun forest allow
microbial communities ample opportunity to decompose and chemically transform
much of the DOM that enters the soil system.

2.2 Materials and Methods
2.2.1 Site Description
The Calhoun Experimental Forest is located in Sumter National Forest in
northwestern South Carolina. Annual precipitation averages 1272 mm and mean annual
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temperature averages 15.7° (National Oceanic and Atmospheric Administration 2006).
The experimental site is characterized by gentle slopes (<3%) composed of Cataula series
soils (clayey, mixed, thermic Oxyaquic Kanhapludults). Highly weathered and partly
eroded, the superficial layers of the Ultisol soils are coarse-textured, acidic, and low in
native fertility (Table 2.1). These ancient, highly-weathered soils are dominated by
quartz sand (>60% by mass) in the surface 30cm (Richter et al. 1994), with increasing
abundance of kaolinite and Fe and Al oxyhydroxides in B-horizons that extend to three
to four meters. Depth patterns in exchangeable acidity, base saturation and effective
cation exchange capacity (ECEC) reflect decreasing organic matter and increasing
illuvial clay with B-horizon depth (Table 2.1).
These soils supported cotton, corn and wheat from the early 19th century until the
mid-20th century, at which time they were planted with P. taeda seedlings (Richter and
Markewitz 2001). Planting took place in the winter of 1956-57 following a two-year
fallow after the last cotton crop. Since forest establishment, major changes in soil fertility
and chemistry have taken place: soil C and N changes are summarized in Figure 2.1.
Exchangeable nutrient cations Ca and Mg have been depleted by tree uptake and
accumulation in forest biomass and forest floors, and by leaching due to atmospheric
acid deposition and carbonic acid production. Acidification of the formerly limed
Calhoun soils have diminished soil pH by one unit in the surface 15cm layers, and by 0.4
units at 15-60cm soil depths (Markewitz et al. 1998). Organic matter additions have
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Table 2.1: Physical and chemical properties of the top 2m of soil at the 40-year-old Calhoun Experimental Forest. Soils are clayey, mixed,
thermic Oxyaquic Kanhapludults of the Cataula series. “--” indicates no measurement, “bd” indicates that the value was below detection.
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Horizon Soil Depth
m
Oi
-Oe
-Oa
-A
0-0.075
A
0.075-0.15
A&E
0.15-0.35
E
0.35-0.6
EB
0.6-1.0
B
1.0-1.65
B
1.65-2.0

C
%
48.5
46.2
19.9
0.67
0.45
0.31
0.24
0.16
0.08
0.08

N
%
0.73
0.95
0.52
0.02
0.02
0.02
0.02
bd
bd
bd

C:N clay
%
66.6
-48.8
-38.6
-29.4
3
23.8
3
16.2
7
10.9 38
-- 49
-- 41
-- 32

silt sand Db pH pH
% % g cm-3
---------------12
85 1.52 4.17 3.82
11
86 1.52 4.44 3.98
16
77 1.52 4.60 4.16
16
47 1.44 4.80 4.21
14
37 1.44 4.60 4.15
20
40 1.40 4.56 3.92
23
45 1.40 4.34 3.85

Water pH, 1:2 soil:water ratio
Salt pH, 1:2 soil:salt ratio using 0.01M CaCl2
c Li et al. 2008
d Li 2009
a

b

wa

sb

Exch.
Acidity ECEC
BS
cmolc kg-1 cmolc kg-1 %
---------1.090
1.17 6.92
0.859
0.92 7.13
0.693
0.79 11.27
1.141
2.48 51.46
1.969
3.38 42.58
3.243
3.53 7.81
3.806
3.91 3.12

AAOTotal extractable
Fec Fed
Ald
g kg-1 g kg-1 g kg-1
---7.1
7.1
10.7
28.2
44.5
42.8
--

---0.249
0.256
0.233
0.330
----

---0.344
0.386
0.379
0.805
----

modestly increased ECEC in the surface soils, while the base saturation of that ECEC
substantially decreased (Markewitz et al. 1998).
The Calhoun experiment is organized as a randomized complete block design
with 16 permanent plots of 0.1 ha each (see Richter & Markewitz, 2001, for a full
description and history of the experiment). The experiment has four blocks arranged by
contrasting soil conditions and historical effects of agricultural soil erosion. Each block
contains four plots planted at different tree spacings: 1.8m, 2.4m, 3.0m, and 3.7m. For
practicality of scale, this study used 12 of the permanent plots, randomly selected from
the 16 total plots. The 12 sample plots were treated as independent spatial replicates
throughout the statistical analyses as the factors of block and tree spacing proved to be
statistically unimportant to the success of regression models.
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Figure 2.2: Experimental design of dissolved organic matter study at the Calhoun Experimental
Forest in Union County, SC. a) Weekly temperature and precipitation (NWS station Union 8S)
over the study period from October 2003 to August 2006. Sample collection dates are noted by
black symbols, which vary according to the season of the collection: Diamonds = winter
samples, triangles = spring, squares = summer, circles = fall. b) Location of 12 spatial replicate
sampling plots, represented by bottles, among the 16 permanent 0.1ha forest and soil
inventory plots. The line patterns of the plot boundaries represent the four blocks of the
randomized complete block design. c) Positions of throughfall collectors and lysimeters
within one of the replicated sample plots. Funnel-topped bottles collected canopy throughfall
solutions (TF) from four locations within a plot, while gravity and tension lysimeters collected
soil solutions from the base of the O-horizon (Ohor) and at 7.5, 60, and 200cm soil depth.

42

43

2.2.2 Solution Collection
Wet-only and bulk precipitation, canopy throughfall, and soil solution samples
from the O-horizon, 60cm, and 200cm were collected in the field every three weeks from
October 2003 to August 2006 (Figure 2.2). In the summer of 2004, soil lysimeters were
installed at 7.5cm, and sampled through August 2006. To exclude potential
contamination due to soil disturbance, data collection for a given lysimeter did not begin
until three months after installation. Precipitation was collected in a clearing directly
adjacent to the site. Wet-only deposition was collected in a Pyrex funnel and flask with a
battery-operated NADP Aerochem-type precipitation collector. A 4L amber glass bottle
equipped with a 15cm Kimax funnel and Neoprene stopper collected bulk precipitation.
Bulk throughfall was collected in the same manner as bulk deposition except that four
collectors were positioned systematically within each 0.1ha plot. Throughfall solutions
were composited by plot for chemical analysis after recording individual sampler
volumes.
At one location in each plot, tension-free polyvinyl chloride lysimeters (193cm2
sampling area) collected soil solutions from the O-horizon (two lysimeters per plot) and
at 7.5cm depth in the A-horizon (one lysimeter per plot). Teflon lysimeters (Prenart, Inc;
one per depth per plot) collected solutions at 60 and 200cm soil depth (BE and B horizon,
respectively) using a falling vacuum established at the beginning of each 3-week
collection period. All lysimeters drained into 4L amber glass bottles (one per soil depth)
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stored belowground. Throughfall and soil solution samplers in two of the 12 plots were
moved to two nearby permanent plots in preparation for an upcoming field experiment,
and data from the new plots were included in the final two collections. In addition,
samples were drawn from a nearby seep flowing into Sparks Creek, as well as the creek
itself, every three weeks. Quality assurance over sampling activities was measured by
adding 0.1L to 2L deionized water (Pureflow, Inc) to amber glass bottles placed in the
field loosely capped and collected with the other samples on every collection.

2.2.3 Solution Analyses
In the laboratory, sample volumes were recorded for all but seep, stream and
wet-only precipitation samples. Sample volumes were determined gravimetrically in
pre-weighed collection bottles. Depending on the volume collected, all or part of the
solution was vacuum-filtered through a pre-washed (with sample) 0.4-µm
polycarbonate membrane (Whatman Group, Brentford, UK and Millipore Corp,
Billerica, MA) specifically selected for its chemical inertness. Filtrate was stored in 125mL Nalgene bottles at 4°C prior to chemical analyses.
DOC was measured on a Shimadzu TOC-VCP by combustion of the sample at
720ºC followed by detection of evolved CO2 by a NDIR sensor (Shimadzu Scientific
Instruments, Columbia, MD). Prior to measurement, inorganic carbon was removed by
spiking 5mL of sample with 10uL 6N HCl and sparging for 8 minutes with purified air.
Dissolved total nitrogen (DTN) was measured by a chemiluminescence method on a
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Shimadzu TNM-1 (Shimadzu Scientific Instruments, Columbia, MD). Ammonium (NH4)
was determined by EPA method 350.1 (USEPA, 1983) using a Lachat QuikChem 8000
auto-analyzer (Lachat Instruments, Hach Company, Loveland, CO). Nitrate (NO3) was
measured on a Dionex DX-500 ion chromatograph (Dionex Corporation, Sunnyvale, CA)
using an AS4 exchange column and a 50uL sample loop. Dissolved organic N (DON)
was calculated by subtracting inorganic N (NH4 -N + NO3-N) from DTN.
Indices of DOM quality—aromaticity, molecular weight, polyphenols,
carbohydrates, and amino acids—were measured spectrophotometrically. Specific
ultraviolet absorbance (SUVA) and E2:E3 ratio were determined simultaneously by
scanning samples at 250nm, 272nm, and 365nm in a 1-cm semi-micro, black-walled,
heat-fused Spectrosil quartz cell. Normalized to DOC concentration, the absorbance at
272nm (SUVA) is an index of average aromaticity of humic substances and chemical
reactivity of DOC. SUVA is expressed in units of molar absorptivity (L mol-1 C m-1; Chin
et al. 1994, Guo and Chorover 2003). The quotient of absorbances at 250nm and 365nm
(E2:E3 ratio) indexes the molecular weight, and thus chemical complexity, of the DOM
(Peuravuori and Pihlaja 1997). High values of the ratio indicate low molecular weight
and vice versa. Soluble polyphenols were determined by a modified Prussian blue
procedure (Hagerman 2002) based on an Fe(III) reducing reaction (Price and Butler
1977). The Prussian blue reaction was measured colorimetrically at 700nm in a 1-cm
quartz cell using a Shimadzu BioSpec 1601 spectrophotometer standardized with gallic
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acid. Carbohydrates were estimated following the Megazyme total carbohydrate
procedure (Megazyme Intl Ireland Ltd) in which acid hydrolysis in the presence of
phenol produces a characteristic yellow-orange reaction (DuBois et al. 1956).
Absorption was measured colorimetrically at 490nm in a 1-cm quartz cell on a Beckman
DU-64 spectrophotometer using D-Glucose standards. Carbohydrate concentrations are
expressed in units of mg L-1 glucose-equivalent carbohydrates since monosaccharides,
oligosaccharides, and polysaccharides each have different absorption characteristics
(Brummer and Cui 2005). Amino acids were estimated by the reaction of fluorescamine
in a sample buffered to pH>8 following a microplate method modified by Fimmen et al.
(2008b) from Grant and Pattabhi (2001). Top fluorescence was measured in 96-well,
white polystyrene, flat-bottomed, non-binding assay plates on a FLUOstar OPTIMA
microplate reader fitted with 365nm excitation and 500nm emission filters using 10uM
L-Leucine to standardize the gain (BMG Labtech, Offenburg, Germany). The
fluorescamine method was chosen for its lack of sensitivity to steric hindrance relative to
other methods which struggle to detect amine groups adjacent to secondary or tertiary
carbons (Fimmen et al. 2008b).

2.2.4 Weather data
The mean temperature of each three-week collection period was estimated from
daily weather data from the Union 8 S National Weather Service (NWS) weather station
(National Climatic Data Center 2008). We used our bulk precipitation sample volumes to
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estimate cumulative collection period precipitation. Comparison with NWS
precipitation data showed no evidence of systematic bias that would have suggested
significant losses to evaporation during the three-week deployment of our bulk
precipitation collector.

2.2.5 Data structure
In this study, samples are replicated in three dimensions—spatial replicates
(plots), vertical sampling positions (strata), and temporal replicates (sampling dates)
(Figure 2.2). Individual samples ijkt fall into non-nested discrete groups of stratum (12
spatial replicates i x 45 temporal replicates t per strata j) and season (12 spatial replicates
i x nine strata j x four or five temporal replicates t per season k). Seasons were assigned
by collection date, the last day of the three-week collection period: Winter collection
dates were those from December-February, spring collections from March-May, summer
from June-August, and fall from September – November. Mean three-week temperature
(Tt) and cumulative three-week bulk precipitation (Pt) are continuous variables at the
three-weekly sampling interval of the data. Differences in sampler installation times;
seasonality in precipitation, soil moisture, and stream flow; and occasional breakage of
collection bottles resulted in unbalanced sample sizes among sampling depths and
times.
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2.2.6 Multilevel regression models
In order to best accommodate the unbalanced sample sizes, and to capitalize on
the inherent multilevel structure of the data, we employed Bayesian multilevel models
to investigate effects of strata j, season k, temperature Tt, and precipitation Pt on DOM
concentration and quality as precipitation solutions moved through the forest ecosystem
and soil. In this multilevel regression approach, the parameters (regression coefficients)
are each given a probability model, which in turn has its own parameters estimated
from the data (Gelman and Hill 2007). This allows one to model the effects of grouplevel (categorical data) and individual-level (continuous data) predictors simultaneously
by allowing the slope and intercept of the individual-level relationships to vary by
group. Such an approach readily accommodates nested and/or unbalanced experimental
designs and missing data by balancing within- and between-group variances (Qian and
Shen 2007). In the multilevel approach, the emphasis is on estimation and comparison of
the magnitudes and signs of treatment effects, rather than simply on whether the effects
are different from zero, as is the case for traditional ANOVA approaches (Gelman and
Tuerlinckx 2000, Gelman et al. 2009).
Many solution component concentrations displayed dramatic dilution effects,
with concentrations highest when low volumes were collected. To accommodate these
distributions, concentrations were log10-transformed to approach normality (Shapiro and
Wilk 1965). Quality indices E2:E3 ratio and SUVA displayed no dilution effects and thus
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were not log10-transformed. From this point on, yi,j,k,t refers to transformed data for all
variables except SUVA and E2:E3, and untransformed data for SUVA and E2:E3. The
continuous independent variables, Tt and Pt, were centered about their mean before
regression analysis to improve model behavior and simplify interpretation of slopes and
intercepts (Gelman and Hill 2007).
We constructed separate multiple effects regression models for each solution
variable, investigating relationships of constituent concentration or index value with
stratum j, season k, Tt, and Pt. These models allow mean concentrations (y-intercepts,
β0j,k) and the concentration responses to Tt and Pt (slopes, β1j,k and β2j,k) to vary by
categorical predictor variable (stratumj, seasonk). Our approach allows us to assess both
the overall mean slope as well as the individual slopes of each of the stratum and season
factor levels. In this way, we can recognize when zero overall slopes are due to a
systematic lack of response or instead an artifact of opposite responses at different factor
levels cancelling each other out in the aggregate.
Total variance in the response variable was partitioned into nine components:
stratum, season, T, T x stratum, T x season, P, P x stratum, P x season, residual. In this
study we use these variance components to determine the relative importance of effects
in explaining variation in the dependent variable (Gelman 2005).
Models were implemented using uninformative priors in JAGS, using the “rjags”
package in the statistical program R, version 2.7.2 (JAGS 1.0.3; Plummer 2008, R
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Development Core Team 2008). Markov chain Monte Carlo (MCMC) simulations (5000
simulations) in JAGS were used to estimate the overall variance, slope variance, and
intercept variance described by each predictor variable (Gilks et al. 1996, Qian et al. 2003,
Qian and Shen 2007, Plummer 2008). Differences in concentration means and slopes
among strata and among seasons were derived from the same MCMC results by
calculating pairwise differences for every possible pair of strata or seasons. Any case
where the 95% credible intervals around the estimated difference excluded zero was
considered significant.
Additional description of the multilevel modeling approach and its
implementation may be found in Appendix B.

2.3 Results
2.3.1 Changes with depth
Concentrations of soluble organic C and N constituents varied by up to two
orders of magnitude as precipitation water entered the ecosystem, passed through the
forest canopy, infiltrated O-horizons, and percolated through mineral soils (Table 2.2).
The most marked shifts in chemistry occurred within a few centimeters of the
belowground system—where throughfall waters infiltrated into O-horizons and then
drained through the first 7.5cm of sandy A-horizons (Table 2.2, Figure 2.3). From Ohorizon to 7.5cm, the most drastic depletions were of inorganic N concentrations (Table
2.2). From 7.5 to 60cm, the more severe depletions were of organic C and N.
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The overwhelming stratum-dependence of DOM concentrations was
emphasized in regression models in which stratum explained 82% of DOC concentration
variation, 59% of DON variation, and 24 and 26% of NH4 and NO3 variation, respectively
(Table 2.3). Stratum explained 38 to 78% of the variation in C (carbohydrate, polyphenol,
SUVA, E2:E3) and N (amino acid) quality variables, and was the most important
predictor for all solution variables except NH4. Overall, the regression models explained
58 to 86% of the total variation in dissolved C and N concentrations and qualities. NO3
and E2:E3 were the variables most poorly explained by the factors included in the
models, with 38% and 42% of variation remaining in the residuals, respectively.

Next page:
Table 2.2: Volume-weighted means and coefficients of variation (both spatial and temporal, as
%) of 12 solution variables across an ecosystem profile gradient, from precipitation waters
through mineral soil solutions to seep and stream waters. Spatial CVs are among 12a replicate
plots, and are presented below the means to the left of the vertical bar. Bulk and wet-only
precipitation, seep, and stream were each collected at only one location and no spatial CV was
calculated. Temporal CVs represent the variation among sample dates, and are indicated to the
right of the vertical bar. All values represent two-year means except N compounds and C:N
values, which are one-year means. Units are mg L-1 unless otherwise noted.
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Stratum
Wet-onlyb

CarboPolyc
hydrate DOC phenold
0.2
1.0
0.3
-- | 115

Bulk Precip0.3
itationb
-- | 81
2.9
Canopy
Throughfall 37 | 74
O-horizon
5.0
7.5cm soil
60cm soila

53

200cm soil
Seepb
Streamb

a

E2:E
--

3f

SUVA
--

g

Amino
acide
0.007

DON
0.06

NH4-N NO3-N
0.19
0.20

C:N
24.0

f

pH
4.87

Spec.
Cond. h
13.5

f

-- | 46

-- | 111

--

--

-- | 146

-- | 90

-- | 142

-- | 38

-- | 68

-- | 14

-- | 48
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Figure 2.3: Multiple effects regression model estimation of individual season (Fall - Winter)
and stratum (WET - Stream) means, and their deviations from the overall mean intercept
(vertical gray line). The intercept β0 represents the mean log10 concentrationa (across all depths
and seasons) when temperature and precipitation are at their means. Heavy and light error
bars represent the 50% and 95% credible intervals, respectively. Factor levels with matching
letters are not significantly different, and vice versa. aSUVA and E2:E3 are index values and are
not log10-transformed.
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2.3.2 Three patterns of response
Solution variables displayed three general patterns of response to depth, season,
and temperature: 1) DOC, polyphenols, and carbohydrates were well-explained by
stratum alone, with no significant responses to season or temperature despite large
temporal variances; 2) SUVA and E2:E3 varied by stratum, and exhibited significant
strata-dependent temperature responses; 3) NH4, NO3, DON, and amino acids varied by
stratum and by season, and displayed season-dependent temperature responses.
Neither the amount of precipitation, nor its interaction effects, was significant predictors
of any solution variable.
Table 2.3: Percent of total variance in concentration explained by 10 multilevel regression
models predicting solution constituent concentrationa from depth, season, temperature (T),
and precipitation (P). Predictor variables accounting for 10% or more of concentration variance
are discussed in the text.

Predictor
variables
Stratum
Season
T
T x stratum
T x season
P
P x stratum
P x season
Residual

carb
69
1
0
1
1
0
2
0
25

DOC
82
0
0
1
0
1
2
0
14

poly
78
1
0
1
1
1
1
1
16

E2:E3
38
0
1
15
1
0
1
0
42

SUVA
58
0
4
10
0
0
1
0
27

amino
61
11
1
1
8
1
1
1
16

DON
59
9
2
0
4
1
1
5
18

NH4
24
29
2
5
11
1
1
1
27

E2:E3 (unitless) and SUVA (L mol-1 C m-1) are indicators of molecular weight and
aromaticity, respectively.

a
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NO3
26
17
2
2
11
1
0
3
38

Carbon varies with stratum alone
DOC concentrations and polyphenol and carbohydrate levels were low in
precipitation waters, peaked in O-horizon solutions, and then diminished by 60cm soil
depth to values that approximated those in wet-only precipitation (Table 2.2, Figure
2.3a-c). Seep and stream carbon contents were intermediate between precipitation
waters and canopy throughfall. DOC concentrations decreased from 42.1mg L-1 in Ohorizon leachate to 36.5mg L-1 at 7.5cm, to 2.2 mg L-1 at 60cm (Table 2.2). Over the same
distance, carbohydrates decreased from 5.0 to 0.4 mg L-1, and polyphenols from 16.8 to
0.7 mg L-1. Polyphenols decreased relatively more than did total DOC from throughfall
to O-horizon, as well as in the soil solutions (Table 2.2).
Aromaticity and molecular weight vary with stratum and temperature
Aromaticity and molecular weight, as indexed by SUVA and E2:E3, were
measured in a subset of the strata and showed comparable patterns across strata. SUVA
was highest in O-horizon solutions and lowest in bulk precipitation solutions, while
E2:E3, a measure of the reciprocal of molecular mass, was lowest in O-horizon, and
highest in bulk precipitation (Figure 2.3 h-i). SUVA decreased from 4.3 L mol-1 C m-1 in
O-horizon leachate to a value of 3.2 in 7.5cm soil solution, while E2:E3 increased from 5.1
to 5.7 (Table 2.2). Temperature’s interaction with stratum explained 10 and 15% of
variation in SUVA and E2:E3. SUVA increased and E2:E3 decreased with temperature in
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throughfall solutions and streamwater. The lack of SUVA and E2:E3 measurements of
deeper soil solutions limits our inference on depth trends.
Nitrogen varies with stratum, season and temperature
Like organic carbon, concentrations of organic nitrogen were very low in
precipitation waters, peaked in O-horizon solutions, and then decreased to very low
concentrations in mineral soil (Table 2.2, Figure 2.4). Inorganic N concentrations
contrasted with those of organic forms—DIN concentrations were high in precipitation
water and then rapidly diminished in mineral soils (Table 2.2, Figure 2.4). NH4 peaked
in the O-horizon, while NO3 was highest in canopy throughfall. NH4 and NO3
concentrations were of similar magnitude across the depth profile, except in the Ohorizon where NH4 concentrations exceeded those of NO3 by four times. NH4 decreased
from 1.44 mg L-1 in O-horizon leachate to 0.16 mg L-1 at 60cm, while NO3 decreased from
0.34 to 0.07 mg L-1 (Table 2.2). DON decreased from 1.10 mg L-1 to 0.11 mg L-1 over the
same interval. By 60cm depth, organic and inorganic nitrogen concentrations were at
similar low levels, and all decreased to less than 0.1 mg N L-1 by 200cm. The DOC:DON
(C:N) ratio of solutions exceeded 40 in throughfall, O-horizon, and 7.5cm soil solutions,
while averaging below or near 30 in precipitation and in deeper soil solutions (60 and
200cm; Table 2.2).
Season explained 9-11% of organic N variation, and 17-29% of inorganic N
variation (Table 2.3). NH4 concentrations peaked in summer, while NO3 was highest in
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the spring (Figure 2.3). DON and amino acids also had highest values in summer. The
regression model estimates of inorganic N concentrations by season indicated that the
seasonal variation was as large as that among strata. Seasonal variation in organic N was
also sizeable, though less than that among strata (Table 2.3, Figure 2.3).

Figure 2.4: Depth trend in three N components, displayed as the 95% confidence interval of the
mean percent of total dissolved nitrogen (TDN) in precipitation and soil solutions of the
Calhoun Experimental Forest. TDN = Σ (DON, NO3, NH4) Note the small role of NO3 in this
well-drained, acidic ecosystem, and the increasing importance of DON with depth.

NH4 and NO3 concentrations showed strong seasonality in their responses to
temperature; the T x season interaction term accounted for 11% of variation in those
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variables (Table 2.3, Figure 2.5). Both NO3 and NH4 concentrations responded negatively
to winter temperatures, and NH4 also to summer temperatures, but both responded
positively to spring and fall temperatures.

Figure 2.5: Concentrationa responses to temperature (T slope, β1), and deviations from overall
mean slope, for individual depths and seasons. The slope represents deviation from mean
log10 concentration per deviation from mean temperature, when precipitation is at its mean.
The vertical black line indicates the point of zero-slope; the vertical gray line signifies the
mean slope across all factor levels. Response to temperature varies by season for inorganic N
variables (a-b) and by depth for the structure group of variables (c-d). Factor levels with
matching letters are not significantly different, and vice versa. aSUVA and E2:E3 are indices.
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2.4 Discussion
2.4.1 DOM removal doesn’t fit paradigm of sorptive preservation
DOC and DON concentration profiles demonstrate rapid and drastic declines in
concentration in the mineral soil. Absent other information, such a pattern might
support an assertion of physicochemical retention of DOC and DON. However, much of
the removal of DOC and DON from solution happens in the sandy surface A- and Ehorizons, where physicochemical interactions are modest, given the soil’s coarse quartzrich sandy texture, which amounts to 85% by mass (Table 2.1) and very low
concentrations of mineral soil organic matter (~1%). Ninety-five percent of DOC and
90% of DON in O-horizon solution has disappeared before solutions reach the BE
horizon where kaolinite and sesquioxides are more abundant. However, long term soil
carbon data at this site indicate that the 0-7.5cm mineral soil has accumulated 1.3 Mg C
ha-1 since the forest was planted but that the 35-60cm soils, where kaolinite and
sesquioxides are more abundant, have lost 4.5 Mg C ha-1 (Figure 2.1; Richter et al., 1999)
. Despite very large O-horizon C stocks leaching solutions with high DOC, the long term
mineral soil data demonstrate that little of the DOC is being stabilized as mineral SOC.
Although DOM in soil solutions is widely held to be of low biodegradability,
most studies of DOM biodegradation have been conducted in cool temperate climates.
In these studies, much greater proportions of the DOC pass through the soil column
than in this study, even where soil sorptive capacity is low (Kaiser et al. 2004, Kaiser and
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Guggenberger 2005). The DOC that bypasses physicochemical sorption, whether by
macropore flow or because the soil has few active minerals, is able to penetrate mineral
soils with little chemical transformation (Kaiser and Guggenberger 2005). It is possible
that these compounds that are “mobile” in cooler climates are more efficiently captured
and utilized by a more active microbial community in our warm temperate forest soils.
Another explanation may be that DOM is adsorbed onto soil particles, but then
rapidly mineralized. In a challenge to the “paradigm of sorptive preservation of DOM”,
Guggenberger & Kaiser (2003) argue that long term sorptive preservation of DOM by
soil minerals cannot account for the DOM removed from solution in part due to limits of
soil’s sorptive capacity. Instead, DOM is removed from solution by sorption to biofilm
coatings on minerals and then rapidly mineralized. Moreover, biofilms may effectively
block DOM from moving past aggregate surfaces into micropores where it might
otherwise be effectively stabilized and sequestered (Guggenberger and Kaiser 2003). We
have no sorption data with which to tease apart these two processes; however, we know
that despite the acidity of the Calhoun’s Ultisol soils, active (fluorescein diacetatestaining) bacterial biomass exceeds 1.2 x 108 cells g-1 soil throughout the upper 1m
(Richter and Markewitz 1995), and thus transient sorption followed by rapid
mineralization may be a viable DOC removal pathway in these soils. In either case, it
appears that microbial decomposition, facilitated by a favorable physical and climatic
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environment, limits the rate of SOC accumulation in mineral soils of the aggrading pine
forest.
In contrast to Allison’s (2006) emphasis of the many barriers to soil organic
matter decomposition in his elegant “Brown Ground” essay, the Calhoun forest seems to
be a “gray ground” system when it comes to carbon sequestration in the mineral soil.
Despite large inputs, it is the exceptional carbon molecule that is stabilized and retained
by these mineral soils.
A soil in which sorptive stabilization was the dominant DOC removal
mechanism would allow mobile carbohydrates to leach more deeply into the soil than
aromatic compounds such as polyphenols; we do not see that taking place here. As
noted by McDowell & Likens (1988) at Hubbard Brook, both carbohydrates and
polyphenols occur at high concentrations in litter leachates and both are depleted
relative to total DOC with depth, suggesting decomposition or chemical oxidation of
both. After leaving the O-horizon, solution aromaticity and molecular weight decrease,
and polyphenols are removed from solution to a greater extent than DOC,
carbohydrates or aromatics (Table 2.2). That polyphenols are depleted relative to the
aromaticity of the overall solution (SUVA) in the surface suggests that polyphenols are
consumed and respired or, more likely, partially oxidized to non-phenolic, aromatic and
non-aromatic structures (Table 2.2). The microbial oxidation of polyphenols to CO2 or to
quinoid forms may occur simultaneously with complexation of quinones by proteins or
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by metals such as Al3+ that are abundant in our soil solutions (Markewitz et al. 1998,
Kraus et al. 2003). Both oxidation and complexation are likely to lessen the ability of soil
DOM to reduce Fe-III in the Prussian blue method of indexing electron-rich
polyphenols.
Aromaticity and molecular weight indices not only vary among strata, but also
vary with temperature in a stratum-dependent fashion. In throughfall and streamwater,
but not in O-horizon or mineral soils, aromaticity and molecular weight increase (the
index E2:E3 decreases) with increasing temperature (Figure 2.5). This may suggest
increased production or leaching of large, complex molecules at higher temperatures.
While the DOC and dissolved N concentrations reported in this study are within
the range of concentrations from similar studies reviewed by Michalzik (2001), the N
concentration and export values are much lower than those reported for high Ndeposition areas in Europe and the northeastern US (Currie et al. 1996, Michalzik and
Matzner 1999, Raastad and Mulder 1999). Our values are more similar to those reported
for low deposition regions of the US (Qualls et al. 2000, Strahm et al. 2009). Nitrogen
deposition at this site, while difficult to estimate accurately, has been suggested to range
from 5 to 10 kg N ha-1 yr-1 (Richter et al. 2000), and wet-only and bulk precipitation
collected in this study suggest a rate of 7 to 8 kg N ha-1 yr-1. In these acidic, well-drained
organic and mineral soils, nitrification rates are low and NH4 is the dominant form of
inorganic N (Table 2.2, Figure 2.4). This is reflected in the solution data, in which NH4
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and DON are the principal N forms in O-horizon leachates, and DON dominates soil
solutions at 7.5 and 60cm. While atmospherically-derived NO3 is an important
constituent of precipitation and throughfall waters, it drops to < 25% of NH4
concentrations in solutions that exit the O-horizon (Table 2.2, Figure 2.4). Patterns of
inorganic N among strata suggest the rather shallow influence of atmospheric N
deposition on solution chemistry in this system.
Even these rather low levels of N deposition have likely been critical to forest
development. When tree biomass and O-horizon mass were near their peak values
(1990s), net N mineralization from the O-horizon was estimated at a meager 12.1 kg N
ha-1 yr-1 (Richter et al. 2000). With mineral soil N quite depleted, the slow flux of forestand atmosphere-derived dissolved N from the O-horizon may well represent almost all
of the N that is biologically available to the forest system. Based on this understanding,
we consider this system to be quite N-limited, and were not surprised to see very low
concentrations of free DIN or labile DON (such as amino acids) in mineral soil solution.
We find that amino acids in solution comprise approximately 5% of DON in all soil
solutions. Interestingly, amino acids are proportionally more abundant at 7.5cm than in
the O-horizon, suggesting that they are not drawn down as rapidly as DIN by biotic
demand (Figure 2.5).
At 200-cm mineral soil depth, concentrations of all dissolved N constituents
approach zero. Adopting the water flux at 175cm of 39cm yr-1 reported by Markewitz et
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al. (1998) for this site, and applying it to our N concentrations at 200cm, we estimate that
less than 0.3 kg DON ha-1 yr-1, and less than 0.6 kg N ha-1 yr-1 total dissolved N, leak from
this ecosystem. This is less than 10% of atmospheric N deposition. Although the DON
“leak” (as per Neff et al. 2003) from the system is non-zero, we consider it to be
negligible.

2.4.2 DOM responses to climate and season
Notable seasonal variation in throughfall organic chemistry (data not shown)
was not observed in solutions from O-horizons or mineral soils, presumably due to the
O-horizon’s strong control over chemistry in the upper components of the decomposer
system. A lack of significant season- or climate-induced variation in soil DOC
concentrations and quality suggests that the production of DOC from forest floor is
regulated more by the large mass and chemistry of the O-horizon, rather than by plant
or microbial activity that would hypothetically be mediated by temperature, moisture,
and season. Loblolly pine litter is notably recalcitrant and phenolic-rich, with high C:N
ratios. Similar conclusions of abiotic controls on DOC production have been reached by
workers in other ecosystems as well (McDowell and Likens 1988, Park and Matzner
2003).
In contrast to soluble C, N concentrations varied seasonally as well as by
stratum. In general, N concentrations showed highest concentrations in the summer and
lowest in the winter. Others have observed these general patterns and attributed such
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patterns to higher OM processing and DOM production in the growing season. Yet
those studies also observed increased DOC concentrations in the summer (Wu et al.
2010a, b), whereas we find no seasonality in DOC. It seems that those organisms that
release or consume inorganic N are responsive to even limited seasonal variation, while
those organisms tasked with oxidizing the carbon scaffolding of organic matter may be
less so.
Concentrations of N in soil solution decrease when conditions are warmer (Table
B.1, Figure 2.5), suggesting increased N utilization by the biotic community during more
favorable conditions. While this is to expected, it is the seasonal variation in temperature
response that is most interesting. In the winter, increasing temperatures coincide with
dilution of NO3. NH4 shows the same response in winter, but also decreases in
concentration with warming summer temperatures. The winter pattern suggests
drawdown of available N by microbes made active by periods of warm winter
temperatures. The summer dilution pattern suggests reduced microbial mineralization
or enhanced microbial immobilization of labile N when summer temperatures are high.
In spring and fall, NH4 is concentrated in solution with increasing temperatures, this
time suggesting that gross mineralization responds more quickly to temperature
changes than do plant and microbial uptake. We know of no other study to which to
compare these patterns of in-situ, sub-monthly DON and DIN responses to temperature.
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A handful of field and laboratory studies, largely of boreal and northern
temperate forest soils, have examined dissolved C and N responses to temperature and
precipitation or leaching frequency (Christ and David 1996, Michalzik and Matzner
1999, Andersson et al. 2000). Those involving laboratory column experiments have
tended to find stronger linkages to temperature and precipitation than does this study.
However, like this study they show temperature to have a larger impact than
precipitation, and dissolved N concentrations to be more responsive to temperature than
C concentrations. That these studies have been carried out in more temperature-limited
systems may explain the difference in strength of temperature controls. The warm and
humid climate of the Calhoun Forest, with relatively consistent precipitation throughout
the year, and at most two weeks each year that have below-freezing average
temperatures (2004-2006; National Climatic Data Center), allows decomposition and
nutrient cycling to proceed year-round.
In contrast to field and laboratory experiments, studies looking across latitudinal
gradients of mean annual temperature and mean annual precipitation tend to find
precipitation to be a stronger control on DOM concentrations, with little evidence of
temperature effects (Michalzik et al. 2001). Differences between single ecosystem
responses to short-term fluctuations in weather and cross-ecosystem changes along
climate gradients are well-recognized in community ecology literature (Clark et al.
2011), and have been identified in other ecosystem studies as well (Lauenroth and Sala
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1992). Those authors have cautioned about use of conclusions drawn from space-fortime studies to predict changes within individual ecosystems. Dampened variation
within a site over time relative to variation across spatial gradients demonstrates the
importance of constraints on local ecosystem responses that are imposed by vegetation,
soil, and microbial adaptation to microclimate. Thus, although results of some
latitudinal gradient studies predict strong effects of climate change on DOM production
and leaching, our results suggest that changes in temperature and precipitation may
have relatively small effects, at least in the short term. Ecosystem energy flows and
nutrient cycles may respond to changing precipitation and temperature regimes on
decadal to centurial timescales of plant community shifts, soil change, and changes in
forest litter chemistry.

68

3. Priming of deep soil carbon decomposition by a
rapidly growing old-field forest
3.1 Introduction
What happens to soil carbon when you plant a forest in an old field? Odum’s
(1969) Strategy of Ecosystem Development predicted that young forests should have
high production rates that greatly exceed ecosystem respiration rates, resulting in rapid
and large accumulations of biomass. Over time, organic matter stocks are to increase
both in mass and in importance to biogeochemical cycling. Peet and Christensen (1987)
have shown that the intermediate thinning and transition phases of forest development
entail significant tree mortality. The dead wood that results can be assumed to pile on
the soil surface as slowly decomposing woody debris. The large accumulations of
detrital organic matter as woody detritus and leaf litter on the soil surface, and dead
roots in the soil profile could be expected to lead to an increase in soil C, both through
leaching and fragmentation of wood, leaf, and root litter.
Indeed, a review paper by Post and Kwon (2000) found that globally, cropland to
forest conversions result in an average of 34 g m-2 yr-1 increase in soil carbon. For warm
temperate moist forests, such as those found in the South Carolina piedmont where this
study is focused, the range was 2 to 28 g m-2 yr-1. A handful of studies in the southeastern
US have also found increases in soil C under old-field pine forests (Schiffman and
Johnson 1989, Van Lear et al. 1995). It appears that both theory and data predict that soil
C should increase when a field becomes a forest.
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Globally, soils are estimated to store 1500 Pg C in the top 1m (Batjes 1996) and up
to 2300 Pg C in the top 3m (Jobbágy and Jackson 2000), compared to 600 Pg C stored in
vegetation biomass (Houghton 2007). However, estimates of the additional C
sequestration potential of global soils are highly uncertain, ranging from 60 Pg C over
the next 50 years (Lal 2004) to zero, or even negative, potential sequestration
(Schlesinger 1990, 2000, Schlesinger and Andrews 2000, Houghton and Goodale 2004).
Many models of disturbance effects on forest C accumulation assume no change in soil
carbon (i.e., Harmon et al. 1990, Smith et al. 2006), despite many studies showing soil
carbon to be very sensitive to disturbance, whether natural or human caused (Bashkin
and Binkley 1998, Post and Kwon 2000, Jackson et al. 2002, West and Post 2002).
Given the magnitude of the soil C pool, understanding its sensitivity to
disturbance and climate is critical to predicting effects of and feedbacks to atmospheric
CO2 levels. However, huge spatial variability and difficulty of sampling make the soil a
very difficult system to study, especially when attempting to account for change over
time. One study uniquely equipped to understand long term soil change is the Calhoun
Long Term Soil-Ecosystem Study (LTSE) in South Carolina, USA, a loblolly pine forest
planted in an old cotton field in 1957. By 40 years of age, this forest had accrued
approximately 120 Mg C ha-1 in living tree biomass and 38 Mg C ha-1 in the O-horizon
(Richter et al. 1999, Richter and Markewitz 2001). At this time, 317 kg DOC ha-1 yr-1
washed in to the mineral soil from the O-horizon, and less than 4 kg DOC ha-1 yr-1
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leached out below 175cm soil depth (Markewitz et al. 1998). Despite these large fluxes of
carbon into soil, mineral soil carbon only increased by 1.3 Mg C ha-1, or 4 g m-2 yr-1, in the
top 0-7.5 cm layer (Richter et al. 1999), while losing sufficient C at 35-60 cm depth to
result in a net soil C loss of 2.5 Mg C ha-1 from 0-60cm over the 40 years (Figure 2.1). At
the same time, soil nitrogen was depleted by 880 kg N ha-1 as N was translocated from
the upper 60cm of mineral soil to tree biomass and O-horizons (Richter et al. 2000).
The considerable losses of SOC despite large inputs suggest some sort of priming
mechanism. The spatial linkage between soil C and N losses further supports this
conjecture. Ecosystem and laboratory studies have shown increased fluxes of
belowground carbon to result in both soil carbon loss (Fontaine et al. 2004, Carney et al.
2007) and increased uptake of N by plants (Dijkstra et al. 2009, Drake et al. 2011). This
supports the idea that trees and their mycorrhizae can mine out N from old soil organic
matter, fueling aboveground production but limiting accumulation of, and even driving
a decrease in, soil organic carbon stocks. An inverse, but conceptually similar pattern
was found by Billings and Ziegler (2008), where incubations from N-fertilized Duke
FACE soils showed lower C losses to microbial respiration than unfertilized incubated
soils, and soils from elevated CO2 FACE rings showed greater respiration losses than
ambient ring soils. These patterns are consistent with both the preferential substrate
utilization hypothesis and the microbial activation hypothesis of Cheng & Kuzyakov
(2005). In the case of the former, soil microbes prefer nutrient-rich soil organic matter to
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nutrient-poor rhizosphere C when available nutrients are limiting. In the case of the
latter, labile root C inputs stimulate the rhizosphere microbial community, increasing
decomposition of all SOM. Work by Fontaine and others has suggested that losses of
deep SOC with reforestation in other systems to be due to priming of deep SOC
decomposition by deeper distributions of fresh carbon (Fontaine et al. 2004, Fontaine
and Barot 2005, Fontaine et al. 2007).
A different type of priming is also possible in this ecosystem where C inputs and
nutrient depletion accompanied a change in plant functional type. The conversion of a
shallow-rooted agricultural ecosystem to a more deeply rooted, higher transpiration
forest ecosystem likely decreased moisture of subsoils, exposing soil organic matter and
microbes to increased variations in soil moisture as well as lower mean soil moisture
(Richter et al. 1999, Cheng and Kuzyakov 2005). Lower soil moisture, or increased soil
oxygenation, may have allowed an increase in SOM decomposition rates (Richter et al.
1999). In addition, increased variation in soil moisture, or wetting and drying cycles,
may have increased microbial turnover and production, thus increasing SOM
decomposition rates as well as increasing plant competitiveness for available soil N
(drying effect hypothesis; Cheng & Kuzyakov 2005).
This study traces the gains and losses of soil C and N to specific physical
fractions of SOM. We first update the long term Calhoun bulk soil C and N dataset,
including 13C, 14C, and 15N signatures of bulk soils, to cover 50 years of forest
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development, then use density and size fractionation of 1962, 1982, and 2005 soils to
investigate how and why the different soil depths have responded differently to land
use change and forest development. We physically fractionated soil into non-mineral
associated particulate organic matter (light fraction; hypothetically more decomposable
OM), and mineral-associated organic matter (hypothetically more resistant to
decomposition), and measured C, N and isotopic signatures of these two fractions over
time.
In evaluating evidence in support or contradiction of priming hypotheses, we
expect that surface soils that gained or maintained stable SOC over time would show a
large increase in light fraction (decomposed plant matter) SOC relative to heavy fraction
(mineral-associated) SOC over time, with a concomitant decrease in bulk SOC 14C
signature (Table 3.1). If the drying effect hypothesis is to be supported, we expect that
deep soils which lost SOC over time would show a decrease in light fraction (cropderived organic matter) SOC relative to heavy fraction (mineral-associated) SOC over
time. If the microbial activation or preferential substrate utilization hypotheses are to be
supported, we expected that the hypothesized increase in inputs and in turnover of light
fraction could result in deep light fraction SOC mass increasing, decreasing or remaining
unchanged, with the large portion of soil C losses stemming from mineral-associated
fractions.
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Table 3.1: Predictions for patterns that would be consistent with three hypotheses of soil
organic matter priming: 1) Drying Effect Hypothesis, 2) Microbial Activation Hypothesis, 3)
Preferential Substrate Utilization Hypothesis.

LFOM
Hypothesis

Depth

C

1.

Surface

+

Deep
2. or 3.

C

C

-

+

+

-

+

-

-

+ /-

no change

no change

no change

Surface

+

-

+

+

-

+

Deep

+/-

-

+

-

+

-

13

C

MAOM
14

13

C

14

C

3.2 Methods
3.2.1 Site Description
The Calhoun Experimental Forest lies within the Sumter National Forest in
Union County, South Carolina. The experimental site is characterized by gentle slopes
(<3%) composed of Cataula series soils (fine, kaolinitic, thermic Oxyaquic
Kanhapludults). These granite-gneiss-derived soils (including saprolite) average up to
20-m over unweathered bedrock. Sandy loam or loamy sand A-horizons (soil solids
>75% sand, <10% clay by mass) range to 30cm depth, atop a kaolinite- and sesquioxiderich B horizon (47% sand, 38% clay) (Richter and Markewitz 2001). Mean annual
precipitation is 1272mm; mean annual temperature is 15.7°C (NOAA 2006). The 50-yearold experiment is set up in a randomized complete block design, with four blocks each
containing four 0.10ha plots of different loblolly pine tree spacings (1.8, 2.4, 3.0, 3.7m).
The Calhoun Experiment is located on land that typifies the agricultural land use
history of the southeastern US piedmont—clearing of mixed-hardwood stands by
European colonists, 100+ years of cultivation accompanied by massive soil erosion and
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ecosystem carbon loss, and eventual field abandonment and replacement with loblolly
pine (Metz 1958, Richter and Markewitz 2001). The forest was planted in two old cotton
fields in 1957 as part of a U.S. Forest Service pine productivity study (Metz 1958, Balmer
et al. 1975, Harms and Lloyd 1981). The old cotton fields, previously limed and fertilized
when farmed, have supported rapid tree growth and carbon sequestration during forest
development. Over 50 years, researchers have monitored the biogeochemical cycles of
the developing loblolly pine forest, including C, N, P, cations, anions, and trace
elements, through repeated sampling and archiving of soil and leaf litter and repeated
tree biomass inventories (Richter and Markewitz 2001).

3.2.2 Soil Collection
Litter layer (O-horizon) was sampled in the 16 plots in 1992, 1997, and 2005 using
707 cm2 circular samplers. Five samples were composited per plot. From the 1992
sampling (Urrego 1993), only site-level mean OM and N masses of O-horizon were
available, not the individual plot estimates, so uncertainties were approximated based
on the among-plot CVs of 1997 and 2005 samples (19% CV).
Soils were collected at four to eight year intervals in 1962, 1968, 1972, 1977, 1982,
1987, 1990, 1997, and 2005 by collecting twenty 2x60cm soil cores randomly from within
each of 16 plots (8 plots in 1991). Cores were separated into four depth increments (07.5cm, 7.5-15cm, 15-35cm, 35-60cm), except in 1968 when soils were only sampled to
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15cm. All 20 individual cores per plot were composited into one sample per depth
increment, for 8 or 16 plot samples in each of the four depths.
For bulk soil C and N analyses, air-dried, pulverized soil of every depth of every
plot was analyzed separately. The number of plots analyzed for C and N varied by year:
13 in 1962; 8 each in 1977, 1982, 1990; 16 in 1997 and 2005. To minimize use of
irreplaceable soils, as well as manage analysis costs, isotope analyses were performed on
composite samples, wherein soil from every plot was combined into one sample per
depth for each sample year. Composite soils from 1962, 1982, and 2005 were used for soil
fractionations. Four plots were excluded due to 1962 samples gone missing or having
low mass remaining.

3.2.3 Particle Density and Size Fractionation
To 20g of 2mm sieved, air-dried composited mineral soils, composites of 12 plots
per depth per year, was added 30mL of 1.9 g cm-3 clean (low C and N) sodium
polytungstate (SPT; Na6[H2W12O40]; Tungsten Compounds, Grub am Forst, Germany) in
50mL conical centrifuge tubes. Suspensions were shaken on a reciprocating shaker at
100rpm for 2hrs, after which the solution density was adjusted to 1.85 (± 0.01) g cm-3 with
deionized water. Samples were centrifuged at 3400rpm (IEC Centra-8, Thermo-IEC, Inc.,
Needham, MA) until good separation of floating light fraction and mineral soil pellet
was achieved. Floating light fractions were aspirated, and remaining soil repeatedly
rinsed and centrifuged with deionized water until density fell below 1.01 g cm-3. The
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aspirated light fraction (LF) was rinsed with deionized water on pre-ashed 1.1µm glass
fiber filters (VWR Cat. No. 28297-510, VWR International, Radnor, PA) until no SPT
bubbles or sheen were visible. The light fraction organic matter was then washed from
the filter paper into a pre-weighed stainless steel beaker and dried at 60⁰C. Rinsed
mineral soils were shaken with 30mL of sodium hexametaphosphate (HMP; 5mg L-1) at
100rpm for 2hr, then rinsed through a 53µm sieve with deionized water. Both the >53
Table 3.2: Mean masses of three mineral soil components at four soil depths of the Calhoun
Experimental Forest, SC, expressed as percent of initial bulk soil mass. Coefficients of
variation represent variation among 3 sample years.

Percent of initial
Coefficient of
Depth (cm)
total soil mass
Variation (%)
0-7.5
1.3
36
7.5-15
0.53
9.3
15-35
0.23
7.7
35-60
0.088
27
clay+silt, <53um
0-7.5
16.4
3.5
7.5-15
18.3
2.6
15-35
29.6
5.1
35-60
54.9
1.5
sand, >53um
0-7.5
83.2
0.20
7.5-15
82.0
0.34
15-35
70.9
1.9
35-60
44.9
3.8
µm (sand) and <53 µm (clay+silt) mineral soil components were rinsed with deionized
Soil Component
LF, <1.85 g cm-3

water into pre-weighed stainless steel beakers and dried at 60⁰C. Once dry, soil fractions
were scraped into an agate mortar and hand-pulverized with a pestle. Three 0.4g
subsamples of each bulk soil were oven-dried for two days at 100⁰C for moisture
determination.
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Overall, the fractionation method recovered slightly greater than 100% of soil
mass (mean = 100.6%), indicating a very small amount of residual SPT remained in the
samples after washing with DI. The masses of the soil particle size components varied
among depths according to the mean soil textures of the site (Table 3.2), with clay+silt
increasing from 16% of soil mass at 0-7.5cm to 56% of soil mass at 35-60cm, and sand
conversely decreasing from 83% of soil mass at 0-7.5cm to 45% of soil mass at 35-60cm.
Bulk soils were analyzed for %C and %N on a CE Elantech Flash EA 1112
Elemental Analyzer (CE Elantech, Inc., Lakewood, NJ). LF and clay+silt soil components
were analyzed for %C and %N, and LF, clay+silt, and 2005 bulk soils for δ13C and δ15N,
with a coupled continuous-flow elemental analyzer isotope ratio mass spectrometer
(EA-IRMS) system coupled to a Carlo-Erba model 1108 EA, interfaced to a ThermoFinnigan Delta Plus XP IRMS at the USDA ARS Regional Facility in Albany, CA. Based
on preliminary analysis, sand samples were deemed too low in %C and %N to achieve
reliable combustion and element detection, and so were not further analyzed. We
estimate the potential C and N contributions of sand, based on preliminary data, in
Table 3.3. Soils from 1962-1997 were analyzed for δ15N and δ13C in 2005, on a Finnigan
Delta+ mass spectrometer (Finnigan MAT, Germany) coupled to a Carlo Erba elemental
analyzer (NA1500 CHN combustion analyzer; Carlo Erba Strumentazione, Milan) via a
Finnigan Conflo II Interface at the University of Arkansas Stable Isotope Laboratory
(Billings and Richter 2006). Radiocarbon analysis on all samples was performed at the
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Keck AMS Facility at University of California-Irvine, with the 1962-1990 samples
analyzed in 1998 (Richter et al. 1999), and 1997-2005 samples analyzed in 2011.
Regression of stable isotope remeasurements on four samples in 2005 and 2011 yielded a
slope of 0.99 and R2 of 0.84 for 13C, and slope of 0.99 and R2 of 0.78 for 15N. Radiocarbon
remeasurement of two samples in 1998 and 2011 yielded percent differences of 9 and
53%.
Across all depths and dates, the two soil fractions analyzed for C and N
accounted for 75% of bulk soil carbon and 71% of soil nitrogen. At 35-60cm depth,
however, the change observed in the LF and mineral-associated fractions accounts for
less than 10% of the changes observed in bulk soil at 35-60cm. The remainder of soil C
and N must be accounted for by OM remaining in unmeasured sand fraction (Table 3.3),
OM lost to spillage, dilution of C and N signals during analysis due to residual SPT in
analyzed samples, or OM mobilized into the acidic SPT solution and discarded (Crow et
al. 2007). Based on preliminary data, the sand size portion of soil may account for up to
50% of the missing C and 30% of the missing N in 0-7.5cm surface soils, but only 10% of
missing C and 5% of missing N in 35-60cm soils (Table 3.3). Based on careful handling of
samples, extensive rinsing of SPT with DI water, and excellent soil mass recovery, we
consider loss of soil to spillage or dilution of signal by residual SPT to be very minor.
Because the change in measured fractions is grossly insufficient to explain the observed
changes in bulk soil over time, we attribute the unrecovered OM to anion exchange of
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OM by tungstate ions in the SPT solution. Anion exchange capacity in our soils increases
with depth, and the deepest soil is where 83% of mineral soil C loss at 35-60cm was
likely from this mobilized fraction.
Table 3.3: Properties of sand component of mineral soil, and its potential contribution to the
mobilized organic matter fraction. %C and %N for 0-7.5 and 35-60cm based on preliminary
analysis of 2005 soils. %C values for intermediate depths estimated by regression.

Depth
(cm)
0-7.5
7.5-15
15-35
35-60

Sand
%C
0.068
0.062
0.046
0.025

Sand
%N
0.0024
0.0022
0.0016
0.0011

Sand C
(mg g-1
bulk soil)
0.56
0.51
0.32
0.11

Sand N
(mg g-1
bulk soil)
0.020
0.018
0.011
0.005

% of
mobilized
C
50
42
35
13

% of
mobilized
N
34
28
15
5

The 2011 C, N, and stable isotope analysis yielded a mean analytical error of 0.24.6% difference, with the means of the absolute values of percent difference ranging
from 0.2-10.6%. The replicability of the fractionation process was assessed by calculating
the percent difference of replicate samples that were carried through the entire
fractionation process as separate samples. Here the mean % difference ranged from 0.02
to 1.2% difference, and the mean of the absolute values of percent difference ranged
from 0.5 to 6.5%. The mean percent difference among method reps for 14C was 1.5%,
with the mean of the absolute value of the percent difference at 19%, with a range from
0.4-70%.
Previous studies have shown that on the order of 25% of soil organic matter can
be unrecovered following the density fractionation process. We attribute the bulk of this
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“missing” OM to a SPT-“mobilized” fraction, which can be mathematically
characterized by the differences between the two measured fractions and bulk soils. If
the loss is simply due to mechanical losses and analytical artifacts, the isotopic
signatures of the missing organic matter should match that of the recovered fractions.
Mobilization of SOM into SPT solution due to anion exchange of SOM from soil
sesquioxides, however, might be expected to result in the mobilized fraction having
different properties than the recovered fractions. We estimated C and N contents and
isotopic composition of this mobilized organic matter, as well as the potential
contribution of the unmeasured sand fraction to this mobilized fraction of OM.

3.3 Results
3.3.1 O-horizon
O-horizon stocks had accumulated to 35 Mg C ha-1 (± 1.7 SE) by 1992 (Urrego
1993), peaked at 38 Mg C ha-1 (± 1.8 SE) in 1997, then decreased down to 27 Mg C ha-1
(±1.2 SE) by 2005. O-horizon N mass was little changed from 730 kg ha-1 (± 35 SE) in 1992,
to 731 kg ha-1 (±33 SE) in 1997, but then decreased to 639 kg ha-1 (± 29 SE) by 2005. Ohorizon C:N ratio increased from 48 to 52, then decreased to 42 from 1992 to 2005.
Combined with the aboveground CWD and snag C estimates from Chapter 1, the total
detrital C stock on top of the mineral soil surface was over 45 Mg C ha-1 in 2007.
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3.3.2 Bulk soil change
C and N
The surface mineral soil, from 0cm to 7.5cm depth, showed an initial decrease in
SOC following the first C measurement of 0.55%C in 1962, five years after planting
(Figure 3.1). Not until 1982 did 0-7.5cm %C values exceed those measured in 1962. By
2005, 0-7.5cm soil had increased to > 0.8%C. Intermediate soil depths, 7.5-15cm and 1535cm, showed very small increases of 0.06% and 0.02% SOC concentration over 50 years.
The deepest soil depth, 35-60cm, decreased steadily from 0.36 to 0.24%C over 50 years.
On a mass C basis, the surface soil gain and deep soil carbon loss cancel each other,
resulting in a net 50-yr SOC change of 0.05 Mg C ha-1 (± 1.05 SE; Figure 3.2), with a total
SOC storage of 34 (± 2.0 SE) Mg C ha-1.
Soil N concentrations were depleted at all depths for the first 25 years of forest
development (Figure 3.3). At this time, surface soil %N began to increase again, while
soils below 7.5cm continued to decline in %N for another 5 years before stabilizing or
beginning to recover. By 2005, surface soil %N had recovered to 1962 levels, and 7.535cm soils nearly so. The deepest soil, 35-60cm, stopped decreasing in concentration
after 30 years, but has not increased appreciably since that time. On a mass basis, the net
50 year change for 0-7.5 soils was -0.01 kg N ha-1 (± 0.02 SE), with losses of 50-100kg N
ha-1 at 7.5-15 and 15-35 depths, and a loss of 640 kg N ha-1 at 35-60cm (Figure 3.4).
Overall, the 0-60cm Calhoun soils lost 760 kg N ha-1, almost 1/3 of soil N, over 50 years to
support the aggrading forest. Mineral soil N stocks decreased from 2.8 Mg N ha-1 (± 0.1
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Figure 3.1: Fifty-year change in mineral soil carbon concentrations at four depth increments
during old-field forest development at the Calhoun Experimental Forest, SC, updated from
Richter et al. (2000). Standard errors represent among-plot variation.

Figure 3.2: Fifty-year change (1962-2005) in mineral soil carbon storage at four depth
increments and in the full 0-60cm profile. Standard errors represent among-plot variation.
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SE) in 1962 to 2.0 Mg N ha-1 (± 0.1) in 2005. C:N ratios of the 0-60cm bulk soil increased
from a mean of 12.2 (± 0.4 SE) in 1962 to peak at 21.4 (± 1.7) in 1990, then declined back to
16.7 (± 0.3) in 2005.
Isotopes
In 1962, the soil 13C signatures clustered between -23.7 and -25‰, significantly more
enriched than loblolly pine litter at -29‰, but within the range of C3 plant organic
matter (-22 to -30‰). As the forest developed, 13C signatures decreased by 1-2‰ in the
top three soil layers (Figure 3.5). The deepest soil, however, remained unchanged in its
13

C signature of ~-24‰. In the meantime, 15N showed quite the opposite pattern. In 1962,

15

N signatures were between 1 and 3‰. The ensuing years brought minor increases of 1

to 2‰ in 0-15cm soils, but very large enrichments of 15N in deep soils, with 15-60cm soils
increasing to >8‰ by 2005 (Figure 3.6).
The Calhoun Forest was planted just before the large spike in 1960s atmospheric
14

CO2 concentration due to nuclear bomb testing (Trumbore 2000). Thus we are able to

track carbon fixed by the forest through the ecosystem due to the much higher 14C
signature of this C compared to C incorporated into the ecosystem before the pine forest
was planted. At the time of the first soil sampling in 1962, the 0-35cm soil 14C signatures
hovered near 0‰, between -60 and +25‰. The deepest soil layer from 1962 was not
directly analyzed for 14C, but is estimated to have been near -150‰ (Richter et al. 1999).
Within a decade, carbon enriched in 14C was incorporated throughout the 60cm soil
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Figure 3.3: Fifty-year change in mineral soil nitrogen concentrations at four depth increments
during old-field forest development at the Calhoun Experimental Forest, SC, updated from
Richter et al. (2000). Standard errors represent among-plot variation.

Figure 3.4: Fifty-year change (1962-2005) in mineral soil nitrogen storage at four depth
increments and in the full 0-60cm profile. Standard errors represent among-plot variation.
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Figure 3.5: Fifty-year change in mineral soil organic matter 13C signature of four depth
increments during old-field forest development at the Calhoun Experimental Forest, SC,
updated from Billings and Richter (2006).

Figure 3.6: Fifty-year change in mineral soil organic matter 15N signature of four depth
increments during old-field forest development at the Calhoun Experimental Forest, SC,
updated from Billings and Richter (2006).

86

profile from the 14C-enriched atmosphere (Figure 3.7). Surface soil 14C signatures
increased to 240‰ and stayed at that level through 1990 before the signature began to
fall. The next lower soil depth (7.5-15cm) saw enrichment to 190‰, then slowly
decreased, but remained greatly elevated above 1962 levels through 2005. Soils at 15-35
cm rapidly climbed to 185‰, but then declined almost as rapidly back to 0‰ by 1990.
The deepest soil depth, 35-60cm, increased up to 50‰ in 1972, but also rapidly
decreased back to -85 by 1982, and then continued to decrease, albeit more slowly, back
down to its approximate 1962 concentration of -150‰.

Figure 3.7: Fifty year trend of bomb-14C incorporation into four mineral soil depth increments
at the Calhoun Experimental Forest, SC, updated from Richter et al. (1999). Gray line indicates
atmospheric 14C signature (Levin and Kromer 2004).
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3.3.3 Soil Fractions
C and N
Across all years, light fraction (LF) averaged 1.3% of soil mass at 0-7.5, down to
0.1% of soil mass at 35-60cm. From 1962 to 2005, LF increased from 0.8% to 1.7% of soil
mass at 0-7.5cm. As a result, light fraction carbon (LFC) doubled in surface soils since
1962, from 2.4 mg C g-1 soil to 4.8 mg g-1. LFC accumulations at other depths were of
small magnitude.
The deepest depth stored the most C in mineral-associated form (MAC), in
keeping with it also having the finest texture of the four depths. From 1962 to 1982,
MAC decreased by 0.3-0.5 mg g-1 soil in each of the soil depths (Figure 3.8, Table 3.5).
From 1982-2005, 35-60cm MAC mass was unchanged, resulting in a net loss of 0.3 mg
MAC g-1 over 50 years at that depth, while other depths increased by 0.3-0.4 mg MAC g1

. Only in the shallowest soil has MAC surpassed 1962 levels.
The mobilized fraction of soil carbon (MZC) suffered a loss of 0.6 mg g-1 from

1962-1982 in both the 0-7.5 and 35-60cm soil layers, with no change in intermediate
layers. After 1982, 0-7.5cm MZC increased back to 1962 levels while 35-60cm continued
to decrease by another 0.4 mg C g-1.
In general, no large quantity of N was lost from or added to light fraction organic
matter (Figure 3.8, Table 3.5) given its high C:N ratios of 30-60, compared to MAOM C:N
of 10-20 (Appendix C) . Only in the surface soil during later stages of forest development
did sufficient LFOM accumulate to cause an increase in light fraction (LFN) of 0.14 g N
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a)

b)

c)

d)

e)

f)

Figure 3.8: Trends in masses of C and N of three soil fractions at four soil depths (lines) over 50
years of forest development at the Calhoun Experimental Forest, SC. The solid black line
represents 0-7.5cm soils, and the lines become steadily more broken moving deeper into the
soil. Panels (a) and (b) show trends in light fraction C and N (LFC, LFN), with the left panel (a)
showing trends in C content and the right panel (b) showing trends in N content. Panels (c)
and (d) show trends in mobilizable C and N (MZC, MZN). Panel (e) and (f) show the trends in
mineral-associated C and N (MAC, MAN).
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Table 3.4: Change in properties of bulk SOM and three fractions thereof over three time periods—1962 to 1982, 1982 to 2005, and 1962 to
2005—at four depths in the soil profile of the Calhoun Experimental Forest, SC. LFOM is light fraction organic matter, or that which floats at a
density of 1.85g cm-3. MAOM is mineral-associated OM, or that which remains bound to clay and silt size particles (<53µm) after mineral soil
suspension in 1.85 g cm-3 sodium polytungstate (SPT), and then dispersal in 5 mg L-1 sodium hexametaphosphate. Mobilized OM is
unrecovered SOM, its properties calculated from the difference between bulk soil properties and the properties of the two recovered
fractions. Mobilized OM is presumed to have been weakly bound to soil particles but was dissolved into SPT solution due to exchange with
tungstate ions, and thus estimated by difference.
Fraction

δ13C (‰)
δ15N (‰)
∆14C (‰)
C:N
Depth mg C g-1 bulk soil mg N g-1 bulk soil
62-82 82-05 62-05 62-82 82-05 62-05 62-82 82-05 62-05 62-82 82-05 62-05 62-82 82-05 62-05 62-82 82-05 62-05

Bulk

0-7.5

0.2

2.4

SOM

7.5-15

-0.1

0.4

15-35

-0.1

0.3

35-60

-0.8

-0.3

0-7.5

1.0

1.5

7.5-15

0.2

0.1

15-35

0.2

0.1

35-60

0.1

0.1

0-7.5

-0.6

0.5

7.5-15

0.2

-0.1

15-35

0.0

-0.2

35-60

-0.6

-0.4

LFOM
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MZOM

MAOM

0-7.5

-0.2

0.4

7.5-15

-0.4

0.4

15-35

-0.2

0.3

35-60

-0.3

0.0

2.6 -0.13
0.4 -0.10

0.12 -0.01
0.05 -0.05

-1.1

-0.9

-2.1

0.9

-0.3

0.5

224

-78

145

9.9

-0.7

9.3

-1.6

-0.7

-2.3

2.2

-0.1

2.1

209

-59

150

9.2

-5.9

3.3

0.2 -0.08 0.05 -0.03
-1.2 -0.17 -0.01 -0.18

-1.3

0.3

-1.0

3.4

1.3

4.7

118

-36

82

3.3

-3.0

0.2

0.0

-0.9

-0.9

6.0

1.0

7.0

54

-71

-17

0.7

3.3

4.0

0.05

-1.0

-0.8

-1.8

0.7

-0.8

-0.1

-8.2

8.3

0.00 -0.01
0.00 0.00

-0.9

-0.7

-1.6

0.6

-0.4

0.2

-2
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155 16.5
77 16.8

-1.0

-0.9

-1.9

0.1

-1.4

-1.3

221

-85

0.00

-1.3

-0.4

-1.8

0.0

-0.4

-0.4

254

-32

0.04 -0.02
0.02 -0.01

-1.0

-0.9

-1.9

1.0

-0.3

0.7

217

-80

-1.6

-0.7

-2.3

2.8

-0.1

2.7

44

101

-0.2 -0.05 0.01 -0.04
-1.0 -0.14 -0.01 -0.15

-1.6

0.5

-1.1

4.8

2.0

6.8

126

-54

-0.2

-1.8

-2.0 12.9
0.4

2.5 -0.01
0.3 -0.01
0.3 0.00
0.2 0.00
-0.1 -0.06
0.1 -0.04

0.2 -0.06
0.0 -0.06
0.1 -0.02
-0.3 -0.03

0.06

0.00

137 10.5
144 10.5

5.0 16.1
-0.8

9.7

-7.4

3.1

71

4.4

-4.2

0.2

114 -162

-48

1.8

7.4

9.2

-0.6

253

-66

186

6.0

0.1

6.0

-0.1

-0.4

-0.5

210

-33

177

3.6

-0.1

3.5

-0.9

0.2

-0.4

-0.2

97

8

105

0.4

-0.2

0.2

0.2

0.6

0.6

1.1

4

5

9

-0.1

-0.3

-0.4

-1.8

-1.2

-3.0

-1.7

-1.0

-2.7

0.01

-0.4

-0.5

0.00 -0.03

0.3

-0.1

0.03

135 19.0
222 11.0

-3.9 12.8
-2.7 16.3

-0.2

0.02 -0.04
0.03 -0.03

1.5 14.4

257 -102

g-1 soil from 1982 to 2005.
N depletion at 35-60cm from MAOM amounted to 0.03mg mineral-associated N
(MAN) g-1 bulk soil. Across all depths, 0.15 g MAN per g soil were lost from 1962 to
1982, with 0.03 mg MAN g-1 from 35-60cm, and 0.05 mg MAN g-1 each from 0-7.5 and 7.515cm. Since 1982, 0.08 g MAN per g soil have been replaced in the top 3 soil layers,
approximately half of the initial loss.
The mobilizable fraction of OM, on the other hand lost 0.25 mg MZN g-1 from
1962 to 1982, with little change after 1982. The 35-60cm depth lost the most (0.9 mg MZN
g-1), followed by 0-7.5cm (0.6 mg MZN g-1), 7.5-15cm (0.5 mg MZN g-1), and 15-35cm (0.4
mg MZN g-1). After 1982, the top three soil layers recovered approximately half of their
early mobilizable N losses, while the deepest soil continued a slow decrease.
Isotopes
The δ13C of LFOM was relatively uniform across depths (p=0.11 for depth in twoway ANOVA), but decreased steadily from mean values of -26‰ in 1962 to -27.5‰ in
2005 (p<0.001; Figure 3.9). In contrast, the δ13C of MAOM behaved similarly to that of
bulk soil, although tending towards slightly more enriched values, starting out at a
relatively uniform -23.5‰ in 1962, and then developing a marked depth-dependence:
35-60cm soil remained unchanged and depletion of 13C increased with decreasing soil
depth (Figure 3.9). The mobilizable fraction of OM had δ13C signatures intermediate to
LFOM and MAOM, and all depths were depleted in 13C over time (Figure 3.10).
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Neither the δ15N signatures of LFOM nor of MAOM were dynamic over time. LF
δ15N signatures averaged 3.2‰ across time and depth. MAOM δ15N did vary among
depths (p<0.001), with the surface soil most depleted at 2.3‰, and the deep soil most
enriched at 3.8‰ (Figure 3.9). MZOM δ15N, on the other hand, showed large changes
over time as well as developing depth-dependence by 2005. Based on mass balance, the
deepest soil is estimated to have had a MZOM δ15N of -6‰ in 1962. This depth increased
to a value of +7‰ in 1982, then increased by another 2‰ through 2005. The three
shallower depths averaged 2‰ in MZOM in 1962, with the deeper depths increasing
and the surface soil remaining unchanged through 2005 (Figure 3.9).
The ∆14C signatures of LFOM were quite modern at ~0‰ at all but 15-35cm
depth in 1962 (Figure 3.10). At 15-35cm, the LFOM ∆14C was quite similar to that of bulk
soil at -100‰. All depths showed strong enrichment of 14C from 1962 to 1982, then
decreased from 1982 to 2005. The deepest soil depth has maintained the highest ∆14C in
its LFOM.
MAOM showed a quite different pattern, in which 35-60cm soil remained
unchanged in its ∆14C signature since 1962, while the shallower depths incorporated 14Cenriched C. The degree of 14C enrichment increased with decreasing soil depth. Those
soils that increased in MAOM ∆14C have maintained that OM since 1982, as evidenced
by a lack of decrease in ∆14C since then (Figure 3.10).

92

a)

b)

c)

d)

e)

f)

Figure 3.9: Stable isotope signatures for three soil fractions (stacked panels) at four soil depths
(lines) over 50 years of forest development at the Calhoun Experimental Forest, SC. The solid
black line represents the surface 0-7.5cm soils, and the lines become steadily more broken
moving deeper into the soil Panels (a) and (b) show trends in light fraction OM (LFOM), or the
fraction of SOM that floats at 1.85g cm-3, with the left panel (a) showing trends in δ13C and the
right panel (b) showing trends in δ15N. Panels (c) and (d) show trends in mobilizable OM
(MZOM). Panel (e) and (f) show the trends in mineral-associated OM (MAOM), or the fraction
of OM tightly bound to clay+silt particles.
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a)

b)

c)

Figure 3.10: Δ14C signatures for three soil fractions (panels a-c) at four soil depths and
atmosphere (lines) over 50 years of forest development at the Calhoun Experimental Forest,
SC. The solid black line represents the surface 0-7.5cm soils, and the lines become steadily
more broken moving deeper into the soil. The gray line shows the atmospheric Δ14C signature
(Levin and Kromer 2004). Panel (a) shows trends in light fraction OM (LFOM), or the fraction
of SOM that floats at 1.85g cm-3. Panel (b) shows trends in mobilizable OM (MZOM). Panel (c)
shows the trends in mineral-associated OM (MAOM), or the fraction of OM tightly bound to
clay+silt particles.
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The ∆14C of MZOM appears to be nearly identical to that of the bulk soil. A
depth-dependence in 14C became even more pronounced over time, as surface soils saw
a greater enrichment of MZOM 14C than deeper soils from 1962-1982, and then deeper
soils saw a greater depletion of 14C from 1982 onward (Figure 3.10).

3.4 Discussion
3.4.1 Opposing trajectories of surface and deep bulk soil organic
matter
Surface soils continue to gain SOC over 50 years of forest development, while the
deepest soil appears to have stabilized in its SOC content. The net 50 year change in 060cm mineral soil SOC content is now zero, compared to the net change of -2.5 Mg C ha-1
as of the 40-yr inventory (Richter et al. 1999, Richter and Markewitz 2001). The depletion
of SOC in the 35-60cm soil layer occurs in the same volume of the rooting zone with the
largest removals of N, suggesting that the two patterns may be linked. At 35-60cm
depth, 6.4g of C were lost for every 1g of N removed. The stabilization of deep soil C
and N concentrations coincide in time with the cessation of aboveground biomass
accumulation (Figure 3.3, Figure A.1; Richter et al. 2000, Richter and Markewitz 2001).
In addition to the stabilization of deep soil N concentration, the δ15N signature of deep
soil OM also appears to have stabilized since the forest biomass peaked, after climbing
from < 2‰ to >8‰ over the first 35 years of forest development due to preferential
uptake of the light isotope, 14N, by mycorrhizal pine root systems (Figure 3.6; Billings
and Richter 2006). In contrast, δ13C signatures of surface 0-7.5 and 7.5-15cm soils
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continue to decline towards the signature of fresh pine litter (-29‰), while 15-35 and 3560cm soils remain unchanged in their δ13C signatures (Figure 3.5; Billings and Richter
2006).
Surface soil 14C signatures leapt to 240‰ and that 14C-labeled SOM was retained
through 1990 before the 14C-enriched organic matter began to be decomposed and the
signature began to fall. Enriched OM that entered the deep soil, on the other hand, was
quickly decomposed away, as the Δ14C signature in 2005 is approximately equal to that
estimated for 1962. These patterns likely reflect the very large difference in mass of 14C
incorporated relative to turnover time in between these depths, but also may suggest
different degrees of stabilization of that 14C.
Bulk Density Considerations
We assume constant bulk density values over time. Although it is possible that
the accumulation of LFOM in surface soils, although an increase of only 0.5% C, has
decreased bulk density at that depth, we are confident that our conclusions are robust.
Based on other studies that have examined bulk density change following conversion of
fields to forests, the change in Db at 0-7.5cm over 50 years would likely be a ~6%
decrease due to LFOM accumulation (Don et al. 2011). This magnitude of decrease in Db
would decrease our estimates of 0-7.5cm SOC gain from 2.9 Mg C ha-1 to 2.3 Mg C ha-1.
Although highly unlikely, a 6% reduction in 35-60cm Db would increase our estimate of
loss at 36-60cm from 4.15 to 4.75 Mg C ha-1. Conversely, 6% increase in Db in the deepest
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soil would only dampen our estimate of SOC loss from 4.15 to 3.51 Mg C ha-1. Thus, a
decrease in Db at the surface would serve only to reduce our estimates of C gain in that
layer, and shift the net 50-year SOC change to a slight loss, but would not affect the
overall patterns.

3.4.2 Fractions
Almost the entire gain of C observed in bulk soils at 0-7.5cm is attributed to light
fraction OM (Table 3.5). Most (83%) of the loss of C and N observed in bulk soils at 3560cm was attributed to the SPT-mobilized fraction. A small loss (17% of that of bulk
soils) of SOC and N at 35-60cm was observed to have come from the mineral-associated
fraction.
The δ13C and Δ14C signatures of LFOM at all depths show incorporation of pinederived C (Figure 3.10). The deepest soil depth has maintained the highest ∆14C in its
LFOM, indicating slowest turnover of labeled OM at that depth. The 35-60cm soils show
no change in MAOM δ13C or Δ14C over time, suggesting that zero new C has been
incorporated into that fraction since the forest was established. Depth-dependent
patterns of MAOM δ13C and Δ14C indicate that pine-derived C was incorporated into
strong mineral associations in surface soils, where reactive minerals are scarce but C
inputs are large, but not in deeper soils where those minerals become more abundant.
In the mobilized fraction, 13C depleted pine carbon was detectable in the top
three depths by 1982, and the deepest depth after 1982, with 35-60cm reaching the most
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depleted signature of all depths in 2005. This pattern lags that of 14C, which suggests
incorporation of freshly fixed C into LFOM and MZOM before 1982, and then losses
after 1982, with the largest decrease also in the deepest soil. Given that the differences in
14

C signature between new and old C (> 200‰) are much greater than those of 13C (<

4‰), it is not surprising that 14C signatures are more sensitive to small inputs of C and
show responses earlier in forest development. Interestingly, fastest turnover, evidenced
by the largest decrease in Δ14C after 1982, was in MZOM at 35-60cm, followed by LFOM
and MZOM in the 0-7.5cm surface soil.
Although suggestive, few of the shifts in δ15N of fractions over time were large
enough to exceed 4x or even 3x experimental error. The exception is in the mobilized
SOM from the deepest two soils, which increased markedly in δ15N signature as large
quantities of N were removed from those fractions.
Mobilized Fraction
Other studies have noted SOC losses to SPT of 5-25% (Swanston et al. 2005, Crow
et al. 2007, Marin-Spiotta et al. 2009, Schulze et al. 2009). One study has even suggested
that the mobilized fraction may be important to C and N cycling (Schulze et al. 2009),
but none have found it to be important to the degree demonstrated in this study, nor
have many other studies attempted to characterize this fraction (but see Schulze et al.
2009). Crow et al. (2007) suggested that the difference in isotopic signature between
recovered fractions and the mobilized fraction was due to preferential mobilization of
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the light isotope. Those authors did not suggest that they believed this fraction to be
anything other than a methodological artifact. On the other hand, a different study
suggested that the heavy isotope, not the light isotope, was preferentially mobilized into
solutions when soils were mixed with either water or low-density SPT (Kramer et al.
2009). That study also suggested that low-density SPT might alter C concentrations of
recovered fractions, although the effect was idiosyncratic—increased %C in two soils,
decreased %C in another (Kramer et al. 2009).
In the case of this study at the Calhoun LTSE, the δ13C signatures of the
mobilized fraction are intermediate to those of LF and MAOM. Also for all 14C
measurements, with the exception of 35-60cm soils in 2005 which is the most depleted
14

C measurement of the dataset, the mobilized fraction falls in between the values of

LFOM and MAOM. Only for one depth in one sample year do we find that the
mobilized fraction is much lighter in δ15N signature than the recovered fractions—the
35-60cm soil from 1962 has a δ15N signature of -6‰, so depleted that it is hard to
postulate a realistic source of that N. Yet for all other depths and sample years the δ15N
of the mobilized fraction falls within the range of the two recovered fractions.
The one study that reports estimated properties of the mobilized fraction found
no systematic trends in Δ14C signature of that fraction with soil depth or horizon
(Schulze et al. 2009). In our case, we find the expected general trend of depthdependence of Δ14C (decreasing Δ14C with depth) as well as the expected incorporation
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of bomb 14C over time, in our mobilized fraction, and its Δ14C values are intermediate of
LFOC and MAOC, consistent with it being an intermediately stable fraction.
Previous work at the Calhoun has shown that 8% of Calhoun SOC is extractable
with NaH2PO4 (Fimmen 2004). It does not seem unreasonable that dissociated tungstate
anions (WO42-), might behave similarly to PO43- in displacing organic C from exchange
sites. What’s more, if this fraction is indeed an intermediately-stable fraction of SOM, we
would expect it to be more vulnerable to priming-induced decomposition than MAOC,
and be lost preferentially to MAOC, which is indeed what we find. Over three-fourths of
the loss of SOC in the deepest soil comes from the mobilizable fraction, while less than
one fourth of the loss is from MAOM. Eighty-three percent of the N loss at depth is from
mobilizable OM, and only 17% from MAOM. We are considering further
experimentation to better identify and quantify this missing OM.

3.4.3 Priming
This study sought to compare the evidence for several priming hypotheses for
decreased deep soil C, wherein microbial activation due to decreased soil moisture
and/or new labile C inputs from deep tree roots, combined with high N demand by the
forest, drove the oxidation of SOM. Decomposition of old crop residues by drying effect
ought to have led to at least a transient decrease in LFOM at depth, which we do not
find. However, we do find a great deal of evidence for modern C inputs to depth, which
are not being incorporated into stable fractions, and we have clear evidence of high N
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demand. We cannot rule out any of these hypotheses based on this evidence, and we see
no reason why all cannot be operating to some extent simultaneously.
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4. Conclusion
An exceptional long term soil ecosystem study in South Carolina shows that 50
years of pine forest development on a previously-cultivated cotton field have been
insufficient to cause an increase in mineral soil carbon storage. This flies in the face of
the “general” understanding of field to forest conversions resulting in net increases in
soil carbon (Post and Kwon 2000). A notable difference between this study and the vast
majority of those reviewed in field-to-forest syntheses is sampling depth (Figure 4.1).
While most studies sample to less than 30cm, this study observed soil change to 60cm
depth under an aggrading forest ecosystem. The very different dynamics of deep soils
compared to surface soils result in very different conclusions than if our study had
sampled to shallower depths.
Aboveground, ecosystem development at the Calhoun Experimental Forest has
proceeded generally according to the strategy laid out for southeastern old-field forest
development by Oosting, Billings, Coile, and many others (Billings 1938, Coile 1940,
Oosting 1942). Live pine tree biomass accumulated rapidly from the time seedlings were
planted in 1957 through 30 years in the ‘establishment phase’ of forest growth (Peet and
Christensen 1987; Figure 4.2). Accumulation of leaf litter and the O-horizon followed
that of the live trees. Intense self-thinning of the pines began in earnest after age 20; tree
biomass stabilized for a time and woody debris of dead trees began to accumulate on the
soil surface, and leaf litter inputs likely began to decrease. The peak of ecosystem C
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Figure 4.1: Histogram of the depth of sampling
of 360
Figure
4.1. studies examining the effects of land use
change on soil carbon, included in the reviews of Post and Kwon 2000 and West and Post 2002.
This figure inspired by and modified (with permission) after a figure in Baker et al. 2006 . The
right panel shows the potential rooting depth of a pine root system on the same vertical scale.

storage occurred midway through the self-thinning phase from forest age 35-40 (Figure
4.3); from this point on, increased biomass of remaining live pine trees and young
hardwood understory were insufficient to compensate for the carbon lost to tree
mortality and CWD decomposition. Starting around forest age 40, circa 1997, the forest
entered the transition phase of development as tree mortality accelerated and wholeecosystem C storage continued to decrease.
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Figure 4.2: Overlay of trends in tree biomass with trends in surface and deep soil over fifty
years and three phases of forest ecosystem development at the Calhoun Experimental Forest,
SC. Error bars are standard errors among plots.

The results of chapter 1 of this dissertation, as well as previous work at the
Calhoun, demonstrate that the forest rooted deeply into these Oxyaquic Kanhapludult
soils. Root density is certainly concentrated in the O- and A-horizons of this forest
(Richter and Markewitz 1995), but roots penetrate to considerable depth as well. For this
dissertation, I extracted complete taproots of trees that had lived up to 50 years, finding
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the deepest taproots to penetrate below 1.5m, well into the B horizon. Exposed walls of
soil pits demonstrate that lateral roots are able to penetrate even deeper, and may play
an important role in the formation of redoximorphic mottles in deep (~2m) soils at this
site (Richter and Markewitz 2001, Fimmen et al. 2008a). Thus it follows that through root
exudation and turnover, large quantities of root-derived C must have been input to
great depth in this soil profile.

Figure 4.3. Whole-ecosystem carbon budget of the Calhoun Experimental Forest, SC, over fifty
years of old-field forest development.

Furthermore, Chapter 2 of this dissertation demonstrates that large quantities of
DOC have leached from the O-horizons into mineral soils. Solutions exiting the Ohorizon contain nearly 40mg L-1 DOC, suggesting a flux of over 400 kg C ha-1 yr-1, less
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than 5% of which leaches below 60cm1. This DOC contains considerable quantities of
polyphenols, aromatic products of pine needle decomposition, which should be able to
sorb on to soil kaolinites and sesquioxides as stabilized soil carbon. Yet despite nearcomplete removal of these carbon compounds from solution before 60cm depth, total
soil carbon at depth decreases.
How is it that this massive accumulation of living and dead organic matter on
the soil surface did not lead to accumulation of SOC? The response of mineral soil C to
this veritable flood of C inputs varies by depth. In the most surficial soil (0-7.5cm), we
see a large, increase in SOC concentration over time, but only after a substantial lag of
over 20 years (Figure 4.2c). Chapter 3 shows that this accumulation is almost entirely
due to an increase of light fraction, particulate organic matter, likely the partially
decomposed fragments of dead leaves, roots, and microbial biomass. Yet in the deepest
soils sampled (35-60cm), soil carbon content has significantly declined over time, and in
fact the loss of SOC in deep soils was sufficient to negate all of the C gains in shallower
soils.
Although roots and dissolved C in soil solution are observed to encounter soils at
this depth, these inputs have not been retained and instead may have primed the loss of
preexisting SOC. C isotope analyses on bulk soils show transient incorporation of

DOC fluxes are estimated from the DOC concentrations reported in Chapter 2 and the water fluxes
reported in Markewitz et al. 1998.

1
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modern 14C, but not 13C, into 35-60cm soils over the last 50 years. Soil fractionations in
Chapter 3 demonstrate that light fraction OM at this depth is very modern, with 14C
signatures similar to 1970s atmosphere, and 13C signature similar to pine litter. However
mineral-associated organic matter shows no sign of having incorporated any bomb 14C
or pine-derived 13C. Thus we see no imprint of the forest on the mineral-associated SOC
of the 35-60cm soils, despite the leaching of large quantities of reactive, potentially
sorptive DOC through the soil. Thus we conclude in chapter 2 that the DOC leaching
into the soil system from the detrital layers above must be almost completely respired.
Most interestingly, the mass of C in 35-60cm light fraction carbon has remained stable or
increased slightly, and the mass of C in mineral-associated OM has decreased only
slightly since 1962. Almost the entire loss of SOC at 35-60cm we attribute to be from a
poorly-understood fraction of SOM that has turnover times longer than light fraction
OM but shorter than that of mineral-associated OM.
The large loss of SOC occurred in the same soil layer where the largest mass of
soil N was removed by rapidly-growing old-field forest (Figure 4.3a,b). The depletion of
soil N slowed when the forest entered the thinning phase of development, and ceased
when net accumulation of forest biomass fell to zero. Deep soil C concentrations also
stabilized around this same time. These long term observations provide circumstantial
evidence that the loss of soil carbon may be associated with the mining of soil N by
growing trees and their mycorrhizal symbionts. Priming of soil C decomposition due to
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enhanced N demand is a phenomenon that has come to be appreciated by several
elevated CO2 studies in recent years (Carney et al. 2007, Drake et al. 2011).
We propose that the land use change from field to forest drove a cascade of
changes through the soil profile that enhanced microbial activity and resulted in the
priming of SOC decomposition in the deepest soils: a drying effect wherein deeper
rooting and increased transpiration increased the oxygenation of deep soils and
accelerated decomposition of preexisting SOM; and preferential substrate utilization as
strong N demand by these deep roots spurred degradation of relatively nutrient-rich
SOM, with energy provided by root-derived C (Cheng and Kuzyakov 2005).
Fifty years of monitoring of soil organic matter down to 60cm has resulted in a
fascinating story of soil C and N dynamics, and even still we find as many questions as
answers to the biogeochemistry of the soil ecosystem. It is astounding how much of the
story would have been completely missed had the originator of this study, Carol Wells
of the US Forest Service, not sampled to such an exceptional depth from the very
beginning of the LTSE in 1962. It does appear from these results that soil is a highly
dynamic component of the ecosystem, with pronounced depth-dependent processing of
OM, such that large accumulations of carbon aboveground are no guarantee of similar
changes belowground.
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A. Live Biomass Trends and Estimation
To estimate live tree biomass, age-appropriate allometric equations (Tables A.1,
A.2) were applied to every individual tree in a sample year, resulting in a biomass
estimate for every component for every individual tree. All of the individual tree
component masses within a plot were summed, and then the plot values averaged. To
estimate site-to-site variation in total biomass, the total biomass of every tree in a plot
was summed, and then plots averaged to get a site level biomass estimate. All
components were estimated at 50% C (Figure A.1). For biomass N estimation, values in
Table A.3 were applied to the allometric estimates of biomass (Table A.3, Figure A.2).
Long term trends in tree stem density and basal area are shown for each of the 16
plots in Figures A.3 and A.4. Understory trees, seedlings, and saplings were inventoried
in Summer 2004. Results of that inventory are shown in Figure A.5.
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Table A.1: Allometric equations applied to estimate live tree component biomass for a given
tree age and inventory year.

Age
Year
Component

15
1972

20
1977
omitted

25
1982

30
1987

35
1991

40
1997

45
2003

50
2007

10f

10f

Foliage

5f, 6f,
8f

--

6f, 7f

Litterfall

Litterfall

Litterfall

Live Branch

5c, 6c,
8c+8e

--

6c*

9c*

10c, 9c

10c, 9c

Dead Branch

6d*

--

6d, 7d

7d, 9d

9d*

9d*

average of age
40 and 50

9d*

Stem wood

5a, 6a,
8a

--

6a, 7a

7a, 9a

10a, 9a

10a, 9a

10a

10a, 9a

Stem bark

5b, 6b,
8ab-8a

--

6b, 7b

7b, 9b

10b, 9b 10b, 9b

10b

10b, 9b

Tap root

6g

--

6g, 7g

6g, 7g

6g, 4g

6g, 4g

4g

4g

Lateral root

6h

--

6h

6h

6h, 4h

6h, 4h

4h

4h

Fine root

=
foliage

--

=
foliage

Root
cores

Root
cores

Root
cores

Root cores

=
foliage

average of age
40 and 50
10c, 9c

Table A.2: Allometric equation literature references (left) and equation codes (right) from
Table A.1.
Reference Code:

Reference:

Equation Code:

Component:

4

Kapeluck & Van Lear 1995

a

stem

5

Nelson & Switzer 1975

b

bark

6

Shelton 1984

ab

stem + bark

7

Pehl 1972

c

live branch

8

Baldwin 1987

d

dead branch

9

Urrego 1993

e

branch bark

10

Van Lear et al. 1984

f

foliage

Urrego 1993

g

tap root

D Markewitz unpublished data

h

lateral root

Litterfall
Root cores
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Table A.3: N concentrations applied to biomass estimates to derive live tree component
biomass N estimates.
Component

%N

Source

Stem
Bark
Live Branch
Dead Branch
Foliage
Taproot
Lateral Root
Fine Root

0.061
0.217
0.431
0.173
1.056
0.08
0.431
0.5

Urrego 1993
Urrego 1993
Urrego 1993
Urrego 1993
Urrego 1993
Shelton 1984, Pehl 1972
= live branch
~ ½ of foliage N
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Figure A.1: Change in estimated C (upper panel) and N (lower panel) storage (mean of 8 or 16
plots, depending on year) in components of live tree biomass over fifty years of forest
development.
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Figure A.2: Decreasing stem density over time in 16 plots of the Calhoun Experimental Forest,
SC. Plots are color-coded according to block and planting density. Plots with 6ft spacing are
shown in shades of green, 8ft spacings in red, 10ft spacings in blue, and 12ft spacings in gray.
Block is shown by color intensity, with plots in Block I represented by the lightest shade of a
spacing color, and Block IV plots in the darkest shade.
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Figure A.3: Change in basal area of 16 plots over 50 years of forest development at the Calhoun
Experimental Forest, SC. Plots are color-coded according to block and planting density. Plots
with 6ft spacing are shown in shades of green, 8ft spacings in red, 10ft spacings in blue, and
12ft spacings in gray. Block is shown by color intensity, with Block I plots in the lightest shade
of a given color, and Block IV plots in the darkest shade.

114

Figure A.4: Biomass C stored in understory vegetation, by plot, in 2004 at forest age 47.
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B. Statistical supplement to Chapter 2.
Data structure
We chose a Bayesian multilevel regression approach to modeling the data in order
to best capitalize on the inherent multilevel structure of the data. Samples are replicated
in three dimensions—12 spatial replicates (plots), nine vertical positions (strata), and 45
temporal replicates (sampling dates) (Figure 1). Individual samples ijkt fall into nonnested discrete groups of stratum (12 spatial replicates i x 45 temporal replicates per
strata j) and season (12 spatial replicates i x nine strata j x four or five sampling dates t
per season k). Seasons were assigned by collection date, the last day of the three-week
collection period: Winter collection dates were those from December-February, spring
collections from March-May, summer from June-August, and fall from September –
November. Mean three-week temperature (Tt) and cumulative three-week bulk
precipitation (Pt) are continuous variables at the three-weekly sampling interval of the
data. Differences in sampler installation times; seasonality in precipitation, soil moisture,
and stream flow; and occasional breakage of collection bottles resulted in unbalanced
sample sizes among sampling depths and times. For example, precipitation and
throughfall samplers yielded water at nearly every sampling date, while soil, seep, and
stream samplers did not. As another example, fall is the driest time of year at the
Calhoun, so there are fewer samples of soil solution in the fall than in other seasons.
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Multilevel regression models
We employed Bayesian multilevel models to investigate effects of strata j, season
k, temperature Tt, and precipitation Pt on DOM concentration and quality as
precipitation solutions moved through the forest ecosystem and soil. In the multilevel
regression approach, the parameters (regression coefficients) are each given a
probability model, which in turn has its own parameters estimated from the data
(Gelman & Hill, 2007). This allows one to model the effects of group-level (categorical
data) and individual-level (continuous data) predictors simultaneously by allowing the
slope and intercept of the individual-level relationships to vary by group. In
conventional regression, the categorical predictors (season, stratum) can be represented
by dummy variables (no pooling), or can be ignored (complete pooling)–two extremes in
handling the multilevel structure in data (Gelman & Hill, 2007).
In contrast, a multilevel model is based on no-pooling models by assuming
model coefficients are from a common distribution (partial pooling). In partial pooling,
parameter estimates represent a weighted average of complete- and no-pooling
estimates. When group sample sizes are small or within-group variability large, the
group information is discounted and the group mean pulled toward the overall mean,
an effect known as “shrinkage” (Gelman et al. 2009). When group sample sizes are large,
or within-group variance is small, the amount of shrinkage towards the overall mean
will be small. Partial pooling represents a generalization of conventional approaches.
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Such an approach is superior to traditional ANOVA or linear regression models as it
avoids assumptions of normality and independence associated with ANOVA and
readily accommodates nested and/or unbalanced experimental designs and missing data
by balancing within- and between-group variances (Qian & Shen, 2007). As a result,
estimated model coefficients are more stable than with traditional ANOVA or linear
regression. The shrinkage effect also negates the need for significance level adjustments
when making multiple comparisons (Gelman et al., 2009). In multilevel ANOVA, the
emphasis is on estimation and comparison of the magnitudes and signs of treatment
effects, rather than simply on whether the effects are different from zero, as is the case
for traditional ANOVA approaches (Gelman et al., 2009, Gelman & Tuerlinckx, 2000).
Many solution component concentrations displayed dramatic dilution effects,
with concentrations highest when low volumes were collected. To accommodate these
distributions, concentrations were log10-transformed to approach normality. Data were
tested for normality using the Shapiro-Wilk test (Shapiro & Wilk, 1965). Quality indices
E2:E3 ratio and SUVA displayed no dilution effects and thus were not log10-transformed.
From this point on, yi,j,k,t refers to transformed data for all variables except SUVA and
E2:E3, and untransformed data for SUVA and E2:E3. The continuous independent
variables, Tt and Pt, were centered about their mean before regression analysis to
improve model behavior and simplify interpretation of slopes and intercepts (Gelman &
Hill, 2007).
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We constructed separate multiple effects regression models for each solution
variable, investigating relationships of constituent concentration or index value with
stratum j, season k, Tt, and Pt. For a given solution variable, yi , j ,k ,t is the spatial replicate i
in stratum j during sampling event t within season k, and is modeled as

yi , j ,k ,t = β 0 j ,k + β1 j ,k Tt + β 2 j ,k Pt + ε i , j ,k ,t

ε i , j ,k ,t ~ N (0, σ y2 ),
where β 0 j ,k is the intercept, β1 j ,k and β 2 j ,k are the temperature and precipitation slopes,
and ε i , j , k ,t is the error in the response, where σ y2 is the variance for each solution
variable. The regression parameters β 0 j ,k , β1 j ,k and β 2 j ,k all vary by stratum and season as:

 β0
 j ,k
β
 1 j ,k
 β2
 j ,k


 a 0 + a1 stratum j + a 2 seasonk  

 

 ~ MVN  b + b stratum + b season , ∑ ,
0
1
j
2
k


 



c0 + c1 stratum j + c2 seasonk  





where a0 - c2 are the hyperparameters representing the effects of stratum j and season k
on the main parameters β 0 j ,k , β1 j ,k and β 2 j ,k , and Σ is the covariance matrix for the
estimates of the main parameters.
The strength of the multilevel model is that it allows mean concentrations (yintercepts, β 0 j ,k ) and the concentration responses to Tt and Pt (slopes, β1 j ,k and β 2 j ,k ) to
vary by categorical predictor variable (stratum j, season k). Our partial pooling approach
allows us to assess the overall mean slope, as from the complete pooling approach, and
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the slopes of each of the stratum and season factor levels, as per the no pooling
approach, but with some amount of shrinkage to account for sample size and within
group variance. In this way, we can recognize when zero overall slopes are due to a lack
of response or due to opposing effects at different factor levels cancelling each other.
Total variance in the response variable was partitioned into nine components:
stratum, season, T, T x stratum, T x season, P, P x stratum, P x season, residual (Table 1).
In this study we use these variance components to determine the relative importance of
effects in explaining variation in the dependent variable (Gelman, 2005).

Computational details
Models were implemented using uninformative priors in JAGS, using the “rjags”
package in the statistical program R, version 2.7.2 (JAGS 1.0.3; Plummer, 2008, R
Development Core Team, 2008). Markov chain Monte Carlo (MCMC) simulations (5000
simulations) in JAGS were used to estimate the overall variance, slope variance, and
intercept variance described by each predictor variable (Gilks et al., 1996, Plummer, 2008,
Qian & Shen, 2007, Qian et al., 2003). Differences in concentration means and slopes
among strata and among seasons were derived from the same MCMC results by
calculating pairwise differences for every possible pair of strata or seasons. Each
difference was estimated by random sampling the posterior distribution 5000 times and
constructing a 95% credible interval. The proportional changes from stratum j to stratum
j+1 were calculated for each constituent variable i as
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log10 ( yi , j +1 ) − log10 ( yi , j ) = β 0i , j +1 − β 0i , j using the data simulated from 5000 MCMC
resamplings of the posterior distribution for each constituent j. SUVA and E2:E3 were not
log10-transformed so their ratios were calculated as: yi , j +1 / yi , j = β 0i , j +1 / β 0i , j . Significant
differences in ratio among constituents for a given depth comparison were assessed by
calculating the pairwise difference between each of the 5000 ratio calculations. Any case
where the 95% credible intervals excluded zero were considered significant.
Table B.1: Mean intercepts and slopes for 10 multilevel regression models predicting solution
constituent concentrationa from depth, season, temperature (T), and precipitation (P); 95%
credible intervals in parentheses. The mean intercept represents the log10-transformed mean
concentration, across all depths and seasons, when temperature and precipitation are at their
mean values. Slope values in scientific notation, with exponent noted at top of column. Mean
slopes with 95% credible intervals that exclude zero are in bold.

Carbohydrates
DOC
Polyphenols
Amino acids
DON
NH4
NO3
E2:E3
SUVA

Intercept, β0
(log10 mg L-1)

T slope, β1 x 10-3

P slope, β2 x 10-3

-0.55

8.0

-0.25

(-0.63, -0.46)

(-0.37, 18)

(-1.7, 1.3)

0.60

1.2

-1.4

(0.56, 0.66)

(-3.9, 5.6)

(-2.2, -0.72)

0.059

1.9

-2.5

(-0.021, 0.14)

(-5.7, 9.1)

(-3.6, -1.4)

-1.9

-5.5

-1.5

(-2.0, -1.9)

(-12, 1.0)

(-2.5, -0.60)

-0.73

-11

-2.0

(-0.86, -0.58)

(-31, 2.4)

(-4.2, 0.23)

-1.5

-26

-3.4

(-1.7, -1.3)

(-46, -5.8)

(-5.7, -0.93)

-1.5

-25

-3.9

(-1.8, -1.2)

(-63, 9.5)

(-8.0, -0.20)

5.1

-8.8

0.76

(4.6, 5.5)

(-45, 24)

(-2.7, 3.7)

3.1

31

0.067

(2.4, 3.8)

(-5.5, 70)

(-4.2, 3.1)
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C. Supplement to Chapter 3
Table C.1: All C and N data by soil fraction, year, and depth.

Fraction

Year

Depth (cm)

C
(mg g-1)

N
(mg g-1)

δ13C
(‰)

δ15N
(‰)

∆14C
(‰)

C:N

Bulk SOM

1962

0-7.5
7.5-15
15-35
35-60
0-7.5
7.5-15
15-35
35-60
0-7.5
7.5-15
15-35
35-60
0-7.5
7.5-15
15-35
35-60
0-7.5
7.5-15
15-35
35-60
0-7.5
7.5-15
15-35
35-60
0-7.5
7.5-15
15-35
35-60
0-7.5
7.5-15
15-35
35-60
0-7.5
7.5-15
15-35
35-60
0-7.5
7.5-15
15-35
35-60
0-7.5
7.5-15
15-35
35-60
0-7.5
7.5-15
15-35
35-60

5.5
4.5
3.0
3.7
5.7
4.5
2.9
2.8
8.1
4.9
3.2
2.5
2.4
1.7
0.6
0.2
3.4
1.9
0.8
0.3
4.8
2.0
0.9
0.4
1.4
1.1
1.0
1.4
0.8
1.3
1.0
0.8
1.3
1.2
0.8
0.4
1.8
1.7
1.4
2.0
1.6
1.3
1.2
1.7
2.0
1.7
1.5
1.7

0.32
0.26
0.24
0.40
0.19
0.16
0.16
0.23
0.31
0.21
0.21
0.22
0.09
0.05
0.01
0.01
0.08
0.04
0.01
0.01
0.14
0.04
0.01
0.01
0.09
0.08
0.10
0.20
0.03
0.04
0.05
0.06
0.06
0.07
0.06
0.04
0.14
0.13
0.12
0.20
0.09
0.08
0.10
0.17
0.11
0.11
0.13
0.17

-24.9
-24.1
-23.8
-24.3
-26.1
-25.7
-25.0
-24.3
-27.0
-26.4
-24.8
-25.2
-26.1
-26.0
-26.0
-25.7
-27.1
-26.9
-27.0
-27.0
-27.9
-27.6
-27.8
-27.5
-25.2
-24.3
-24.0
-25.4
-26.2
-25.9
-25.6
-25.7
-27.1
-26.6
-25.0
-27.4
-23.5
-23.0
-23.3
-23.5
-25.3
-24.7
-23.6
-23.2
-26.5
-25.7
-24.2
-23.3

2.4
3.3
3.2
1.5
3.2
5.5
6.6
7.5
2.9
5.4
7.9
8.5
2.1
3.0
4.1
3.9
2.8
3.6
4.1
3.9
2.0
3.2
2.8
3.6
2.0
2.7
1.5
-5.5
2.9
5.5
6.3
7.3
2.6
5.4
8.3
8.8
4.4
5.6
7.2
7.1
4.8
5.5
7.4
7.6
4.2
5.1
7.0
8.2

24.0
-44.8
-62.5
-141.0
247.5
163.8
55.3
-87.0
169.1
105.1
19.0
-157.6
-20.3
2.3
-97.4
6.8
221.9
155.5
106.5
218.7
145.8
74.0
38.1
152.3
33.7
-43.8
-54.1
-131.6
251.0
165.0
70.4
-16.8
170.8
99.6
17.3
-176.8
-20.9
-50.7
-82.9
-148.6
232.4
158.9
17.5
-145.9
163.0
131.3
22.6
-142.2

16.8
16.1
12.3
10.0
26.7
25.3
15.6
10.8
26.1
19.4
12.6
14.0
26.8
36.7
45.1
42.6
43.3
53.4
64.1
53.7
35.1
49.5
61.3
58.7
17.6
16.7
12.6
9.6
28.1
27.2
17.0
11.4
27.3
19.8
12.8
18.8
12.6
12.9
11.5
10.3
18.6
16.4
11.8
10.2
18.6
16.4
11.7
9.9

1982

2005

LFOM

1962

1982

2005

mobilized
OM

1962

1982

2005

MZOM

1962

1982

2005
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