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Abstract of the Dissertation

Belowground Carbon Cycling
in Three Temperate Forests of the Eastern United States
By
Julia B. Gaudinski
Doctor of Philosophy in Earth System Science
Universty of Cdifornia, Irvine, 2001
Professor Susan E. Trumbore, Chair

Rates of carbon (C) cycling in soils are an important component in the equation of
forest carbon balance yet at present they are poorly quantified. This research focuses on
quantifying rates of soil C cycling at three temperate forests in the eastern United States
dong alatitudind gradient from Maine to Tennessee. Measurements of C and
radiocarbon (**C) stocks and fluxes are our principal measurement tools.

Tota soil C stocks (to 80 cm depth) decrease dong the gradient and are 14.6, 8.4
and 4.9 kgC m? at Howland ME, Harvard Forest MA, and Walker Branch TN,
respectively. Much of thistrend is due to decreasing C stocksin the organic (O) horizons.
Howland and Harvard Forest both have large humified C stocks in the O horizon with
long turnover times (15-50 years), while at Walker Branch this humified component is
largely absent and turnover times are much shorter (7-15 years). On timescales of human
interest, Sgnificant C accumulation in these soils will happen only inthe O and A
horizons, which have large C stocks that cycle on decada and centennid timescales. The

deeper minerd horizons, despite their large stocks, have long turnover times (200-2000

XiX



years) and can store C effectively only over millennia. Soils of northern sites such as
Howland and Harvard Forest have greater C storage potentia than the southern site of
Walker Branch. Currently, well-drained soils account for an uptake of 5-50 gC m2 y'* or
1-25% of the measured net ecosystem C uptake at each of the Sites.

Measurements of the *C in respired CO, from incubations of soil organic matter
combined with C and **C mass balance dlow partitioning of soil respiration into
heterotrophic and autotrophic sources. Heterotrophic respiration contributed from 44-
84% of totd soil respiration for well-drained soils a Howland and Harvard Forest in
1999. The average age of heterotrophic respiration at al three Stesis8-9 years. The
amount of total soil respiration from C fixed >1-2 years ago decreases adong the
latitudina gradient and is 55, 42 and 33% at the Howland, Harvard Forest, and Walker

Branch, sites respectively for 1998.



Chapter 1: Dissertation Summary

Introduction

The concentration of CO, in the atmosphere continuesto increase a arate of 3.3
+0.1 Pg of carbon (C) per year as the result of inputs from fossl fuels (5.5 0.5 Pg of C
per year) and land use change (1.6£1Pg of C per year). Oceanic uptake of CO, is 2.0+0.8
Pg of C per year and the remaining 1.8+1.4 Pg of C per year has been attributed to
terrestrid uptake--primarily regrowing forests in the northern hemisphere (IPCC 1995).

Therole of the terrestrid biosphere as a source or sink of C hastaken on
increased importance as the globd scientific community begins to understand the
potentia negative impacts of globa climate change caused by anthropogenicaly induced
green house gas emissions. Regulation of greenhouse-gas emissions, primarily CO,, have
been debated nationally and internationdly. In December 1997, the Kyoto protocol was
agreed to by 84 indudtriaized nations (as of November 7, 2000 only 31 have ratified the
agreement). This protocol cdlsfor reduction of totd C emissons. However, it dlows for
these reductions not only by decreased emissions, but aso by offsetting emissons with
increased net C uptakein terrestria vegetation, particularly forests, that happen to be
within a country’ s borders. Within the United States, government interest with respect to
tota C emissions management has focused on 1) quantifying the net flux of C, from
natura and managed ecosystems and 2) finding ways to enhance their ability to store as

much carbon as possible on long timescales.



Despite an increasingly politica dimate pushing for quantifiable and large net C
snks within countries, measuring terrestrid C fluxes till has methodologica problems.
Our mechanistic understanding of the intricate processes controlling C fluxes (both C
uptake via photosynthesis and C release viarespiration) is till uncertain. While we know
that on average the terrestrid biosphereisa C sink, its strength can vary by as much as 3-
4 Gt C from year to year (Canadell et a., 2000). Globa climatic anomalies such as
ENSO or volcanic eruptions like Mt. Pinatubo may perturb or mask the annua globa
terrestrid dnk strength (Canaddll et al., 2000) (Trumbore et d., 1996). Yet at the
ecosystem scae we gtill do not understand and cannot accurately measure many factors
influencing year-to-year variation in forest-C balance. Likely, increased atmospheric CO,
(the CO, fertilization effect), enhanced atmospheric N deposition, and climate variability
dl play arole (Canaddll et a., 2000).

Largely unknown in the forest- C baance equation is how much of the net flux
(net C storage) is due to live vegetation versus soil C stocks. Temperate forests of the
northeastern United States store between 200-525 g C mi? y' 1, depending on location
(Hollinger et d., 1999, Greco and Badocchi, 1996, Goulden et al., 1996). These forests
currently act as C sinks because they are young ecosystems recovering from disturbance
inthe last two centuries. However, the partitioning of this net uptake between vegetation
and soilsislargely unknown. Also unknown is how both the rate of upteke and the
partitioning between vegetation and soils may vary in the future as the ecosystem matures
and the climate changes.

Ancther uncertainty isthe behavior of soil C stocks. Quantifying soil C to within

10-20% is challenging and requires hundreds of careful Iabor-intensve measurements



(Fernandez et d., 1993, Huntington et al., 1988). Quantifying soil-cycling rates through
these C stocksis even more difficult. Thisis because soil C isin compounds that cycle on
timescales ranging from days to millennia, and respiration-C losses include both
autotrophic (metabalic live root) and heterotrophic (decompaosition of soil organic matter
by microbes and soil fauna) sources. While soil respiration is one of the largest causes of
variation in net ecosystem carbon-baance in forests from year to year (Goulden et d.,
1996, Savage and Davidson, in Press), we do not understand how much these variations
are due to changes in autotrophic versus heterotrophic respiration. Without this
knowledge, it is difficult to quantify how changing soil-respiration rates affect
decomposition of soil C and thus the sze of soil-C stocks.

The research performed as part of this doctoral dissertation addresses the
uncertaintiesin forest C baance discussed above. Its principle todl is the measurement of
radiocarbon (**C), the "bomb C" produced by nuclear weapons testing in the late 1950s
and early 1960s. The **C in soil organic matter (SOM) and CO; isaussful indicator of
soil carbon dynamics, providing an isotopic tracer for C cycling over decades. Its amount
in carbon reservairs, such as SOM, reflects the rate of exchange with the atmosphere.
Bomb 1*C is particularly powerful because it tags the age of C (since photosynthetic
fixation), in both soil-C stocks and soil-C fluxes (soil respiration), to within 1-2 years.

Work was carried out at three temperate forest ecosystems of the eastern United
States (Howland, ME, Harvard Forest, MA and Walker Branch, TN), adl of which are
presently anet sink of atmaospheric C (Hollinger et d., 1999, Greco and Baldocchi, 1996,

Goulden et a., 1996). The Sites span alatitudina gradient from 45 to 36° N and therefore



have climate variations that were expected to cause differences in C-cycling rates across
gtes. The specific questions addressed in thisthesis are:

1. How doesthe net C sink at these Sites partition between soils and vegetation? Has
the soil sink varied with time and isit likely to decrease in the future?

2. What isthe age digtribution of soil C in soil organic maiter at each Ste and how
doesthisvary across a latitudind gradient from Maine to Tennessee?

3. Wha rdative amounts of tota soil respiration come from A) root respiration and
carbon with cycles lessthan ayear and B) decomposition of carbon with cycles
greater than ayear? Can measurements of *C in soil organic metter and CO, be
used to congtrain these two respiration sources? Can **C measurements be used to
determine autotrophic vs. heterotrophic sources?

4. How do fine root inputs and fine root dynamics affect the average 14C age of
heterotrophic respiration and the response time of soil C to changes in fine-root
input?

5. How doesthe age of totd soil respiration, and thus partitioning from the two soil
respiration sources, vary latitudinaly over a cimate gradient from Maineto
Tennessee?

6. How does moisture in the organic horizon affect total soil respiration fluxes,

especidly with respect to summertime drought?



Chapter Summaries

Chapter 2: Soil carbon cycling in a temperate forest:
radiocarbon-based estimates of residence times, sequestration
rates, and partitioning of fluxes

This chapter is areformatted verson of a paper published in Biogeochemistry
(Gaudinski et d., 2000). The main purpose of this paper isto develop methods for 1)
measuring the C and **C inventory in severd fractions of soil organic matter; 2)
edimating rates of net C storage in soils, using a knowledge of the distribution of
residence times of soil organic matter; 3) developing methods to measure **C in il
respiration and soil CO,; 4) estimating CO, and **CO, production with depth based on
CO, concentration profiles and diffusvity estimates, and 5) combining the information
from 1, 3, and 4 and using a C and **C mass-ba ance approach to partition soil respiration
into two components:. Recent-C (C fixed from the atmosphere within one year) and
Reservoir-C (C fixed from the atmosphere more than one year ago). The paper dedlswith
only one of the three stes, Harvard Forest, MA, the first Site for which datawere
collected, and where much of the methodology required to ded with heterogeneous

temperate forest soils were developed. The mgor conclusions of this chepter are:

SOM pools are accumulating C in well-drained Harvard Forest soils as they

recover from higtoric disturbance. However, the rates of accumulation we infer,
10-30 g C m2 yr'l, are only 5-15% of the 200 g C mi2 yr ‘calculated from the eddy
flux tower measurements. More poorly drained soils aso occur in the tower
footprint and may accumulate more C per square meter, dthough they are far less

widespread.



Measurements of **C in soil organic matter predominately reflect organic matter
fractions with longer turnover times (TT) that dominate soil carbon inventory.
Cdculaionsof TT derived by dividing total C inventory by estimated
heterotrophic respiration are not good predictors of the response time of soils

because soil organic matter (SOM) is not homogeneous.

Measurements of D*C in CO, are required to correctly model the C that is

actudly respiring and to fully understand belowground C dynamics.

Interpretation of 1*C datain SOM at Harvard Forest is complicated by fine-root
inputswith *C elevated by ~65% relative to the atmosphere, implying that the

fine-root C was fixed on average 7+1 years ago.

We estimate 41% of total soil respiration comes from decompostion of SOM that
decomposes on timescales of 1-100+ years. Of this, 80% involves direct
decomposition of leaf and root litter with TT of 2-10 years, and 20% represents
low-dengty humified C pools and C associated with minerals which have TTson

the order of severa decades or greater.

About two-thirds of total soil respiration is produced within the O and A horizons
(top 10-15 cm of the entire soil profile). These organic rich horizons are
comprised of 1) small pools of live roots and recent leaf and root litter that have
resdence timesin the plant + soil system of ~1-10 years and 2) relatively large
pools of humified root and lef litter which resde in the plant + soil system for

40-100+ years.



Radiocarbon measurements of tota bel owground respiration measure the average
time C spendsin the plant + soil system from origina photosynthetic fixation

until respiration by autotrophs or heterotrophs. We estimate thistime to be 4+1
years for total soil respiration and 8+1 years for heterotrophic respiration in wel-

drained soils at Harvard Forest, MA.

Chapter 3: Characterization of Soil Organic Matter

This chapter presents data on total C and **C measurements of SOM stocks at
Howland, ME, Harvard Forest, MA and Walker Branch, TN. These data are used to
understand and predict the decada to centennid scale dynamics of soil organic matter
stocks. The methods used are those reported in Chapter 2. The mgor findings of this

chapter are:

The components of soil C can be split into three components with
characteridicdly different turnover times: 1) low-dengty (r < 2.0 g/cc) detrital
materid (recognizable leaves and roots) with turnover times ranging from oneto
ten years, 2) low-dengty humified materid with much longer turnover times
ranging from tens to hundreds of years, and 3) high-dengty (r > 2.0 g/cc) minera

associated SOM with turnover times ranging from hundreds to thousands of years.

Carbon inventories decrease from Maine to Tennessee from 14.6 to 4.9 kg C m“.
Much of thistrend is due to decreasing C stocksin the O horizons of the soil
profiles where there isalarge change in both turnover time and the type of SOM
present. Both Howland and Harvard Forest have large humified C stocksin the O

horizons with long turnover times (15-50 years). At Waker Branch this humified



component is largely absent in the O horizon where tota stocks are amdll,

primarily detrital, and turnover times are much shorter (7-15 years).

The minerad horizons show no clear trend in SOM turnover time across Sites for
ether the low- or the high-density components. The absence of such atrend for
the low-dengty materid may in large part be due to the processing of the low-
density samples being incondstent across Stes. The presence of fine roots can
atificidly decrease measured turnover timesiif roots are included in the humified
portion and therefore obscure any trends due to climate. Size separation (Seving
with an 80 mgeve) is an effective way to differentiate samples. However, fine
roots may gill complicate interpretation, particularly for the >80msize fraction.
We found that a combination of Seving and hand picking best isolates the most
humified portion of low-dengty SOM. A lack of alatitudind trend in the high-
density (minerd associated) SOM may be due to differencesin soil age and
mineralogy between the two northern sites (which are quite smilar) and the

southern dte, which is much older with very different minerdogy.

When using 1C to understand SOM dynamics on short timescales (1- 10 years) it
isimportant to consider time lags between photosynthesis and respiration of SOM
(the time C spends in living plant tissue prior to senescence and addition to SOM
pools). Failure to do so will accurately estimate how long the measured carbon
spent in the plant + soil system, but will overestimate decomposition rates within
the soil system adone. The overestimate will roughly equd the time spent aslive
plant tissue prior to addition to SOM. To correct for thistime lag, measurements

of 14C in the different components of litter added to the system are required.
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Unfortunately, because the rate of decrease of amospheric D**CO, dedineswith
time, acorrection has errors of + 1 to 2 yearsin the 1990s and will likely increase

with time,

Rdaively smdl C poolswith fast turnover times, such as detritd leaf and fine-
root litter, dominate decompogtion fluxes. These pools are most sengtiveto time
lags between photosynthetic fixation and input to SOM. Their **C signatureis

therefore not an appropriate measurement for determining decompaosition fluxes.

On human timescaes, sgnificant C accumulation will occur only inthe O and A
horizon of these temperate forest soils. These horizons are the only oneswith
sgnificant C stocks that cycle on decada and centennid timescales. Soils of more
northern sites, such as Howland and Harvard Forest, with more C stored in the O
and A horizons, have a greater C storage potentia than more southern sites like
Waker Branch. At present, dl well-drained soils in the eastern temperate forests
studied account for an uptake of 5-50 g C mi2 y'* or 1-25% of the measured net-C
uptake at each of the sites. Extrgpolating globdly, temperate forest soils may

account for 0.6-6% of the total terrestria-C uptake.

Chapter 4. Heterogeneity of Fine-Root Dynamics Measured by
Radiocarbon

This chapter is areformatted version of a paper in review for the journd
Oecologia (Gaudinski et d., in review). It explores the use of D**C measurements on fine
roots as a new tool for learning more about their age and dynamics. Thiswork builds on
initid findings from Harvard Forest (discussed in Chapter 2) that showed fine roots to be
sgnificantly enriched in **C compared to the current aimospheric D*C of CO,. These

9



results were unexpected because mogt literature vaues for fine-root turnover are 1-2

years or less. The mgjor findings of this chapter are:

Fine roots grow from recently fixed photosynthate rather than C stored in the

plant for severd years.

Although absolute ages depend on the model of root growth used, our D**C data

clearly indicate that alarge percentage of fine-root stocksin forests live for many

years.
Roots age from months to decades or more.

The commonly used definition of fine roots as those with < 2 mm diameter is
problematic because it lumps together populations of roots that cycle carbon at

sgnificantly different rates.

Improved understanding of ecosystem carbon balance will require combined

measurement gpproaches that further explore the ecology of fine roots.

Chapter 5: Soil respiration fluxes: Age, Variability, and
Partitioning

This chapter builds on work presented in Chapters 2 and 3. Chapter 2 presents a
method for partitioning soil respiration into two components using the D**C signature of
soil respiration and **C-derived turnover times of soil organic matter fractions a Harvard
Forest. Chapter 3 discusses *C-derived SOM turnover times and dynamics at Howland,
Harvard Forest and Walker Branch. Here, decomposition dynamics based on *4CO,
measurements & al three Sitesis explored. Treatment of soil respiration is expanded to

introduce a second, new, method of partitioning based on measuring **CO, evolved

10



during soil incubations. We compare the two methods using data from the Howland and
Harvard Forest sites (Walker Branch is compromised due to an unexpected *“C releasein
1999). Additionaly, this chapter assesses the impact of inter-annua varigbility of dimeate
on decomposition dynamics and respiration partitioning a the same dtein years with

varying dimate. The mgor findings of this chapter are:

At dl three stes decomposition fluxes from decadd cycling SOM are an
important component of total soil respiration and soil gas (to a depth of 80 cm)

within the soil profile.

Hne-root decomposition plays a very important role in decomposition fluxes,
particularly at depth (below ~ 15 cm) where it is the dominant source of

heterotrophic respiration.

The amount of C fixed from the amosphere >1-2 years ago contributing to soil
respiration decreases from Maine to Tennessee. On average, C fixed >1-2 years
ago makes up 50%, 41% and 33 % of soil respiration at Howland, Harvard Forest

and Waker Branch.

The average age of heterotrophic respiration is 8+2 years at both Harvard Forest

and Walker Branch..

Fluxes of CO, and 1#CO, from soils are affected by interannud variability in

dimae.

Variation in decompostion flux from decada cycling SOM has a sgnificant
impact on net ecosystemn productivity. Respiration partitioning using incubations

is the best way to quantify this variahility from year to year.
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Chapter 6: Moisture Manipulations

Chapter 6 presents the results of moisture manipulations on well-drained soils at
Harvard Forest during 1998 and 1999. The purpose of the manipulations was to
determine the importance of moisture in the O and A horizonsto both tota CO, and
14CO, fluxes. Included are the results of a new technique (DC half bridges) to monitor

moisture content in the O horizons. Thiswork finds,

Using DC hdf bridges to estimate continuous moisture content of the O horizon
in 1999 shows promising results. VVoltage readings track rain events very wel in
the uppermost (0-1 cm) of the O horizon (litter), and show less or no response to
rain events deeper within the O horizon, as one would expect. Converson of
voltage readings to an actud moisture measurement viaa cdibration curve can

likely be improved by insulation of the haf bridge leads.

Drying of the organic horizon by rainfal excluson crested adramatic decreasein
oil respiration fluxes but not in their 1*C signature. The D**CO, decrease suggests
adecrease in decompostion in the minerd horizons, implying that decomposition
within the organic horizon shifted to deeper, more isotopicaly enriched sources
within the O horizon. In order to determine the changes in decomposition sources
verticdly within the soil profile, depth measurements of CO, and **CO, are
required. Estimates of CO, production with depth are needed to complete the C
and **C mass balance and to test the hypothesis of changing production with

depth.
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Chapter 2: Soil carbon cycling in atemperate
forest: radiocarbon-based estimates of residence
times, sequestration rates and partitioning of
fluxes

Abstract

Temperate forests of North America are thought to be significant sinks of
atmospheric CO,. We developed a bel ow-ground carbon (C) budget for well-drained soils
in Harvard Forest Massachusetts, an ecosystem that is storing C. Measurements of carbon
and radiocarbon (**C) inventory were used to determine the turnover time and maximum
rate of CO, production from heterotrophic respiration of three fractions of soil organic
matter (SOM): recognizable litter fragments (L), humified low density material (H), and
high density or mineral-associated organic matter (M). Turnover timesin al fractions
increased with soil depth and were 2-5 years for recognizable |eaf litter, 5-10 years for
root litter, 40-100+ years for low density humified material and >100 years for carbon
associated with minerals. These turnover times represent the time carbon resides in the
plant + soil system, and may underestimate actual decomposition ratesif carbon resides
for severa yearsin living root, plant or woody material.

Soil respiration was partitioned into two components using **C: recent
photosynthate which is metabolized by roots and microorganisms within a year of initial

fixation (Recent-C), and C that is respired during microbial decomposition of SOM that
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residesin the soil for several years or longer (Reservoir-C). For the whole soil, we
calculate that decomposition of Reservoir-C contributes approximately 41% of the total
annual soil respiration. Of this 41%, recognizable leaf or root detritus accounts for 80%
of the flux, and 20% is from the more humified fractions that dominate the soil carbon
stocks. Measurements of CO, and **CO, in the soil atmosphere and in total soil
respiration were combined with surface CO, fluxes and a soil gas diffusion model to
determine the flux and isotopic signature of C produced as afunction of soil depth. 63%
of soil respiration takes place in the top 15 cm of the soil (O+A+Ap horizons). The
average residence time of Reservoir-C in the plant+soil system is 8+1 years and the
average age of carbon in total soil respiration (Recent-C + Reservoir-C) is 4+1 years.
The O and A horizons have accumulated 4.4 kgC m™ above the plow layer since
abandonment by settlersin the late-1800’s. C pools contributing the most to soil
respiration have short enough turnover times that they are likely in steady state. However,
most C is stored as humified organic matter within both the O and A horizons and has
turnover times from 40 to 100+ years respectively. These reservoirs continue to
accumul ate carbon at a combined rate of 10-30 gC m? yr™. This rate of accumulation is
only 5-15% of the total ecosystem C sink measured in this stand using eddy covariance

methods.
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Introduction

Well drained temperate forest soils in the northeastern United States have
accumulated carbon (C) over the past century as forest has regrown over former fields
and pastures. The rate at which mid-latitude forest vegetation and forest soils are il
accumulating C and can act to ameliorate future anthropogenic inputs of CO; to the
atmosphereis still uncertain. The capacity for ecosystems to store CO, depends both on
their productivity and the residence time of C (Thompson et al. 1996). Hence, the average
time between fixation of C by photosynthesis and its return to the atmosphere by
respiration or decomposition is an important parameter for determining the timing and
magnitude of C storage or release in response to disturbances like climate or land use
change (Fung et a. 1997).

Eddy flux tower measurements made since 1990 in a temperate deciduous forest
in central Massachusetts (Harvard Forest) show consistent net ecosystem uptake of C
averaging nearly 200 gC m? yr* (Wofsy et al. 1993; Goulden et a. 1996). Interannual
variability in the rate of net C storage has been linked to climate (Goulden et a., 1996).
The Harvard Forest is growing on land used for agriculture or pasture in the 19" century
and was damaged by a hurricanein 1938. Net carbon storage in aforest recovering from
these disturbances is not surprising. However, the partitioning of C storage among
vegetation and soils at this site is unknown, as is the potential for C storage rates to
change in the future as recovery from disturbance progresses.

The goal of thiswork isto quantify the below ground carbon cycle in well

drained soils that dominate the footprint of the eddy flux tower at the Harvard Forest. We
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use radiocarbon (**C) measurementsin soil organic matter (SOM) and CO, to quantify
the residence time of C in the plant+soil system and to determine the contribution of well-
drained soils to the net sink measured by Wofsy et a. 1993 and Goulden et a. 1996. We
also partition total soil respiration into two components using **C: (1) root respiration and
microbial metabolism of recent photosynthate within ayear of initial fixation (Recent-C),
and (2) CO; derived from microbial decomposition of SOM that resides in the soil longer
than ayear (Reservoir-C).

Radiocarbon measurements of SOM and CO, are an extremely useful tool to
determine the dynamics of soil carbon. **C produced by atmospheric weapons testing in
the early 1960s (i.e. ‘bomb C’) is used as an isotopic tracer for C cycling on decadal time-
scales. Carbon reservoirs such as SOM that exchange with the atmosphere reflect the rate
of exchange through the amount of '‘bomb' **C incorporated (Figure 1). **Ciin
atmospheric CO, is currently decreasing at arate of about 8% per year in the Northern
Hemisphere (Levin and Kromer 1997) because of uptake by the ocean and dilution by
burning of **C-free fossil fuels. The *C content of a homogeneous C reservoir in any
given year since 1963 may be predicted from the turnover time and the known record of
atmospheric *CO,. Utilization of bomb-produced *C as a continuous isotopic label has
advantages over other isotopic methods because it can be used in undisturbed ecosystems
and can resolve dynamics that operate on annual to decadal time scales.

Sail organic matter is made up of C fractions that cycle on a continuum of time
scales ranging from days to millennia. Because of this complexity, **C measurements of
bulk SOM at asingle point in time do not yield useful information about the rate of SOM

cycling (Trumbore, in press). At the Harvard Forest, we separated SOM into distinct
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pools with different characteristic turnover times (see Figure 2): recognizable leaf (L)
and recognizable fine (<2 mm) root litter (Lr), organic matter that has been transformed
by microbial action or humified, but is not stabilized by interactions with mineral surfaces
(H), and organic matter that is associated with soil minerals and thusis separable by
density (M). These four pools collectively comprise Reservoir-C as defined for this paper
and represent detrital C that remainsin the soil for one year or more. Carbon poolsin
SOM that cycle on timescales of less than one year are included in our definition of
Recent-C.

Carbon dynamics derived from measurements of *C in SOM fractions alone tend
to underestimate the flux of CO, from soils. Heterotrophic respiration is dominated by
decomposition of C with short turnover times and small reservoirs that are difficult to
measure. The majority of easily measurable SOM stocks represent slowly cycling
material with relatively long turnover times. Measurements of **C in CO, can be used to
determine the relative contributions of the recalcitrant C, which dominates SOM stocks,
and the more rapidly cycling C, which dominates heterotrophic and autotrophic
respiration. To derive a below-ground C budget that includes soil respiration, we
combined measurements of CO, and *CO, surface fluxes and soil atmosphere profiles
with amodel of soil gas diffusion to determine the rate and *“C signature of CO,
production in soil by horizon. This, combined with the predicted production of CO, and
4CO, derived fromthe L, Lg, H and M fractions of SOM, allowed us to partition soil

respiration into Recent-C and Reservoir-C.
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Site Description

The Harvard Forest is amixed deciduous forest |ocated near the town of
Petersham in central Massachusetts. The study areaislocated on the Prospect Hill Tract
(42.54°N, 72.18°W). The terrain is moderately hilly (average elevation 340 m) and
currently about 95% forested (Wofsy et al. 1993). The soils are developed on glacial till
deposits which are predominantly granitic. Drainage varies from well-drained uplands,
which make up most of the areain the flux tower footprint, to very poorly drained
swamps. The datareported here are for well drained soils with very low clay content and
mapped as Canton Series (coarse-loamy over sandy or sandy skeletal, mixed mesic Typic
Dystrochrepts). We sampled soils, soil respiration and soil gas profiles within 100
meters of the eddy flux tower where a multi-year record of soil respiration measured by
flux chambers is maintained (Davidson et al. 1998). The sites are within a mixed
deciduous stand, dominated by red oak (Quercus rubra) and red maple (Acer rubrum)
with some hemlock (Tsuga canadensis) and white pine (Pinus strobus). The area
comprising our study site was cleared in the mid-1800s, plowed and used primarily for
pasture. The pasture was abandoned between 1860 and 1880 (Foster 1992). The
regrowing forest was largely leveled by a hurricane in 1938 but has been growing

undisturbed since that time.
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Methods

Field

We sampled soils using the quantitative pit methodology as discussed by
Huntington et al. 1989 and Hamburg 1984. This method involves sampling alarge
volume of soil to allow calculation of horizon-specific bulk densities. Two 0.5 X 0.5 m
guantitative pits were dug in 1996 to a depth of about 80 cm. Pit locations were selected
to be similar to those where Davidson et al. 1998 are monitoring soil respiration and soil
CO; concentrations and are within 20 meters of their soil respiration collars. In each pit
excavation proceeded downward to the base of each pedogenic horizon which, was
differentiated by color and textural changes. In order to minimize sampling errors due to
repeated grid placement and removal, the top of each pedogenic horizon was calculated
by taking a weighted mean of 25 measurements from within the 0.5 X 0.5 m grid. This
system weights the center nine measurements 4X, the sides of the grid (not including the
corners) 2X and the corners 1X. Additional samples which integrated each soil horizon
were collected for radiocarbon and total C and N analyses from one of the pit faces.
Samples of the forest floor (0.15 X 0.15 m squares), core samples of A horizons and grab
samples of Ap and B horizons were collected in order to analyze the abundance and **C
of roots. During the summer of 1997, athird, shallower (0.17m X 0.37 m) pit was dug to
obtain more data for the O and A horizons. Samples were taken in approximately 2 cm
vertical increments to the base of the Ap horizon.

Collars sampled were the same as those used by Davidson et a. (1998) to monitor

soil respiration fluxes. Closed dynamic chambers were used for sampling isotopesin soil
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respiration, as shown in Figure 3. First, atmospheric CO; initially inside the chamber
cover was removed by circulating air at flow rates of ~.5 L min-1 from the chamber
headspace through a column filled with soda lime. Scrubbing continued until the
equivaent of two to three chamber volumes had been passed over the sodalime. Then
the air flow was switched and flowed through a molecular sieve trap (mesh sizel13X).
Molecular sieve 13X traps CO, quantitatively at room temperatures and then releases it

when baked at 475 °C (Bauer et al. 1992). CO, was trapped from circulating chamber air

until the amount required for isotopic (**C and **C) measurements (~2 mg of C) was
collected. Trapping times varied from about 10 minutes to an hour, depending on the soil
CO, emission rate. To achieve 100% yields of CO, from the molecular sieve traps we
have found that it isimportant to put a desiccant in-line (Drierite) in order to minimize
the amount of water getting to the molecular sieve

To measure CO, and its *C signature in the soil atmosphere we collected soil gas
samples from stainless steel tubes (3 mm OD) inserted horizontally into soil pit walls (the
soils pits were subsequently backfilled). The air within the tubing was first purged by
extracting a 15 ml syringe sample through afitting with a septum. Two more 5 ml
samples were then withdrawn from each tube, the syringes were closed with a stopcock,
and the CO, concentrations of the syringe samples were analyzed the same day in aLiCor
infrared gas analyzer as described by Davidson and Trumbore (1995). For the 1*C
analysis, we filled evacuated stainless steel cans (0.5 - 2.0 L volume) by attaching them to
the buried stainless steel tubes. A flow restrictor was used to fill the cans slowly during a
4 hour period so as to minimize disturbance of the concentration gradient. The soil gas
tubes were installed along with TDR and temperature probes in one pit in 1995 (not dug
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quantitatively for bulk density) and in a second pit dug in 1996 (dug quantitatively as
discussed above). All pits were located within afew meters of each other. The
concentrations of CO,, water content, and temperature were measured weekly during the
summer, once every two weeks during the autumn and spring, and once per month during
the winter.

Aboveground litter inputs were collected in six 0.41 by 0.41 m baskets. Each
basket was screened at the base and nailed into the ground. Samples were collected, dried
and weighed, once in the spring and then on a biweekly basis from late September

through early November 1996.

Laboratory

Prior to C and *C analyses, soil samples were separated into different SOM
fractions as defined for this paper (L., Lr, H and M) according to procedures outlined in
Figure 2. For mineral samples, material that was less than 2.1 g/cc was primarily
humified material (H). Fineroots (Lg) were a significant component of low density
organic matter only in the A horizon samples. To test for the importance of Lr in
determining bulk low density **C values, after density separation, one A horizon sample
was sieved to 80y and then hand picked to separate H from L components for *C
analysis. The Ap, Bw1 and Bw2 horizons had such a small proportion of fine root
material this additional processing was not performed. Once a soil C fraction was
isolated, it was split and half the sample was archived while the other half was ground or
finely chopped and analyzed for carbon and nitrogen content in a Fisons 5200 Elemental

Analyzer. Grinding was done with an air cyclone sampler for the Oi horizon. Oe +Oa
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samples and root samples were chopped finely with scissors and mineral samples were
ground by hand with a mortar and pestle.

In order to quantify fine root biomass, samples were taken by coring or from
subsamples dug from our quantitative pits. Samples were frozen immediately after
collection, then stored and processed at the Woods Hole Research Center. Oe +Oa
horizons were thawed, a sub-sample removed (approximately 8 cm®) and quantitatively
picked for fine roots (<2mm in diameter). Mineral soils were thawed, sieved through a
5.6 mm sieve and the fine roots that did not pass through the sieve were weighed. In order
to pick live versus dead fine roots, a sub-sample of the sieved soil was used
(approximately 8 cm®). Graphite targets of all SOM fractions and soil gas (CO,) were
prepared at UCI using sealed tube zinc reduction methods (Vogel et a. 1992). The **C
analyses of these targets were made by accel erator mass spectrometry (AMYS) at the
Center for AMS, Lawrence Livermore Laboratory, Livermore, California (Southon et al.
1992). Radiocarbon data are expressed as A*C, the per mil deviation from the **C/**C
ratio of oxalic acid standard in 1950, with sample **C/**C ratio corrected to a §**C value
of —25%o to account for any mass dependent isotopic fractionation effects (Stuiver and
Polach 1977). The precision for radiocarbon analyses prepared using the zinc reduction
technique in our laboratory is+ 7%, for values close to modern (0%o).

We measured *C in a subset of our SOM samples to determine the proper *C
correction for calculating A*C values. Low density samples had §'*C values which
ranged between -24.78 and -27.57%0. Low density H fractions averaged 0.38%o. higher in
13C than the M fractions (density >2.1 gC m™). Because the overall variation in §*C was
greater than the difference between fractions, we used the same correction (-26%o) for all
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SOM. The maximum error introduced to our **C determination by this assumption
(5.1%o) isless than the analytical uncertainty of 7%eo.

M easurements of *C for surface CO, flux samples were used to correct for mass
dependent fractionation as well asto correct for incomplete stripping of atmospheric CO,
in the chamber system during CO; trapping. The §**C value for CO, in air (8"*Camosphere)
is ~ -8.5%o0, Whereas the §*3C of soil respiration should be close to that of SOM (§**Cii =

-26%0). The fraction of air (X) in our sampleis then:

1. 1
X = ;132 measured __(;f%’” Equation 1

‘atmosphere 'soil

and we cal culate the A¥C of the soil respiration:

- X ><Al4Catmosphere
@-X)

measured

soil

Equation 2

The value of Slscamsphere at the level of the respiration collars (~5-10 cm) can
become as light as ~ —11%o. due to atmospheric inversion which traps plant respired CO,
and any fossil fuel derived CO, (particularly in winter) near the surface. Therefore, during
each sampling event we trap one air sample and analyze this for §**C. Theresulting §*C
isthen used for 613Camsphere in calculation of equations 1 and 2 for that suite of samples.
Vaues of X ranged between 0.09 and 0.61. The highest values of X are associated with

the samples taken in May, 1996, when no attempt was made to strip the initial chamber of
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atmospheric CO, (valuesin May were .61, .49, .40 and .34). For the July, September and
December sampling events when 2-3 chamber volumes were stripped prior to sampling,

values of X were all below 0.31 with an average of 0.17.

Modeling

Our methods for data analysis involve four modeling components: 1)
determination of CO, production by horizon, 2) estimation of A**C of CO, produced
within each horizon, 3) calculation of the amount of CO, derived from decomposition of
Reservoir-C sources and 4) partitioning of soil respiration into Recent- versus Reservoir-
C sources based on a C and **C mass balance approach. Each modeling component is

discussed in turn below.
1) CO;, Production Within Each Horizon

The production of CO, within each horizon was cal culated by combining
estimates of diffusivity with measured CO, concentration gradients. Effective diffusivity
was estimated for each soil horizon using the model of Millington and Quirk 1961,

modified for the presence of rocks and for temperature:

2 ) 1.75

Ds _ a*[ 2| « (100-%RF) (T Equation 3
D, € 100 273

where Ds is the diffusion coefficient in soil, D, is the diffusion coefficient of CO»

inair (0.139 cm? s at 273 °K at standard pressure), a is the total air-filled porosity, € is

the total porosity, %RF is the percent rock fraction, and T is the soil temperature (°K).
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As described by Collin and Rasmuson 1988 and by Davidson and Trumbore 1995, the

exponential term, 2x, isusually close to 4/3, and can be approximated by the polynomial:
X = 0.477a° - 0.596a° + 0.437a + 0.564 Equation 4

The first term in the Millington and Quirk 1961 equation estimates diffusivity in
the wet porous soil medium. The second term, which we have added here, adjusts for
rock content of these glacial soils, assuming that diffusion of gases through rocksis
negligible. Thethird term, adjusts for the effect of temperature on gaseous diffusion

(Hendry et a., 1993). Total porosity is estimated as:
e=1- (%) Equation 5

where BD is bulk density of the <2 mm soil fraction measured in our
quantitatively sampled soil pits, and PD is aweighted average of particle density,
assuming that organic matter has a PD of 1.4 g cm™ and soil minerals have a PD of 2.65 g
cm. Air filled porosity (a) was calculated as the difference between total porosity and
volumetric water content measured by time domain reflectometry (TDR) probes, as

described by Davidson et al. (1998).

The soil CO, concentration profile was fitted to an exponentia function (Figure

4):
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[CO,], =CO,_ (1-e")+0.04 Equation 6

where [CO,]; is the concentration of CO, at depth zin percent, CO... is thefitted
asymptotic CO, concentration at infinite depth, zis soil depth incm, B isafitted
parameter, and 0.04 is an adjustment for the approximate concentration of CO, at the soil
surface (i.e., about 400 L. CO, L™ air). Thefirst derivative of this equation is used to

estimate the diffusion gradient as afunction of depth:

dCoO . .
- = CO,. xpBx eh? Equation 7

Applying Fick'sfirst law and combining equations, the flux of CO, at a given
depth (F,) can be calculated from the product of the diffusion gradient and the effective
diffusivity:

2
FZ:@xDSx@:CC)zmxﬂxe'ﬁzxazx E
dz T £

- Equation 8
(100 - %RF) ( T ) ( 52700]
X X XD, X| ——

100 273 T

where F, has units of gC m? hr*, and where 52700/T is the factor needed to
convert to these units.

Using this equation, the flux at the top of each mineral soil horizon (see Figure 4)
was calculated for each sampling date in each of the two instrumented soil pits. Our
approach to calculating diffusivity differs from many others (e.g., de Jong and Schappert,

1972; Johnson et al. 1994; Mattson 1995), in which the flux was calculated from an
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assumed linear diffusion gradient between two points where CO, concentrations were
measured. The exponential fit used here for characterizing the CO, profiles (Figure 4),
while imperfect, appears more appropriate.

Finally, estimation of the production of CO, within each genetic horizon (P,) was
calculated from the difference between the flux at the top and bottom of a given soil

horizon such that:

P. = Frou - Fin Equation 9
where Fy.out and F.j, correspond to the appropriate F, (Figure 4). Production
within the O horizon was estimated by the difference between the mean of the six surface
chamber flux measurements and the calculated flux at the top of the A horizon. This
approach avoids the difficult problem of estimating diffusivity in the O horizons, where
small differencesin measured bulk density and water content (both of which are difficult
to measure well) would have alarge effect on our estimate, and where diffusion may not

always be the dominant mechanism of gas transport.
2) A¥*C of CO, Produced Within Each Horizon

Thetotal CO, and *CO, flux leaving a soil horizon results from a mixture of the
CO, that is diffusing through that horizon and that which is produced within the horizon.
Therefore, based on horizon specific estimates of CO, production (P,) and measurements
of the **C in CO, coming into (AFy.in) and going out (A o) Of @ subset of the soil
horizons (in this notation, A refers to **C of F in %o units, and not “changein F’), we can

use a simple mixing equation to calculate the **C of CO, produced within that horizon
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(APy) from both Recent- and Reservoir-C sources. The equations used to calculate AP, (in

%o units) from CO, production rates and fluxes (in gC m? yr'*) are Equation 9 and:

(Foin + B) X AR o = Rin X ARy, + B, X AR, Equation 10

In this approach chamber measurements of **C in CO, from the surface efflux
serve as ARy o for the O horizon and are used to calculate AP, for the entire O horizon.
We lumped O, A and Ap horizons (representing the top ~15 cm) because of the large

variability in the **CO, data available for constraining the O/A and A/Ap transitions.
3) Decomposition of Reservoir-C

We calcul ate decomposition of Reservoir-C fluxes by first calculating turnover
times for each SOM component using its **C signature and then calculating a

decomposition flux based on that turnover time.
3.1) SOM Turnover Times from **C

We used two approaches to determine turnover times for SOM fractions from
radiocarbon measurements. For organic matter in the Oi and mineral horizons (Ap and

B), we used atime-dependent, steady state model as presented in Trumbore et al. (1995):

C(t) X Rsom(t) =1x Ratm(t) + C(t-l) X Rsom(t-l) - kx C(t-l) X Rsom(t—l) - AX C(t-l) X Rsom(t-l)

Eq. 11

Collecting terms:
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n o XRapg (CeyxR
som(t) C

x (1-k-1))

som(t -1)

Equation 12
®

where:

C = Stock of carbon for the given C pool in gC m? 1 =

Inputs of C above and
below ground in gC m?yr*

k = Decomposition rate of SOM inyr™

A]AC\
R= (1000 j~1

Ram = Theratio of **C in the atmosphere normalized to a standard.

Reom = Theratio of **C in the given SOM pool: L, H or M, normalized to a
standard.

)\ = radioactive decay constant for **C = 1/8267 years.

t = time (year) for which calculation is being performed

| and k are adjusted to match both observed C inventory and **C content for the
fraction in 1996. Note that the Rom at any time t, depends not only on the Ram) but on
both C inventory and R4, Of previous years.

For the Oet+Oa and A horizons that have accumulated above the plow layer since
abandonment between 1860 and 1880, we used a non-steady state model that matches
both the total amount of C and **C in 1996. We assumed zero initial C in 1880.
Assuming constant | and k, the amount of carbon initially added in each year j (since
1880) that remains and can be measured in 1996 (C;) will be:

C, = xe D Equation 13
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The *C signature of Cjwill be Ram). Therefore the total amount of carbon and

radiocarbon measured in 1996 is shown by equations 14 and 15 respectively:

j=1996
Cuos = 2,C, Equation 14

j=1880

j=1996

_ 2 Rum(iy X G,
j=1880

Romi00s) = oo Equation 15
26
1880

Again, | and k were adjusted until they matched observations of C and **C for
each fraction in Oe+Oaand A horizons. The rate of accumulation of carbon for a given
fraction in 1996 is the difference in C inventory calculated for 1995 and 1996.

Both steady state and non-steady state accumulation models assume (1) all carbon
within agiven SOM fraction (L, Lgr, H, or M) is homogenous with respect to
decomposition; (2) the time lag between photosynthetic fixation and addition of fixed C
to SOM is one year or less (i.e. the A¥C of C added to each SOM fraction each year is
equal to Ram()) and (3) radiocarbon does not fractionate during respiration. We have
aready corrected for mass-dependent fractionation effects when calculating A'*C values.
Any time lag that does exist between photosynthetic fixation and addition of fixed C to
SOM (contrary to assumption 2) will cause an overestimation of turnover time (TT) equal
to thislag (Thompson and Randerson, 1999). Assumption 2 holds for the majority of
aboveground litter inputs (deciduous leaves) which are fixed and fall to the ground within
one year. Effects of this assumption with respect to other SOM inputs will be discussed

|later in the text. Figure 5 shows the A¥C of a SOM fraction as a function of turnover

timesin 1996 for both the steady-state and non-steady state models. Significant
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differences between approaches appear only for fractions with turnover times greater than
about 25 years. Thisis because the assumption of zero initial carbon in 1880 in the
accumulation model limits the amount of pre-bomb **C in the SOM that is available to

dilute the post-bomb carbon that has accumulated since 1963.
3.2) Calculating SOM decomposition fluxes

Decomposition fluxes for theL, H and M components of SOM are determined as
the inventory in each fraction divided by the turnover time derived from *C. Since the
turnover times for fine roots are too uncertain (as will be discussed in the results section),
wetreat the flux from Lg as an unknown and solve for it in the C and **C mass balance
section.

The turnover times derived from *C data may represent the time scales for C loss
via several mechanisms, including (1) decomposition loss of CO, to the atmosphere; (2)
C transfer to another SOM fraction (for example litter to humified material i.e., L, or Lg
to H or M); or (3) loss by leaching. Data for dissolved organic carbon (DOC) transport
from similar stands in Harvard Forest are available from Currie et a. 1996, and show
leaching losses to be minor compared to the other fluxes, except in the O horizon where
DOC loss is approximately 20 gC m? yr™. Thislossis only afew percent of the total
annual CO; flux, hence we have excluded it from consideration here. Consequently, we
assume al loss to be from decomposition or transfer from one C fraction to another.

We model the litter components L, and Lr as having two fates. decomposition to
CO; or transfer to the H or M fractions. For the H and M fractions we assume that their

source of Cistransfer from L and Lg fractions and that their most important l0ss process
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is decomposition to CO,. The flux of CO, derived from decomposition of leaf litter (F.)
isthe inventory of leaf C divided by itsturnover time, corrected for the fraction of L, that
istransferred to the H+M pools. Since we cannot independently partition the flux of L
into either CO, or atransfer flux, we bracket our estimates by assuming two extreme

cases in which all of the H+M inputs come from either (1) L or (2) Lg.

Partitioning of Soil Respiration Sources

The total amount of radiocarbon in soil respiration equals the amount of CO,
derived from Recent-C sources (root respiration and C metabolized within one year of
origina fixation; R), plusthat derived from Reservoir-C (decomposition of L, Lg, H and
M fractions that reside in the soil for longer than one year). If the A¥*C signatures of these
components differ significantly, we may use a mass balance approach to determine the
relative contribution of each to total soil respiration. We use an isotopic mass balance
based on estimates of CO, production, the A¥*C in CO, and **C-derived estimates of
decomposition fluxes from the SOM fractions. For the whole soil profile, equations of
mass balance for C and *C are:

P=F,+F +F,+F,+F, Equation 16

and

P X AP = Ky XAR 00 + FL X AL +F g X AL+ Ky X AH + Ry X AM

Eq. 17

In equations 16 and 17, P isthe total annual soil respiration flux and F is the flux

of CO, derived from Recent-C. F_, F.r, Fy and Fy are fluxes of CO, derived from their
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respective Reservoir-C sources. The A values required for the **C mass balance are either
measured (for AL, Lr, AH and AM), assumed to equal ARxm (1096) (for Recent-C), or
calculated from CO, and **CO, fluxes (AP). For the soil profile asawhole, P and AP are
the measured surface flux and its A**CO, signature respectively.

We then solved equations 16 and 17 for the remaining unknowns, Fr and F_r.
Since C stocks and rates of C turnover vary vertically within the soil profile, the relative
proportions of CO, from Fg versus the SOM fractions will vary with soil depth and
horizon. Equations 16 and 17 may also be written and solved for each individual soil
horizon. However, because of difficulties in characterization of the O/A horizon
transition, and uncertainties in the production of roots as a function of depth, we have
combined the O+A+Ap horizons and performed the **C mass balance on only three

layers: the O+A+Ap (uppermost 15cm of soil), B and C horizons.

Results

Carbon Inventory

Average carbon stocks are shown in Table 1 by pedogenic horizon. Carbon stocks
decrease rapidly with depth at all sites, from 450 gC Kg™* dry soil in the O horizons to
less than 10 gC Kg™* dry soil for the Bw2 horizon. We report carbon inventories only to
the bottom of the Bw2 horizon because the presence of large boulders limited our ability
to measure bulk densities below this depth. The total C stock averages 8.8 kgC m™, with
the majority of C (80%) in the upper 15 cm, which make up the organic and A + Ap

horizons. Measured litterfall inputs to the O horizon were 150 gC m? yr™ in 1996.
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The fraction of soil volume taken up by rocksis spatially variable. In two of the
three pitsthe O and A horizons were much less rocky (0-2% rocks) than the B horizons
(10-35% rocks). However one of our three pits had no less than 15% rocksin al horizons
down to 60 cm. Spatial heterogeneity in soil C stocks has been studied in rocky forest
soils similar to those found at Harvard Forest. Fernandez et a. 1993 show that between
73 and 455 samples are required to quantify C stocks to within 10% depending on soil
depth. Huntington et a. 1988 were able to quantify C stocks to within 20% only after
digging 60 .74 X .74 m pits. Therefore in this study instead of quantifying variability
within a site we focus on the C dynamics for specific profiles and assume C dynamics
will be the same even if the inventory of a given SOM fraction varies spatially for sites
with similar drainage.

The four rightmost columns of Table 1 show the inventory of the isolated soil C
fractionsL or Lg, H and M. Carbon in low density fractions decreases rapidly with soil
depth, from 100% in O horizonsto <1% in B horizons. Low density carbon (L, + Lg +
H) makes up 54% of the total soil carbon stock, but is 87% of the carbonin O + A
horizons.

Quantitative picking of roots showed they make up 7-19% (n = 5) and 1-4% (n =
5) of the dry massin the Oe +Oaand A horizons, respectively. Assuming roots are 50%
C by weight, the fraction of carbon in live and dead roots make up ~14% of the total C
stocks in the Oe +Oa horizon, decreasing to ~0.2 % in the Bw2 horizon. Our estimate of
total fine root mass of 360 gC m (live + dead) islower than that of McClaugherty et al.
1982, who found 525 gC m (live + dead) in well-drained mixed hardwood soils at a

neighboring study area within the Harvard Forest. Fahey and Hughes 1994, found ~320
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and 350 gC m? (live+dead) in June and October respectively in a mature northern
hardwood forest. Our values also decrease more rapidly with depth than those of
McClaugherty et al. 1982 who found 70, 55, and 15 g C m for 15-30, 30-45 and > 45 cm
respectively for live + dead fine roots. In addition, our ratio of live:dead fine roots (data
not shown) at all depths are significantly greater than those reported by McClaugherty et
al. 1982, suggesting either differences in procedures for distinguishing live from dead
roots or that we sampled during a seasonal maximum in live root abundance. Technicaly,
it isthe dead roots, not the live roots, that are decomposing and contributing to CO,
fluxes. Therefore, live roots should not be considered part of the SOM. However,
because we were not ableto reliably distinguish live from dead with confidence, we

report them together as L.

CO, production estimates

Total soil respiration as determined from chamber measurementsin 1996
was 840 gC m? yr* (Davidson and Savage, unpublished data)). Production rates for CO,
(Figure 4) by soil horizon were 190, 340, 235 and 75 gC m? yr™* for the O, A+Ap, B and
C horizons respectively. The estimates of CO, production within each soil horizon
include uncertainties associated with the diffusion model, the exponential fit of the CO,
concentration profiles, and, in particular, measures of rock content. We used the average
rock content of two quantitatively sampled soil pits dug in 1996. One had almost no rocks
inthe O and A horizons while the other had 20-30% coarse fragments. Repeating the
calculations assuming either no rocks or the higher estimate of rock content, changed CO,

production rates for the A horizons by roughly 50 gC m? yr*.

37



Radiocarbon in SOM fractions

The average radiocarbon content and the range of values measured in the isolated
SOM fractions are plotted by horizon in Figure 6. A¥C values for the low density SOM
(L. or H) fractions increase from the Oi horizon (L) where values are 132 + 8%o to a
maximum in the Oe +Oa horizon (H) of 200 + 19%.. Humified material in the A horizon
is 121%o, and its “*C signature decreases rapidly in the Ap and B horizons. Within all
mineral horizons, the low density carbon, which is primarily humus (H), has consistently
higher A¥C values than mineral-associated (M) carbon, with the largest difference (55%o)
in the Ap horizon. Large negative A¥C valuesin both H and M fractions in the Bw1 and
Bw2 horizons indicate the majority of soil carbon at these depths has not exchanged with
the atmosphere since 1950 and has, in fact, remained in the soil long enough for
significant radioactive decay to occur (half life = 5730 years).

The A*C content of live and dead fine roots by horizon are also shown in Figure
6. All roots have A™C values between 134 and 238%., significantly higher than the
atmosphere or live deciduous leaves sampled during 1996 (97+7%o). Live roots on
average have lower AC values than dead roots, and A*C values for both increase with
soil depth. The A¥C values we measure for live fine roots are surprisingly high, asfine
rootsin this size class (< 2 mm diameter) are thought to have annual or faster turnover
based on studies that calculate turnover from the ratio of fine root biomass to production
(seereview by Vogt et a. 1986) and on direct measurements from rhizotrons,
minirhizotrons or root screens (Burke and Dudley 1994, Hendrick and Pregitzer 1992,
Hendrick and Pregitzer 1993 and Fahey and Hughes 1994). There are three possible

interpretations to explain our data. First, the bulk of the fine root mass may live for
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significantly longer than one year. Second, carbon in roots may be allocated from
elsewhere in the plant, i.e., the roots may live for only a short time, but the carbon from
which itstissues are constructed was fixed some time ago and was translocated from
storage reservoirs when the root grew. Third, roots may take up SOM (Simard et al.
1997) either directly or viamycorrhizal associations, and incorporate it into their tissues.
It is possible our root picking procedure may have mistaken dead roots for live ones,
which could potentially be the cause of the elevated **C in live roots. To address this, we
sampled one obvioudly living fine root in 1997. The main stem (1mm in diameter) had
A™C of 134%o while a smaller growth off that stem had A**C of 116%.. While these
values are lower than the 1996 root numbers they are still significantly higher than the
atmosphere in 1997 (92+7%o), confirming that at least this one live root contained
relatively “old” carbon. This one root may not be representative of all species and growth
forms, which were averaged during the 1996 quantitative root picking.

The 1997 root data show that different parts of the same root have C that differsin
age by 2 years. Thusif longer turnover is the explanation for elevated **C, fine roots even
1 mm in diameter and less may not be acting as a single pool with one TT. The data
would then imply that the tips (asmall part of the mass) may turn over significantly faster
than the rest of the root (the bulk of the mass). In a manner analogous to SOM stocks, the
most recalcitrant root biomass pool isthe largest fraction of the total root biomass pool
and is the portion most easily separated from a soil sample for analyses.

Presently, we do not know which of the three above hypotheses for explaining
high A¥C valuesin root biomassis correct, and additional research is being conducted to

address this important issue. We can however, proceed with our mass balance approach
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without cal culating any turnover times for fine roots based on their A¥*C values. We
instead solve for F_r as one of the unknowns. However, even without an understanding of
the mechanism, our AC data show that live fine roots, upon their death, are adding
carbon to SOM that averaged roughly 165%. in 1996 and that must have been fixed on
average 7+1 years previoudly.

Figure 7 shows the distribution of C and **C among the different low
density componentsin O and A horizons. In the O horizon (Figur e 7a), deciduous |eaf
parts had A*C values that increased with depth, from 113% in the Oi to 132%o in the Oe
+Oa, where leaves became difficult to recognize. Radiocarbon in fine roots, which
represent 14% of O horizon C (Table 1), ranged from 153%e. (live roots) to 188%. (dead
roots). The remaining, undifferentiable, material (H) had a A¥*C value of 201+19%. (n
=2). Visual inspection shows H, which contained 63% of C in the O horizon sample,
consisted of extremely fine root fragments (< 0.5 mm), and dark, humified material that
could not be identified.

Figure 7b shows the distribution of C and A*C for the A horizon low density
fraction, which was sieved to 80u and hand picked to remove roots. The measured
components range in value from 48%o to 266%o.. The >80 material makes up 82% of this
low density sample and has a A™C of 130%o. Roots (live + dead) are 7% of the carbon
with aweighted average A¥C of 256%o. (n=2). The <80u fraction had the lowest
measured *C value (48%o). The inventory-weighted average A*C for all four

components was 132%o. To calculate aflux for the H component alone, we take a stock



weighted *C for the two components greater and |ess than 80u (Figure 7b) which equals

121%o (.82* 130%o0 + .09* 48%0)/0.91.

Radiocarbon in the 1996 atmosphere at Harvard Forest

Partitioning of soil respiration using isotopic mass balance requires that we know
the A*C of CO, for the atmosphere in 1996 (variable ARam096) in Equation 17). For
1996, this value was obtained from two measurements of air within the Prospect Hill
Tract on July 11, 1996, and one measurement of alive deciduous leaf collected on the
same date. The three values are 987, 96+6 and 97+7%o, averaging 97 +1 %.. We assume
the C lost within ayear of being fixed by photosynthesis, including root respiration and
decomposition of labile SOM, will have this value in 1996. We support this asssumption
with two lines of evidence. First, Horwath et a. 1994 performed a whole tree labeling
study on two year old, three meter tall tulip poplar trees. They found that respiration of
labeled C from the roots occurred within 12 hours of 1abeling, the peak activity in
respiration was measured after two days and within two weeks the activity of root
respiration was less than 5% of the maximum value. Second, three fruiting bodies of the
genus Boletus, a mycorrhizal fungal symbiont, collected in 1996 at Harvard Forest had
A™C of 97, 99 and 98%.. The fact that their A¥*C signature is the same as the 1996
atmosphere, indicates they are living off of Recent-C substrates, namely root exudates,
and not the relatively *C enriched Reservoir-C of the O horizon in which they are rooted.
Since root exudates are Recent-C it follows that maintenance metabolism by treesin this

ecosystem must also be respiring Recent-C.
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Radiocarbon in soil CO,

Figure 8A& B shows CO, fluxes and measured A¥C in CO, of the surface flux
for four sampling periodsin 1996. The CO, fluxes shown in Figure 8A range between
40 and 200 mgC m hrt. The largest values measured were in the early summer and the
lowest in the winter (see Davidson et al., 1998 for more complete seasonal CO, flux
data). All flux measurements were made within 1-2 days of **C sampling, except for the
late September sampling event when fluxes were measured 8 days previously. Measured
A™¥C in CO, values for 1996 in Figure 8B range from 103-176%o and are all higher than
the atmospheric A¥*CO, for 1996 (97+1%o). Hence, decomposition of organic matter in
the L., Lg and H fractions, primarily in the O and A horizons, and which have A¥C
values greater than 100%o0, must contribute significantly to the total soil CO, flux. In
1996, the highest A¥C values in soil respiration were observed in the spring and summer
with values of 138 and 149%o. respectively. The lowest values were in fall and winter
where AYC drops to 111 to 121%. respectively. The datafrom Figure 8A& B were used
to calculate an annual flux weighted mean A Cin soil respiration for 1996 of 128+9%o (n
= 12).

The concentration-weighted annual average A¥*Cin CO, for soil air (by depth) is
shown in Figure 6 and Table 2. AC values range from 128 to 136%o, al significantly
greater than the 1996 atmosphere (97+1%). Temporal variability in measured A¥C
values are greatest at 10 cm (the A horizon) where the values used for averaging ranged
from 113 to 161%o.. At all other depths the annual variation was 20%o or less. The fact that

the AC in CO;, is greater than either atmospheric CO, or H and M carbon in the mineral
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Ap and B horizons shows decomposition fluxes must be dominated by root litter (F.r)

which has much higher A¥C values.

Fluxes and Turnover time of C in SOM fractions

Table 2 shows the turnover times for SOM fractions as derived from their
radiocarbon content and the functions shown in Figure 5. Modern A¥C values (>100%o)
have two possible turnover times for each A™C value. For example, the A¥C of H in the
Oe +0a horizon is 201%. which corresponds to turnover times of either 9 or 40 years
(Figure 5, non-steady state model). Based on the requirements for total CO, and *CO,
production in each horizon, we chose the longer turnover time for the H fraction in this
and other horizons. We did not calculate turnover times for root litter (Lg) because of the
potential for asignificant lag time to affect the A¥*C values measured in 1996. Thetime
lag would also affect the TT for undifferentiable (H) material that is derived from both
leaf litter and fine roots. In each case, failure to correct for any lag will cause
overestimation of turnover times by as much as the inferred **C-derived lifetime of live
roots (7+1years). Failure to account for time lags if roots are the principal source for more
recalcitrant organic matter would result in turnover times for H and M fractions that are
~7 years too long.

The flux of CO, derived from decomposition of L, H and M fractionsis
calculated in Table 2 from the C inventory and turnover time. Again, no flux is
calculated for fine root decomposition (F_r); instead we use the CO, and **CO, mass

balance to calcul ate this below.



Partitioning of soil respiration

Equations 16 and 17 contain three unknowns: F_, F.r and Fr. We therefore
introduce an additional constraint so that we may solve for all three fluxes. Aswe have
defined them, L and L pools represent the detrital root and leaf material that take longer
than one year to decompose and are identifiable in SOM. From the inventory of detrital
leaf litter (L. ; 380 gC m™) measured in the soil, and its turnover time (4 years; Table 2),
we calculate the annual flux of C into the L, pool as 95 gC m? yr'*. The fate of leaf
detritusis either to decompose directly to CO, (thisisthe flux F_ ) or to be incorporated
into soil humus and mineral pools (H+M). We do not know this partitioning; however,
based on C and *C inventory and our non-steady state model, we assume the the annual
rate of input to the H+M pools equals the decomposition flux from these pools(~70 gC m’
2yr' see Table 2). We then consider the two extreme cases, where all humus and
mineral C isderived from leaf detritus, or al of it is derived from root detritus. F, isthus
constrained to be between 25 and 95 gC m? yr. In Table 3, we use these minimum and
maximum values for F | and solve for the two remaining fluxes, F g and Fr. Table 3 also
shows cases for using the minimum and maximum values for observed A*C of detrital
leaf (113 and 132%o) and root (180 and 214%.) pools. The ranges and means of this
approach are shown in Figure 9.

Our results from partitioning soil respiration for the entire soil profile using CO,
and *CO, mass balance are summarized in Table 3 and Figure 9. Approximately 41%
(34%-51%) of CO, produced annually is derived from decomposition of low density
SOM with TT greater than oneyear (L, Lg H and M, i.e.Reservoir-C). The
decomposition of H and M fractions with turnover times >40 years contributes only 8%
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of the total annual respiration flux, with the remaining 33% (26%-43%) from root and
leaf litter decomposition (with plant+soil residence times of 2 to 10 years). The fluxes
into and out of the H+M pools are constrained by their **C-derived TT and reservoir size
(Table 2) and represents an average over decadal time scales. The average flux of 70 gC
m?yr™* shown in Figure 9 implies the H+M pool to bein steady state. The uncertainty of
40-70 gC m?yr is an estimate based on accumulation rates discussed in the following
section.

Note that the flux of C into and out of the L, pool isless than the total annual
measured leaf litterfall (150 gC m2yr?; Figure 9). Weinfer that 55 gC m-2 yr-1 (1/3)
of the freshly deposited litter is decomposed in < lyear (and henceis not detected from
leaf detritus collected the following summer). Similarly, comparing the range of fluxes of
C out of the Lg pool (170- 270 gC m?yr™, which is equal to F g + the flux of root C
transformed to humus) with annual root production estimates by McClaugherty et al.
1982 of 270 gC m?yr* indicates that 0-100 gC m?yr™ of root litter is decomposed in

less than one year.
Depth-dependence

Figure 4 and Table 4 show that 310 gC m?yr™ or 37% of the total annua soil
respiration is produced below 15 cm within the B and C horizons. Comparison of isotopic
data for the SOM fractionsin these horizons in Figure 6 and Table 2 clearly
demonstrates that the two main sources must be root decomposition and Recent-C,
because the decomposition of H+M reservoirs accounts for <2 gC m? yr* (with F. = 0).

Application of C and *C mass balance to the B and C horizons shows that 39% and 37%
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respectively, of the respiration comes from Reservoir-C (Table 4) and that essentially all
of this flux is decomposition of roots with high A¥C values relative to the atmosphere. In
the upper 15 cm of the soil profile (O+A+Ap) we estimate that 44% is Reservoir-C, with
32% from the decay of leaves and roots with TT of 2-10 years, and 12% from H and M
fractionswith TT >40 years. More frequent measurements of **C in total soil respiration
and within the vertical profile will allow for more detailed calculation of depth
dependence of the make-up of soil respiration. Our measurement of root biomass in the
B horizon (Table 1) is insufficient to support the approximately 90 gC m? yr* of
decomposition required by the mass balance approach, if fine root mass is homogenous

with respect to turnover.

Discussion

Rate of Carbon Accumulation in SOM

The O and A horizons have accumulated 4.4 kgC m™ above the plow layer (Ap
horizon) since the late-1800s. Thisisroughly half the carbon in the soil profile. Carbon
pools with turnover times that are less than several decades (leaf and root litter), which
make up 15% of the soil carbon in these horizons, must have achieved steady state with
vegetation inputs by 1996. Most of the C in the O and A horizons, however, isin the
form of altered, humified (H) material not associated with minerals. The rate of turnover
of these fractionsis slow enough (40 to 100+ years) that the annual C inputs (I in Egs. 11-

13) required to support the inventory and **C observed in 1996 are small (20-50 gC m™
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yr'inthe Oe + Oaand 10-30 gC m? yr' inthe A horizon. Therate of C accumulation in
1996 estimated using our accumulation model is 2-7 gC m? yr* for the Oe +Oa and 8-23
gC m? yr for the A horizon. The ranges reported bracket the values obtained for
different model runs representing mean, low and high values (i.e. = 1 standard deviation)
of both C stocks (Table 1) and their **C values (Table 2). Also included in the range are
runs done using the specific C inventories and A¥C values for each of the two pits (data
not shown). Variability in rock content between the two pits affected the overall C stock
calculated for each pit and thus the pit with the most rocks had the smallest rates of C
accumulation.

While these rates are large compared to storage rates in soils over longer
timescales (e.g. Schlesinger, 1990; Harden et al., 1992), they are less than the annual net
C uptake measured for this ecosystem of ~200 gC m™? yr* (Goulden et al. 1996). Overall
C accumulation rates by the well drained soils which dominate the area within the tower
footprint account for 5-15% of this net ecosystem uptake. The predominant wind
directions at the tower site are southwesterly and northwesterly. A small area of poorly
drained soils close to the tower to the southwest and a swamp 500m from the tower to
the northwest could be larger sinks per unit area than are the well drained soils.

We have assumed the leaf and root litter pools, which have TTs <10 years, are at
steady state. However, if net primary productivity has been increasing as aresult of CO,
or N fertilization, then leaf and root litter pools may be sequestering C. As discussed
earlier, annual inputsto L, and Lg pools are 150 and 270 gC m? yr* (see Figure 9).
Assuming a 1% per year increase in NPP between 1991 and 1996 and correcting for the
inputs respired during the same year then the L and Lr pools could also be storing a
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combined ~20 g C m? yr* ((270 —15) +(150-55)) gC m? yr* *.01 yr* *5 yr) through this
period. Combined with the accumulation in the humic fractions of the O and A horizons

this could account for as much as 25% of the net ecosystem uptake.

Partitioning of Soil Respiration

We estimate from our radiocarbon studies that 59% of the soil respiration was
derived from C that resided in the plant+soil system for less than one year. Using
trenched plots to exclude roots, Bowden et al. (1993) estimate that root respiration (plus
decomposition of roots killed during trenching) was 33% of the total soil respiration at a
nearby study site at the Harvard Forest. Using litterfall exclusion and addition
manipulations, these authors estimate that 11% of the total soil respiration was from
above-ground litterfall less than one year old. Hence, Bowden et a. (1993) estimated a
total of 44% of the respiration was derived from C with aresidence timein the soil
system of less than one year. Both radiocarbon measurements and root and litter
mani pulations have uncertainties, and the best interpretation is probably that these two
very different approaches yield estimates that about 50% + 10% of the soil respiration is
derived from C that is less than one year old. Bowden et al. (1993) also estimate that
30% of soil respiration was from root litter that had resided in the soil more than one
year, which is consistent with our radiocarbon data that show somewhat surprisingly long

mean residence times for live and dead roots.



Time Lags in the Soil C Reservoir — potential for interannual

variability

The measured A¥C of total soil respiration is 128+9%. for 1996 which
corresponds to a mean residence time for C in the plant+soil system of 4+1 years. This
represents the time an average C atom spends in the plant+soil system since original
photosynthetic fixation and includes both root respiration and all decomposition sources.
We also calculate the average value for A¥C of heterotrophic respiration is 167%o which
corresponds to an average age of 8t1 years. Thus a significant time lag exists between
initial C fixation and ultimate respiration by heterotrophs. Therefore, variationsin C
storage or loss in any one year must partially reflect the net ecosystem uptake of previous
years. (Schimel et al. 1997, Fung et al. 1997).

The age of C respired from soil can be used to predict the **C isotope
disequilibrium for Harvard Forest. The **C isotope disequilibrium is the difference
between the *3C signature of atmospheric CO, being fixed by plants and the **C respired
from soils. A difference is expected because the *3C in the atmosphere has been
decreasing with time due to the addition of **C-depleted fossil fuels to the atmosphere
(e.g. Ciaiset a. 1995, Fung et al. 1997). Using the §*3C trend of —0.02%o per year (Fung
et al. 1997), and an average age of 81 years for heterotrophic respiration, we estimate
the *C isotope disequilibrium at the Harvard Forest to be -0.16+.02%o. Thisislessthan
that predicted using the CASA model for temperate deciduous forests (Thompson and
Randerson, 1999, Fung et a. 1997), largely due to the influence of woody debrisin the

CASA model. Woody debrisisrelatively small at the Harvard Forest floor, because of
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clearing of downed wood following the 1938 hurricane. However, Johnson and Todd
(1998) note that woody debris does not seem to be an important source of humified SOM
in adeciduous forest at Oak Ridge, TN. Further work should place more emphasis on
measuring radiocarbon in CO, respired from decomposing logs to asses the importance of

this component to total soil respiration.

Heterogeneity issues

Comparison of the bulk SOM A*C with the A¥C in CO, at depth (Figure 6)
clearly demonstrates that the A**C signature of the SOM alone is not enough to estimate
C dynamics. Even with density separationsinto low and high density pools, A¥C of SOM
isusually biased toward recalcitrant C stocks. Thisis particularly true in the minera
horizons where the vast mgjority of C stocks are hundreds of years old and have large
negative A¥C values. The small pools of fast cycling SOM (fine roots) with significant
amounts of ‘bomb C’ are effectively diluted beyond isotopic recognition. Our technique
of respiration partitioning, which accounts for decomposition via **CO, measurements, is
particularly robust in the mineral horizons where the respiration sources are so
isotopically different and have less spatial and temporal heterogeneity.

Methods of estimating bulk soil turnover rates by taking soil C stock divided by
CO, flux aso do not account for soil profile heterogeneity. Particularly in temperate
forest soilswith significant O and A horizon carbon stocks, this approach will yield poor
estimates of the response time of soils to climate change scenarios. Figure 10 shows
differencesin soil Cincrease in response to a 10% increase in C inputs for a one-pool

model with aturnover time of 25 years versus a multi-pool model representing the well
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drained soil at Harvard Forest. The one pool model overestimates the amount of C
sequestered both in the short and long term. After 100 years, the one-pool model over
predicts C storage by almost 600 gC m™.

Similarly, bulk SOM radiocarbon measurements may also cause an
overestimation of decadal scale SOM response. For example, had we not partitioned the
low-density carbon in the A horizon into different components (fine roots,
undifferentiable material >80u and < 80u), the bulk *C value would have been 132%o
withaTT of 66 years. Instead, Figure 7B shows the sample to be composed of
components with **C-derived TTs ranging from ~8 to >100 years. Analogous to taking an
average TT for the whole soil, the response of SOM would be overestimated if the A*C
signatures of the low-density C sample components were represented using the bulk
radiocarbon value (see Figure 10).

The turnover times we derive from modeling the **C content of SOM fractions are
averages over several yearsto decades. Actual decomposition ratesin any given year
may deviate from these averages. For example soil respiration measured in Harvard
Forest well-drained soilsin 1997 (adry year relative to 1996) was 660 gC m yr™
(Davidson and Savage, unpublished data), compared to 840 gC m? yr™* for 1996.
Monitoring of soil respiration isotopic composition should shed light on whether the
reduction in soil respiration in future years is caused by changes in decomposition,
changesin root respiration, or both. The power of coupling this approach to measuring
soil profiles of CO, and **CO, will allow determination of where in the soil profile

changes occur in response to climate.
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Conclusions

e SOM pools are accumulating C in well-drained Harvard Forest soils as they
recover from historic disturbance. However, the rates of accumulation weinfer,
10-30 gC m™ yr, are only 5-15% of the 200 gC m yr‘observed by the eddy flux
tower. More poorly drained soils also in the tower footprint may be accumulating
larger amounts of C per square meter area, although they are far more limited in

ared extent.

e Measurements of **C in soil organic matter emphasize organic matter fractions
with longer turnover times (TT) which dominate soil carbon inventory.
Calculationsof TT derived by dividing total C inventory by estimated
heterotrophic respiration are not good predictors of the response time of soils

because soil organic matter (SOM) is not homogeneous.

e Measurements of A¥Cin CO, are required to correctly model the C that is

actually respiring and to fully understand below ground C dynamics.

e Interpretation of **C datain SOM at Harvard Forest are complicated by fine root
inputs with *C elevated by ~65%o relative to the atmosphere, implying that the
fineroot C was fixed on average 7+1 years ago. We do not currently understand

the mechanism behind this lag in radiocarbon input.

e Weestimate 41% of total soil respiration comes from decomposition of SOM that
decomposes on timescales of 1-100+ years. Of this, 80% involves direct

decomposition of leaf and root litter with TT of 2-10 years and 20% represents
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low density humified C pools and C associated with minerals (H and M

respectively) which have TTs on the order of several decades or greater.

About two-thirds of total soil respiration is produced within the O and A horizons.
These organic rich horizons are comprised of 1) small pools of live roots and

recent leaf and root litter that have residence timesin the plant+soil system of ~1-
10 years and 2) relatively large pools of humified root and leaf litter which reside

in the plant+soil system for 40-100+ years.

Radiocarbon measurements of total below ground respiration measure the average
time C spends in the plant+soil system from original photosynthetic fixation until
respiration by autotrophs or heterotrophs. We estimate this time to be 4+1 years
for total soil respiration and 81 years for heterotrophic respiration in well-

drained soils at Harvard Forest, MA.
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Table 1. Carbon stocks by soil horizon.

-------------- Low Density SOM--------------  --High Density SOM--

Bulk Sail Bottom Totd Leaf Litter Fine Root Detritus Humified Mineral Associated
Density*? Carbon® Depth* CStock®® 78 L8 HB ° M8

Horizon (gem®  (gCKglsoillcm) (@Cm? (gCm? (gCm? (gCm?) (gCm?d

Oi 0.06 (.01) 450 (20) 2(1) 380(1100 380(110) O -- NA

Oea 0.1(.02) 470(10) 6(1) 1640(750) -- 230 (40) 1410 (750) NA

A 0.35(.03) 270 (30) 10(2) 2400 (820) -- 60 (25) 1780 (630) 560 (200)

Ap 054 (.13) 60 (1) 16 (2) 2620 (660) -- 70 790 (200) 1760 (450)

Bwl 0.85(.07) 20(1) 32(4) 1245(190) -- 4 40 (10) 1200 (180)

Bw2 093(.04) 6(1) 59(3) 510(110) -- 1(2) 51 500 (110)

Total 8800 (1310) 380 (110) 360 (70) 4030 (1000) 4020 (540)

! Gravel free bulk density (i.e. less than 2mm).

2 For Oi, Oe +Oaand A horizons n = 3, standard error in parenthesis; n = 2 for all other horizons; range in parenthesis.

3 For all horizons n = 2; range in parenthesis.

* For Oi, Oe + Oaand A and Ap horizons n = 3, standard error in parenthesis; n = 2 for all other horizons; range in parenthesis.
® Includes live root mass below the Oi horizon; total error in parenthesis.

® C stock calculated using a z value (not shown) that accounts for waviness of horizon boundary and rocks.

"Ona dry weight basis; error term includes extrapol ation from subsample to whole soil where subsamplen =310 5,
otherwise n = 1 and no error is shown.

8 Low density meansr < 2.1 g/cc, high density r > 2.1 g/cc.
°Calculated by subtracting total roots from the total low density SOM.




Table 2. Caculation of high and low density decomposition fluxes with associated D**CO, and messured profile D**CO5.

Horizon Stock DHC of SOM'  Turnover Time® CO, Flux Flux D4Cof SOM  Measured
HorizonTotal  HorizonTotal  Profile 14CO,?

@Cm?) (%) (years) @Cm?yr)  @Cm2yr) (%o (%o)

Oi (L) 380 132 (8) 4 25-95* 60-130 151-172 136

Oet+Oa (L 230 188 NA NA

Oet+Oa (I 1410 201 (19)° 40 35

A(Ly) 60 216 NA NA <2 111 130

A(H) 1780 1217 73t0>1008 <18

AM) 560 68 (26) 130to>200° <4

Ap(H) 790 24.5(28) 220 4 8 -3 -

Ap(M) 1760 -31(20) 480 4

Bwl(H) 40 -97 (18) 990 0.04 <2 -118 131

Bwl (M) 1200 -119 (17) 1200 1

Bw2(H) 5 -129 (40) 1300 0.004 <1 -171 128

Bw2 (M) 500 -172.(4) 1760 0.3

NA = Not applicable, see text for details.

-- =nodata

! Values are the average for two pits with range in parenthesis.
2 A non-steady state mode is used for the Oe+Oaand A horizons and a steady state model used for Oi, Ap and deeper horizons.
% Represents an annual concentration weighted average of the measured D*C in CO, at the boundary with the horizon below.

* Represents a range based on assuming al lossis as CO, or that 100% of inputs to the H+M fractions are from lesf litter.

5 Represents the D'C samples picked for dead roots (n = 1).
® Represents the humified organic material after quantitative root picking for the Oe + Oa(n = 2).
" Represents aweighted D*C value for the two humified (H) components shown in Figure 7 (B), also see text for discussion.
8 Range reflects that the D**C values may include pre-disturbance C. The minimum represents the steady state case.




Table 3. Parameters used and results of respiration partitioning for the whole soil profile based on eight scenarios.

Case Parameters Leaf Litter Leaf Litter Fine Root Litter Fine Root Litter Recent-C Reservoir-C Recent-C Reservoir-C
FLLl DLL2 I:LR DLR3 FR FLL + FLR + FH+M
(@Cm2yr) (%)  (gCm3yr?Y (%) (Cm?yr!)  (gCm=?yr?)  Fraction Fraction
Casel minlL , min DLL, min DLR 25 113 277 180 470 370 0.56 0.44
Case2 minL_, minDL , max DL 25 113 197 214 550 290 0.66 0.34
Case3 minL , max DL , minDL, 25 132 272 180 475 365 0.57 0.43
Case4 minL, max DL, max DLy 25 132 193 214 554 286 0.66 0.34
Case5 max LL, min DLL, min DLR 95 113 264 180 413 427 0.49 0.51
Case6 max L, minDL , max DL, 95 113 187 214 490 350 0.58 0.42
Case7 max L, max DL, minDLg 95 132 242 180 435 405 0.52 0.48
Case8 max L, max DL, max DL 95 132 172 214 505 335 0.60 0.40
Average 60 219 493 347 0.59 0.41
Minimum 172 413 286 0.49 0.34
M aximum 277 554 427 0.66 0.51

For all scenarios, D“C of the atmosphere (DR) = 97%. , the D'C of total soil respiration (DP) = 128%., the flux of H+M is 70 gC m2yrt with a

D'C of 135%.. We combine the fluxes and their associated 14C values of the H and M pools because their combined fluxes are relatively low
(less than 10% of the annual total). Non-bold face val ues are parameters used in equations 16 and 17, while bold faced values are the resulting calculations.

1 Range reflects the two cases where either none or al of the inputsto H+M fractions are derived from leaf litter.
2 Range is for the lowest and highest measured values of recognizeable leaf parts.
3 Range reflects a mass weighted 1C average of all dead roots (180%.) and the highest measured dead root value (214%o).




Table 4. Summary of respiration partitioning results.

Horizon Total Respiration Fraction Fraction produced Min Max
(gCm-2) Total Respiration that is Reservoir-C

Whole Soil 840 1.00 0.41 0.34 0.51

O+A+Ap 530 0.63 0.44 0.35 0.54

B 235 0.28 0.39 0.32 0.45

C 75 0.09 0.37 0.31 0.43
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Figure 1. Thetimerecord of **C in the amosphere (Northern Hemisphere) based on
grapes grown in Russa (Burchuladze et d. 1989) for 1950-1977 and direct
atmospheric measurements for 1977-1996 (Levin and Kromer, 1997). We express
radiocarbon data here as D*C, the difference in parts per thousand (per mil or %)
between the 2*C/*2C ratio in the sample compared to that of a universal standard
(oxdic acid |, decay-corrected to 1950). All samples are corrected for mass-
dependent isotopic fractionation to [125%o in d*3C. Expressed in thisway, D*C values
grester than zero contain bomb-produced radiocarbon, and those with D**C lessthan
zero indicate that carbon in the reservoir has, on average, been isolated from exchange
with atmospheric **CO, for at least the past severa hundred years. The *C content of
a homogeneous, steady state C reservoir with turnover times of 10, 50 or 100 yearsis
compared with that of the atmosphere through time.
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Organic Horizons
Oi —> WholeSample —> L, Leaf Litter
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Figure 2. Schematic representation of soil sample processing into the homogeneous soil organic matter pools as defined in this
paper; L or Lr (recognizable leaf or root litter respectively), H (undifferentiable SOM which is considered to be microbialy
altered or humified), and M (organic matter associated with mineral surfaces). All L, Lg and H components are low density (i.e.

<2.1 g/cc) whilethe M components are considered high density (i.e. >2.1 g/cc).
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Figure 3. Sampling scheme for trgpping CO, on molecular Seve (mesh sze 13X)
using aclosed dynamic chamber system. Molecular seve 13X trgps CO,
quantitatively at room temperatures and then releases it when baked at 475 °C (Bauer
et d. 1992). The evolved CO; is purified cryogenicdly.
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CO, Flux and Production Estimates
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Figure 4. Caculation of CO, flux estimates by depth (F,, where z indicates the profile depth) and CO, production estimates by
soil horizon (Py, where h indicates the specific soil horizon) in gC mi? hrt. The values shown here are from measurements made
on August 25, 1997. Interpolations among Similar measurements made throughout the year were summed to obtain annua

estimates. These estimates are for well drained soils within the footprint of the eddy flux tower a Harvard Forest.
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Figure 5. The predicted D**C vauein 1996 for homogeneous C reservoirs asa
function of different turnover times. The curves represent results for our Seady Sate
and non-steady dtate (accumulation) model.
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Figure 6. D**C of below ground soil organic matter fractions and CO, by depth. All
values except the D¥C of CO, are plotted at the midpoint of the soil horizon. For the
s0il organic matter fractionsL, , H and M, the error bars represent the range (n=2) or
the standard error of the mean (n=3). For live and dead roots, the error bars where
present, represent the error of the mean (n=3) otherwise n=1. For the soil CO, profiles
values are an annua concentration weighted mean (n=3 or 4) with error bars showing
the entire range of vaues measured. The surface flux represents a flux weighted

annua average from four sampling events. The D**C for the atmosphere for 1996
(97+1%o) is adso shown.
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Figure 7. Heterogeneity of the O (top, Figure 7A) and A (bottom, Figure 7B)
horizons. An error of 7%o indicates anaytica error, as n=1. Errors other than 7%o
indicate either arange (n = 2) or standard error of the mean (n = 3).Vauesfor the O
horizon (Figure 7A) represent a composite of severd samples and are representative of
an average O horizon. Vauesfor the A horizon in Figure 7B represent the results of
quantitetive Seving and picking one sample as outlined in Figure 2. Therootsinthe A
horizon represent a stock weighted mean of two samples representing roots of two
morphologica typeswith values of 231+7%o and 266z 7%o.
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Figure 8. CO, fluxesfor 1996 (top, Figure 8A). Error bars represent standard error (n
= 6). D**CO; of soil CO; efflux (bottom, Figure 8B) Error bars where present
represent standard error (n = 3) except in December 1996 wheren = 1.
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Figure 9. Results of isotopic mass baance gpproach to partitioning soil respiration into Recent- versus Reservoir-C sources. Solid
arrows represent fluxes of organic C, while dashed arrows represent fluxes of CO,. All unitsarein gC m2 yr'! with the average
(and range). Production of litter (leaf and root) is assumed to have the isotopic compaosition of the atmosphere (97%o) in 1996.
Bold numbers represent direct results from isotope mass balance modd. Itdicized numbers are independent measurements or
caculated values used to congtrain the model (see text for details) and underlined numbers are the resultant fluxes and transfers
due to the modd results and its congraints.
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Figure 10. Increase in C storage associated with a 10% increase in NPP for two non
steady state models based on a one pool or four pool representation of soil organic
matter socks. In the one pool casethe TT is 25 years and is equivaent to the totd soil
carbon stocks (8800 gCmi?) divided by the total soil respiration (840 gCm? yr't)
multiplied by the amount of decompostion from Reservoir-C (41%). In the four pool
case stocks and TTs are modeled after those for the Harvard Forest well drained soils
with TTsof 1, 4, 80 and 500 years. Both systems are not at steady state; the increases

are relative to a non-steady state run for each case.
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Chapter 3: Characterization of Soil Organic Matter

Introduction

Forest ecosystems cover 31% of the earth’ s ice-free land area (Hart, 1985) and
contain roughly 50% of dl soil C stocks (Dixon et d., 1994). Although mid-|atitude
temperate forests comprise only 25% of the worlds total forests and 13% of soil C, they
represent globally sgnificant C sinks because: 1) they are generdly young ecosystems
recovering from large- scae deforestation as aresult of agricultural expansion (Lal et dl.,
1998), 2) they are the only forest ecosystems that isincreasing in globa arearather than
decreasing (Dixon et d., 1994), and 3) they are respongble for aC sink of 0.5 + 0.5 Pg of
C per year (IPCC, 1996).

The net carbon baance of forests is the smal difference between very large fluxes
of carbon uptake (via photosynthesis) and carbon loss (viarespiration). If carbon uptake
exceeds C loss, the forest isanet sink of atmospheric C. The mechanisms of C uptake by
the forest canopy and C loss by decomposition comprise many complex processes. Small
shiftsin the Szes of these processes, in both vegetation and soils, can affect the overdl
forest C baance sgnificantly.

Currently, regrowing temperate forest ecosystemns of the northeastern United
States store between 200-525 g C m2 y'%, depending on location (Hollinger et &., 1999,

Greco and Baldocchi, 1996, Goulden et d., 1996). However, the partitioning of this net
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uptake between forest vegetation and forest soilsis largely unknown and is an important
parameter in assessing ecosystem response to future climate change scenarios.

In temperate forests, for soilsto 1 m depth, thereisroughly 1.7 timesmore Cin
s0il than in vegetation (Dixon et al., 1994). The greatest controlling factor in this multiple
is the resdence time of C between input into the soil system and subsequent
decomposition. Thus the sizes of soil carbon stocks are in generd tied to rates of soil C
cycling. However, other important factors aso influence the ability of soilsto store or
release C. For example, asoil that has been storing carbon for millenniamay become a
source to the amosphere given a sustained change in climate or nutrient status. Overal,
the sum of dl the component processes determines future soil C balance.

To evauate potentia responses of the soil system to future climate change
scenarios, we must first understand the generd character of soil organic metter (SOM)
stocks. We need to know how SOM carbon is partitioned amnong detrital materid,
humified compounds, and/or associated with mineras. Moreover, we need to know the
timescaes with which different portions of SOM stocks respond to changing climate or
nutrient status.

Severd techniques have been used to determine the dynamics of SOM. These
include direct observations of C inventory and fluxes, manipulaion sudiesinvolving
decomposition of SOM &fter removing roots or overlying soil horizons, litter
decomposition experiments, **C labdling of substrates, and soil chronosequence studies
(Trumbore, 2000). In this study we combine traditional measurements of soil C
inventories and fluxes with measurements of their radiocarbon (**C) inventories and

fluxes. Adding **C measurementsis a powerful improvement. It allows separation of
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SOM into components contributing variable amounts to decomposition fluxes instead of
treating SOM as one homogeneous reservair. It aso has an advantage over manipuation
studies because the measured rates are for an intact, undisturbed ecosystem. While 1*C
labeling and chronosequence sudies are limited to investigations of very fast (months to
ayear) or very dow (millennid scae) cycling C pools respectively, using neturd
abundance 1*C dlows investigation of C cydling on annud, decadd, and millennia
timescales.

This chapter focuses on total C and **C measurements of SOM stocks as a tool to
understand and predict the genera characteristics of SOM stocks and their dynamics.
Chapter 5 includes measurement of C and *4C fluxes to further investigate SOM
dynamics. We use three temperate forest Sites located dong alatitudina gradient from

Maineto Tennessee (Figure 1).

Site Descriptions

Site characterigtics, average annud soil CO, emissons, and net ecosystem
productivity (NEP) for the three sites we studied are shown in Table 1. The northern
most site, Howland Forest (Howland), is a spruce-fir forest located near the town of
Howland in east-centra Maine. It iswithin the International Paper Company’s
Experimental Forest. The forest was sdectively logged around 1900 (Hollinger et dl.,
1999). The centrd Ste, Harvard Forest, is a mixed deciduous forest located near the town
of Petersham in central Massachusetts. At Harvard Forest, the area of our study site was
cleared in the mid-1800s, plowed and used primarily for pasture. The pasture was

abandoned between 1860 and 1880 (Foster et a., 1992). The regrowing forest was largely

75



leveled by a hurricane in 1938 but has been growing undisturbed since then. The soils a
both Howland and Harvard Forest are developed on glacid tills that are predominantly
granitic. Drainage varies from well-drained uplands to very poorly drained swamps. The
data reported here are for well-drained soils with very low clay content. The southern
most site (referred to here as Waker Branch) is mixed deciduous forest located on the
Waker Branch Watershed on the Oak Ridge Reservation near Oak Ridge Nationd
Laboratory in eastern Tennessee. The Site was selectively logged and used for hog or
cattle grazing prior to government aguigition in 1942. The trees are variable in age but the
stand ageis 80-120 years (Dde et d., 1990). The soils at this Site are developed on
dolomitic bedrock. However, little evidence remains of their carbonate parent materia
(Hanson et al., 1998). The soils are wdll-drained and the predominant clay typeis

kadlinite (Johnson and VVan Hook, 1989).

Methods

Field and Laboratory

Samples for carbon and 1*C inventories were taken from two soil pits dug using
the quantitative pit methodology of (Huntington et d., 1989), and Hamburg, 1984, at the
Harvard Forest and Waker Branch stes (Table 2). This method involves sampling a
large volume of soil to dlow caculation of horizonspecific bulk densities. Two 0.5 m x
0.5 m quantitative pits were dug at both the Harvard Forest and Walker Branch sites.
Excavations proceeded downward to the base of each pedogenic horizon, differentiated
by color and textural changes. To minimize sampling errors due to repeated grid

placement and removad, the top of each pedogenic horizon was caculated by taking a
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welghted mean of 25 measurements from within the 0.5 m x 0.5 m grid. This system
welghts the center 9 measurements 4X, the sdes of the grid (not including the corners)
2X, and the corners 1X. At the Howland site, pits were not dug quantitatively. Instead,
data on bulk density comes from (Fernandez et ., 1993), and Fernandez (persona
communication). For dl pits, samples which integrated each soil horizon were collected
for radiocarbon and totd C and N anadyses from one of the pit faces. Carbon inventories
are reported to a depth of about 80 cm for al stes.

Quantification of fine root biomass was done only at the Harvard Forest Site, as
described in Chapter 2. At Howland, data on coarse (> 0.5 mm) root biomass from
Fernandez et al., 1993, are used. At Walker Branch data from Jodin and Wolfe, 1999, for
roots < 2 mm are used.

Soil samples were separated into different fractions using a combination of hand
sorting and dengity separations. Dengity separations are performed using a sodium
polytungdate solution at r = 2.1 g/cc. Materid that floatsis defined as low densty, while
materid that sSnksis defined as high density and assumed to be associated with mineras.
These methods, dong with descriptions of how the samples were prepared for
radiocarbon analysis, are described in detail in Chapter 2. Analytica error in the 14C
measurement of a graphite target prepared via zinc reduction is + 6%.. At Howland and
Waker Branch, we obtained soils that were dug by previous investigators and archived.
These samples were smilarly processed and also andyzed for radiocarbon content

(Table 2).
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Radiocarbon Techniques

Radiocarbon is produced naturdly in the upper atimaosphere when high-energy
cosmic rays collide with atomic nucle to produce neutrons. The neutrons then collide

with nitrogen to form *4C viathe following reaction:

14 1 14 1
N+in® Bc+in

14C is aradioactive isotope which decays back to **N via beta-decay (electron
emission with amaximum energy of 0.155 Mev) with a hdf life of 5,730 years. Once
produced, the *C quickly oxidizes to form **CO, and follows the same physicd and
chemicd pathways as 3CO, and ?CO,. The estimated natura production rate of 24C
over the earth's surface is 2.50 + 0.50 atoms of **C cmi? sec’?, and the steady State natural
Uc2Cratiois 1.2 + 0.2 x 10 722 (Linick, 1975). This*C/*?C ratio is referred to as
‘Modern’ and by definition refers to the atimosphere of 1950. Decay counting of
‘Modern’ atmospheric carbon yields 13.6 + 0.1 disintegrations per minute per gram of C
(Linick, 1975).

Radiocarbon is aso produced by aboveground thermonuclear explosions (bomb
14C) that release neutrons into the amosphere. Atmospheric weapons testing in the late
1950s and early 1960s increased atmospheric **C by 10?° atoms (160 kg C), or twice
modern values (Linick, 1975, Hesshaimer et d., 1994). Over 70% of this 1*C came from
massive Soviet and American tests during 1961-1962 that injected **C into the
stratosphere as well as the troposphere (Linick, 1975). The Limited Test Ban Treaty of

1963 largely stopped aboveground testing (Reidar and Lovseth, 1983). However, due to
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dow gratosphere-troposphere exchange, and dow mixing across the equator, peak
tropospheric 1*CO, vaues occurred in 1963 in the northern hemisphere and in 1965 in the
southern hemisphere (Linick, 1975).

The **CO, concentration has been decressing since its pesk values in the early-
mid 1960s (Figure 2-top). The decrease was rapid at first due to dilution by the oceans
and terrestria biosphere, which were then depleted in **CO, rdative to the amosphere
because they were in equilibrium with ‘Modern’ pre-bomb amospheric **CO,
concentrations. The rate of decline has Sowed as bomb *C gpproaches equilibrium with
the surface ocean and terredtria reservoirs, though increased fossi| fuel use dso
contributes to the continued decline. Since the early 1980s, the decline has decreased
exponentialy from -13 %o yr ™t in 1982 to -4%o yr ! in 1998 (Levin and Hesshaimer,
2000). Currently, the terrestrial biosphereis likely anet source of 14cQ, to the
atmospherein both mid and low latitudes where mean carbon turnover times span
decades (Levin and Hesshaimer, 2000, Gaudinski et a., 2000).

As discussed in Chapter 2, radiocarbon measurements of SOM and CO;, are a
useful for determining the dynamics of soil carbon. Carbon reservoirs such as SOM that
exchange with the atimaosphere reflect the rate of exchange through the amount of bomb
14C incorporated (Chapter 2, Figure 1). A critical aspect is an accurate record of
amospheric 14C of CO, over time a the sites being studied. Severa records of direct
amospheric *CO, measurements exist from the late 1950s and early 1960s for both
hemispheres (Levin and Hesshaimer, 2000) at Sites that represent both clean tropospheric
background as well as more polluted continenta regions (Levin and Kromer, 1997,

Burchuladze et &., 1989). Polluted continental sites tend to have D*C vaduesthat are a
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few per mil lower rdativeto dean background sites due to the influence of fossil fuel
emissionsin continenta regions (Figure 2). The history of amospheric *Cin CO, at
any given Ste may differ somewhat from globd records because local foss| fue
contamination may aso be exacerbated periodically by stagnant air conditionsand in
unusual circumstances, such asloca anthropogenic sources of **COs..

At dl three sites, the D**C record of atmospheric CO, (Northern Hemisphere),
based on grapes grown in Russiafor 1950-1977 (Burchuladze et d., 1989), and direct
atmospheric measurements for 1977-1996, which represent summer means (May —
August) taken at Schauindand Black Forest, Germany, at an eevation of 1205 m ad
(Levin and Kromer, 1997), are used as the base for the input to our 1*C SOM models.
Both the Russan and Schauindand Stes are representative of asmilarly polluted
continental setting relative to the eastern United States. After 1996, we assume a
continued decrease of 4 + 2%o per year (Levin and Hesshaimer, 2000), which yidds
values of 100.3%o, 96.3%o, and 92.3%. for 1997, 1998, and 1999 respectively. The 1997
and 1998 vaues are consgtent with preliminary growing season means for Schauindand
for 1997 and 1998 (Ingeborg Levin, persona communication).

To test how well our Sites agree with the Schauindand atmospheric trend, we
compare them with loca atmospheric measurements made by trapping atmospheric CO-
onto molecular Seve, as described in Chapter 2, & a height of gpproximately 10 cm off
the ground surface (Figure 3). The data agree quite well with the Schauindand-derived
trend, with the exception of Waker Branch, which is discussed in more detail below.
However, close examination of the 13C values, which range from —7.38%o to —12.60%o,

with an average of —9.39%0 and a standard deviation of 1.21%., show that the samples
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have some re-respired CO, from soils and plants or fossil fud contamination (see
Appendix 1 for complete 1*C and *3C data). Therefore these samples, originally taken
only to correct for lesks while sampling soil respiration with chambers, are not
representative of the free troposphere as seen by the mgority of the forest canopy. Thus
we have chosen to use the Schauindand trend instead of these loca deta. The data shown
in Figure 3, however, do give some confidence that the Schauindand data are
appropriate.

The history of atmospheric DC of CO, for the Walker Branch site is more
complicated. Severd hazardous waste incinerators in the nearby area gpparently have
released 1*C to the loca atmosphere beginning in 1995, with a release of unprecedented
magnitude in 1999. The evidence for this history is shown by atime series of *4C in
cdlulose from annud tree rings of awhite oak tree on the Waker Branch ste (Figure 4).
The large 1999 release was discovered by measurements of **CO, in soil respiration and
soil gas as part of thiswork (see Figure 5). The release(s) appear to have occurred
between June 12 and August 22, 1999, dthough the exact timing, duration, and
incinerator(s) responsible are still unknown. According to Figure 4 (bottom), the
enrichment from 1995- 1998 appears to be less than 20%, thus data collected from this
site through the 1998 growing season will be preserted here. At this site, the D**C data
from treering cdlulose (Figure 4) is used as a proxy for the local amospheric *C
beginning in 1990 (ingtead of the Schauindand data set).

We have also measured the **C of deciduous leaves at dl three sites as a potential
surrogate for the current year' s amospheric C signature because they integrate over the

growing season (Figure 6). However, we do not use these data as local proxies for the

81



amosphere because data from (McNeely, 1994) show that the **C signature of maple
leaves from Canadian forests lag atmospheric D**CO, measurements by one to two years.
Thus deciduous leaves likely draw from areserve starch pool and do not necessarily
represent CO,, fixed in that growing season. Thisis confirmed by datafor leaves a
Walker Branch that had D**C values between 117%. and 198%o throughout all of 1999,
despite amidsummer 1*C release (see Figure 4 and Figure 5). D**C vaues of leaves that
grew between April and June 2000 were sgnificantly higher, 184%. to 322 %o, implying
utilization of stored non+structurd carbohydrate from the 1999 season. Another reason

not to use the leaf values as proxies for atmospheric 14CO, is that most of the leaveswe
sampled came from the understory and are dso likely made with some re-respired CO..
Comparison of upperstory and understory leaf **CO; is difficult, because the species of
trees in the two canopy positions tend to be different. *C leaf datataken in the area
around the Walker Branch watershed in 2000 shows clear differencesin the amount of
stored starch used by maple versus oak trees, with the oaks tending to have more of the
enriched **C label, implying that they used more stored starch photosynthesized in 1999.
Despite these uncertainties in interpretation of the leaf **C data, leaves from Walker
Branch do appear to be higher than the Schauindand atmosphere and are more in line

with the tree ring cdllulose data (Figure 6).
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Results

Carbon Inputs

Measured legf litter inputs to the O (organic) horizon increase from north to south,
and average 147 + 28, 184 + 21, and 227 + 13 gC m for Howland, Harvard Forest, and
Waker Branch, respectively, for the periods shown in Table 3, largdy derived from
literature values. The available data on fine root production and root stocks are also
shownin Table 3. Unfortunately, cross-site comparison is complicated because the size

classes measured are not equivaent for roots.

Soil Carbon and Radiocarbon Inventories
Carbon

Sail carbon inventories decrease from Howland to Walker Branch. Tota soil C
stocks (as an average of dl pits dug at each site) decrease from north to south, and are
14.6, 8.4, and 4.9 kg C m2 at the Howland, Harvard Forest, and Walker Branch sites,
respectively (Table 4, Figure 7). At dl stes, carbon stocks decrease rapidly with depth
from 445-470 gC kg'* dry soil in the O horizons to lessthan 5 gC Kg* dry soil for the B
horizons (Table 4 and Table 5). At dl three Sites, alarge portion of the carbon (45%s,
80%o, and 60% for Howland, Harvard Forest, and Walker Branch repectively) isin the
upper 15 cm, which makes up the organic and upper minerd horizons of the soil profile.
The amount of C in the organic (O) horizons varies by an order of magnitude from north
to south, with 4.0 kgC m? (25% of the total C stock) at Howland decreasing to 0.4 kgC

m2 (9% of the total C stock) at Walker Branch (Figure 7). In Howland particularly, the
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O horizon varies considerably in thickness due to hummocky topography, causing large
varidion in total C stocks.

Mogt of the SOM in soil profilesat dl three Stesis low dengity (r < 2.1 g/cc) and
not minerd associated (high density; r > 2.1 g/cc). SOM was separated into isolated soil
C fractions: recognizable lesf (L) and recognizable fine (< 2 mm) root litter (Lg);
organic matter transformed by microbia action or humified, but not stabilized by
interactions with minerd surfaces (H); and organic matter associated with soil minerds
and thus separable by dengity (M). Specific methods for separating these fractions are
discussed in Chapter 2. Low density SOM (L, + Lg + H) makes up 64%, 80%, and 64%
of thetotal C at Howland, Harvard Forest, and Waker Branch, respectively (Table 4 and
Table 5). Humified organic materid (H) at Howland, Harvard Forest, and Walker Branch
makes up 51%, 88%, and 90% of the total low dendity C respectively (Table 4 and Table
5)

All three stes contain soils with asignificant and spatidly variable fraction of
coarse fragments (gravel + rocks + coarse organics) throughout the soil profile. At
Howland, coarse fragments make up 31% of the total soil volume (Fernandez et d.,
1993). At Harvard Forest, in two of the three pits, the O and A horizons had less coarse
fragments (0-2%) than the B horizons (10-35%) (see Appendix 2). However, one of the
three pits had no less than 15% coarse fragmentsin dl horizons down to 60 cm. At
Walker Branch, coarse fragmentsin the minerd horizons were 10-23% in one pit and 36-
46% in another (Appendix 2). Asdiscussed in Chapter 2, accurate quantification of the
gpatia heterogeneity of rocky soils requires the sampling of large numbers of soil pits

(Fernandez et al., 1993, Huntington et a., 1988). Therefore, in this study, instead of



quantifying varigbility within a site, we focus on the C dynamics for specific profiles and
assume C dynamics will be the same, even if the inventory of agiven SOM fraction

varies gpdidly for Steswith smilar drainage.
Radiocarbon

The greatest amount of bomb **C isin the uppermost portion of the soil profile.
The D*C of amospheric CO, has decreased from its 1964 pesk of 900%o to between ~
92-104%. during the time period of this study (1996-1999). Therefore, SOM measured
during this study with D**C > 92%. reflects a dominance of **C derived from bomb C,
while SOM with DC < 0% consists primarily of C fixed from the atmosphere before
1960. SOM values between 0-92%o. represent a mixture of pre- and post-bomb C. The
digtribution of radiocarbon with depth in the temperate forest soils studied here shows
that SOM in low and high density fractions is dominated by bomb carbon inputs (D**C >
92%o) in the upper ~ 0-10 cm of the soil profile (measured from the top of the organic
horizon), amixture of pre- and post-bomb C inputs from ~ 10-20 cm, and dominated by
pre-bomb C (D**C < 0 %o) below ~ 20 cm (Figure 8). The amount of pre-bomb C at

depths below 10-20 cmis variable across Sites.

Depth Dependence of SOM Fractions

Carbon

Carbon in low dengity (r < 2.1 g/cc) fractions generaly decrease with soil depth,
from 100% in O horizons (by definition) to 93-99% in the uppermost minera horizon to

20-30% in the B horizons (see Table 5; Harvard Forest and Walker Branch pits). An
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important exception occurs in the Bs horizon of the Spodosol at Howland. The Bs
horizon is formed when dissolved organic matter leached from overlying O and E
horizons becomes sorbed to mineras at the different pH conditions found in the B
horizon. Thus, low dengty carbon is 57% in the first minerd (E) horizon (Table 5;
Howland-1996 pit) but increases to 60% and 71% respectively in the Bh and Bhs

horizons below.
Radiocarbon

All three sites have overall decreasesin D*C with depth in both low and high
dengty fractions below the O horizon (Figure 9). Figure 9 and Table 6 show the
radiocarbon profiles of low dengity (L, or H) and high density SOM (M), and fine roots
(Lg). InFigure 9, the uppermost vaue in the profile represents the Oi horizon, which is
bulk leef litter thet is till recognizable to the species level. The vaue directly below
represents the humified component of the Oe + Oa horizon after roots and recognizable
leef parts have been removed (unless otherwise indicated). The vauesin the minerd soil
represent bulk low and high density SOM samples.

The D'*C of low density components within the O horizon at Harvard Forest and
Walker Branch are lowest in the Oi layers and increase in the degper Oe + Oalayers,
while Howland shows the opposite trend. In Figure 9, dl three Stes show overal
decreasein D**C with depth in the minera horizonsin both low and high density
fractions.

An important exception again occurs in the Bs horizon of the Spodosol at

Howland, where **C in bulk SOM is higher than D**C valuesin horizonsimmediately
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above and below. The decreasein D'*C of high density fractions with depth is steepest
(and very smilar) in the Harvard and Howland sites, but much more shdlow at the
Waker Branch TDE ste. Changesin low dengty fractions with depth are not as
conggtent as the high density fractions among or between Sites. We suspect that

heterogeneity in the low dengty fraction is largdly responsible (See Discussion, below).

Fine Roots

In contrast to the D'*C of SOM, which decreases with depth and reaches negative
vaueswithin 10-20 cm, fine root D'*C values remain elevated with respect to both high
and low density SOM components (Figure 9). Fine root D**C values a Howland are 112-
182%o, and at Harvard Forest 152-218%o. At both sites, the highest fine root D**C vaues
tend to be at the greatest depths (Figure 9). Fine roots, which idedly should be removed
from the low density SOM sample, will therefore cause the bulk low density SOM D*C
sggnature to be higher than it would be if the roots were removed completely. The larger
the percentage of fine root C in asample, the more noticeable the effect will be. For
example, asample containing humified low density C with a D**C of —80%o and fine root
C with a*C signature of 175%o will have abulk of -16%o, and 48%o if fine roots
make up 10%, 25%, or 50% of the total low density C respectively. Thus the actua
measured D **C signature of the humified SOM located at depth is very sensitive to the
amount of fine roots present in the sample.

At Walker Branch, data are not available for the 1*C signature of fine roots at
depth, athough it islikely that roots here follow the same eevated trend as those at
Howland and Harvard Forest. Inspection of low density Waker Branch samples did

indeed show the presence of fine rootsin the low dengty fraction a al depths for both
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pits. Thus, inadequate separation of fine roots from the low density samples, especidly a
the TDE gte, isthe likely explanation for the continued presence of bomb C with depth at

that Ste.

Heterogeneity of Low Density Fraction

The steady state and nonsteady state models that will be used to estimate
turnover times of SOM fractions from their D'*C values (Chapter 2, equations 11-15)
assume that dl carbon within a sample is homogeneous with respect to turnover; i.e.,
athough the sample may represent SOM input fixed from the atmosphere over a 10-year
period, the entire C sample analyzed is cycling at the same rate. Separation of SOM into
truly homogenous pooals is unlikely, given the complexity of the medium. However, hand
picking for dengity, size, and/or chemica fractionation do separate SOM into components
that have dearly different D**C signatures, and hence C dynamics. (Trumbore and Zheng,
1996) have shown that a series of chemica fractionation processes (involving acid/base
hydrolysis) will produce older and older carbon. However, this study is most concerned
with SOM that is contributing to soil respiration and decadd cycling C pools, therefore
chemicd fractionation techniques have not been applied here.

In an effort to isolate components with different characterigtic turnover times
(homogenous C pools), we seved the low dengity portion of minera sampleswith an 80
mseve a dl gtes(Table 7). At Harvard Forest and Walker Branch, we additionaly
removed roots by hand (Table 7). In al cases, the < 80 mmateria has lower **C values
relative to the > 80 mfraction. The resulting differencesin steady State turnover times
range from 10 years for the < 80 mfraction to 320 years for the > 80mfraction.

Calculation of mass-weighted D*C values for the low density fractions are dominated by
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the > 80mmateria that makes up most of the mass (Table 7, Composite D'*C). Much of
the materid in the > 80mfraction is fine root materid. In the A horizons a Walker

Branch (TDE) and Harvard Forest, roots make up 16%. and 7% of the total sample mass
and have **C signatures elevated by 80%0 and 130%o reative to the > 80 mfraction at
each site respectively. Removing roots decreases the composite D**C by 18%. for Walker

branch and 10%o for Harvard Forest.

Age of Litter Inputs

A key uncertainty in using **C to interpret dynamics, particularly on short
timescales (1-10 years), is the D**C vaue assigned to plant detritus inputs to the SOM
pool. D*C vaues may not reflect the D**C of atmospheric CO, of the year they areinput
into SOM for one of two reasons. 1) plant tissues may spend severd yearsaslive
biomass prior to desth and input to SOM stocks, and 2) plant tissues may have origindly
been congtructed from starch pools stored in the plants for severd years. The steady Sate
and non-steady state models discussed in Chapter 2 assume that plant tissues live for only
one year, and that their carbon has the D**C signature of that year. I either of these
assumptionsis untrue, lags between atmospheric fixation and input into SOM are
introduced, and the *“C- derived turnover time will be overestimated by an amount
roughly equd to theselags (i.e, the lifetime as live biomass, the age of the C resarvair, or
the sum of both).

In an effort to quantify the effects of lagged **C inputs to the soil system, we
measured the 14C of the inputs to the soil system a Howland (from archived 1992 litter)
to see how they compare to the 1*C of atmospheric CO,. In 1992 at Howland Forest,

aboveground litter was collected (by Ivan Fernandez and co-workers) and sorted
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quantitatively into four categories: 1) coniferous litter; 2) deciduous litter; 3) fine woody
debris (sticks and twigs); and 4) miscellaneous (unsortable remains). The 14C vaues and
associated turnover times (which in this case correspond to the lag time between fixation
from the atmosphere and input to SOM) for 1992 are shown in Table 8. Ingpection of
these data, which range from 132%o to 287%, rdlative to the 1992 atmosphere (134 +
4%o), clearly show asgnificant lagtime between photosynthetic fixation and input of C to
the soil as litter for al components except deciduous leaves. Coniferous litter, fine woody
debris, and “miscelaneous litter” have lagstimes of 3, 15, and 5 years respectively. Fine
roots al'so represent alagged input of 2*C to the soil system (see Chapter 4).
Quantification of time lagswill be very important in interpreting D**C vauesin

terms of aturnover time for agiven SOM fraction in the next section.

Archived Soils

Radiocarbon vaues for archived soils dug in the early 1970s (Waker Branch) and
late 1980s (Howland) are elevated relative to those dug in the late 1990s (al three Sites)
for low and high density SOM fractions (Table 9). Thistrend is exactly as we would
expect based on the known record of the D*C of atmospheric CO, (see Chapter 2, Figure
1). Similar to the modern soils, the < 80mfractions aso have less **C enrichment than the

> 80mfraction.
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Discussion

Radiocarbon Derived Dynamics

Soil organic matter stocks reflect a complex milieu of inputs from leef litter, root
litter, and woody debris that have turnover times ranging from days to millennia. Carbon
reservoirs, such as SOM that exchange with the atmosphere, reflect the rate of exchange
through the amount of bomb *4C incorporated (Chapter 2, Figure 1). The **C signature of
decomposing SOM will range from the current atmaospheric vaue (~ 92%o in 1999) to

-92%o, and < 0 %o for SOM cycling on decada, centennid, and millennid
timescal es respectively. SOM with D*C between 0-92 %o in 1999 may aso be amix of
decadal- and millennid-cycdling materid.

The three Sites studied here have different amounts of decada- versus longer-
cycling C stocks (Figure 8) that reflect the overdl C cycling rates at each site. The
amount of decada cycling low dengty C present in the top 10 cm of the soil profile at
Howland (O and E horizons) and Harvard Forest (O + A + Ap horizons) is 4500 and
4000 g C mi2 respectively. In contrast, Walker Branch contains an order of magnitude
less decadd cycling low density C in the top 10 cm (O + A horizons; 440 g C mi?).
Because litter inputs increase from Howland to Walker Branch, the presence of larger
stocks of low density C and 4C in the uppermost horizons at the two northern sites
indicate clearly that they cycle C more dowly than the Walker Branch site. At Howland
and Harvard Forest, decada cycling SOM is present to ~ 10cm depth, while at Walker
Branch it is present to only 5 cm depth before centenniacycling SOM becomes

dominant. Between 10-20 cm, both low and high density C and **C stocks decrease, with
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millennia cydling becoming dominant by 20 cm at both northern sites. The *4C content
of low and high density SOM at Walker Branch indicates centennia scale cyding from 5
to 38 cm. Howevey, it islikely that fine rootsin the low dengty samples have artificidly

elevated the 1*C signature a depth.

Turnover Times of SOM Fractions

To quantify SOM dynamics more accurately than is shown in Figure 8, the D*C
of isolated SOM fractions with smilar cycdling rates must be used with amodd that uses
the record of **C in atmospheric CO, to estimate turnover times of SOM fractions (see
Chapter 2 for details of the model(s)). The *C-derived turnover time of abulk sampleis
not agood predictor of cycling ratesif the bulk sample contains components that cycle at
different rates (i.e., lessthan 10 years and 10-100+ years). Failure to adequately separate
SOM typicaly causes an under prediction of the rate of SOM response to changesin
inputs or loss. Thisis because the *C of a bulk measurement will be dominated by the
SOM fraction with the largest inventory, which is generdly the most recacitrant portion
of the SOM. Faster cycling components decompose rapidly when formed and make up a
smdl portion of the totd SOM. Thus their **C signature is“lost” in the measuremen.

The effect of lagged **C inputs (from either plant tissues that spend severd years
as live biomass prior to death and input to SOM stocks or plant tissues originaly
constructed from stored starch pools) on the measured D**C signature of SOM must also
be accounted for. Severd litter components have lifetimes as live tissue prior to being
input to the soil system. Coniferous needles tend to live on the tree for 1-3 years and up
to 13-20 yearsin bored forests (Trumbore and Harden, 1997) prior to fdling to the soil

surface. In contrast, deciduous leef litter stays on the tree only one growing season. Fine
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woody debris at Howland lives on average 5 years (T able 8), and coarse woody debris
can live for many tens to hundreds of years, depending on species, forest hedth, and
forest management. Roots can livein the soil system for 1-40+ years, depending on Sze
class and functiond type. In fact, as discussed in Chapter 2 and Chapter 4, it appears that
the bulk of fine root stocks < 2 mm in diameter live an average of 5-10 years. The effect
of lagged root inputsis most significant where decomposing roots contribute the most to
soil carbon stocks (i.e., the Oe + Oaand A horizons). Below the A horizon, root inputs
decrease, SOM cycles much more Sowly, and the effect of 14C lags from root inputs on
edimatesis minimd if the soil fractions have been adequately homogenized and fine

roots removed. We expect the effects of lagged lesf litter inputs to be greatest at Howland
(where 52% and 16% of aboveground litter inputs were from coniferous and deciduous
species respectively) and decrease dong the latitudina gradient from Howland to Walker
Branch astheratio of coniferous trees to deciduous trees decreases. However, the effect
of lags due to fine roots will be more consistent across sites (see Chapter 4).

The significance of these potentia lags to the **C modding and turnover time
estimates depends on the timescaes of the particular SOM pool. For SOM decomposing
on 1-30 year time scaes, these lags are significant because they are Smilar to the
turnover time inferred from **C. These lags are much less significant for humified SOM
decomposing on 50- 100+ year time scales (Figure 10).

The turnover times and SOM flux numbers presented in this section are based on
the 14C values of fractions shown in Figure 9 and Table 6, using the steady state and
non-steady state (Harvard Forest only) modeling methods discussed in Chapter 2. The

non-steady state mode is used only for the Oe + Oaand A horizons at Harvard Forest
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because thisis the only ste with ardict plow layer (Ap horizon) and aknown time of
agricultura abandonment. Thus we can parameterize a non-steady state mode which
uses the amount of C accumulated since agricultural abandonment and its *C signature.
Also utilized are comparisons of pits dug during thiswork with D**C signatures
for archived soils for both the Howland and Walker Branch sites (Table 9). Combining
D'C data for modern and archived soils alow for more accurate quantification of SOM
cyding rates than using data from only asingle time point (Trumbore, 1993). Archived
soils are particularly important in the organic horizons, where D**C vaues are typically
above 100%o0 and have two potentia turnover time solutions (Chapter 2, Figure 5) that
usualy differ by afactor of ten or more. By having *C samples from two time points
post- 1963 (preferably onein the mid 1970s), a unique turnover time can be chosen

(Figure 11).

Organic Horizons

Oi Horizon - Without **C Lags
The turnover times for C in the uppermost Oi horizon are 12, 4, and 5 years a

Howland, Harvard Forest, and Walker Branch respectively (based on averaging the *4C-
derived turnover times for two pits a each site; Table 6) if lagged 1*C inputs to the
system are not accounted for. Table 6 shows for al three sites two sets of 14C-derived
turnover timesfor the Oi horizon (short and long). At al three sites, the shorter turnover
times are chosen based on either flux considerations, or archived soils detaif available.

For example, the shorter turnover timeis selected at Harvard Forest based on steady state

flux considerations. Dividing inventory by turnover time yields fluxes of 95 or 5 gC m
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y'! for astock of 375 gC 2 and turnover times of 4 vs. 64 years respectively. The larger
flux is chosen as amore reasonable annud estimate of litter decompodition fluxes
(athough problems with these flux estimations will be discussed below). At Waker
Branch, the 1998 pit aso has two possible turnover timesfor Oi of 5 or 68 years (Table
6). The same argument based on fluxes can be made, but we aso archived soils from
1972 (for pit P5). Figure 11 shows how helpful archived soils can be in determining
which turnover time is most appropriate. Addition of the D'*C signature for the Oi in the
1972 archived soilsindicates that the 5 year turnover time curve and not the 68 year

curve fits the 14C data for both pointsin time. Thusit is dlear that the shorter turnover

times are the correct choices.

Oi Horizon - With *'C Lags
At Howland, we have estimated a 5 year |ag between photosynthetic fixation and

input of organic matter to the soil system based on measurements of aboveground litter
input rates and their 1*C values (Table 8). Correcting for thislag in **C input a Howland,
we estimate the turnover time of SOM in the Oi horizon to be 7 years (instead of 12
years). At Harvard Forest and Walker Branch, we are unable to correct for the effect of
lagged **C inputs becauise we do not have quantitative C and **C messurements of
aboveground litter inputs. Thus the estimated 4 and 5 year turnover times for Harvard
Forest and Walker Branch respectively, based on bulk measurements of the Oi horizon,
are upper bounds and should not be used to estimate decomposition fluxes based on Oi
stock divided by turnover time. Even the lag corrected 7 year turnover time for Howland
islikely to be ingppropriate for caculating decompostion fluxes for the Oi asawhole

because the correction averages over the varying lifetimes of dl the inputs.
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The inappropriateness of 14C messurements of Oi materia for estimating short
timescae dynamics or CO, fluxes of |eef litter isreiterated by anaysis of literature
derived vauesfor leaf decompostion. Leef litter decompostion sudiesin temperate
forests have reported decomposition rates of 1.2 to 2.5 years for deciduous and
coniferous species based on constant mass loss over time (Aber et d., 1990, Dwyer and
Merriam, 1984, Knutson, 1997) and 2.9 to 5.6 yearsif atwo phase model of massloss
(which assumes decomposition dows dramatically after the first year) isused (Berg et dl.,
1996). Our turnover times for Howland (7 years lag corrected) Harvard Forest (4 years)
and Wadker Branch (5 years) agree fairly well with the longer 2.9- to 5.6year estimates.
However, the Oi is defined asllitter that is fresh or fairly undecomposed (and the species
iseadly identifigble) and therefore is not likely to include litter that has been on the
surface for severa years and undergone alarge degree of decomposition (such litter
would be sampled as Oe and/or Og). Thus the constant mass loss estimates from the
literature are likely more appropriate to estimate turnover times (and decomposition
fluxes) for the Oi rdative to two phase litter decomposition moddls and **C

measurements of the Oi horizon materid.

Oe + Oa Horizon - Without **C Lags
The turnover times for the humified portion of the Oe + Oa horizons (Table 6) are

fairly smilar between the Howland and Harvard Forest sites (15-50 and 40 years
respectively), given the large degree of heterogeneity in those horizons but decrease
ggnificantly at Waker Branch (7-15 years). Interpretation of the archived soils data from
the Howland 1988 pit with the 1997 pit isa bit more difficult than for the Waker branch

Oi example discussed above. In both the 1997 and 1988 data at Howland, there are two
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choices for each 1*C vaue (Table 9). However, by fitting one curve to both sets of data,
the best fit for the < 80 micron fraction is clearly the longer turnover time (33 years) and
for the > 80 micron fraction (which contains fine roots) it is 10-15 years (Figure 11).
Clearly, assuming a steedy state, a humified component (< 80n) in the Oe + Oa horizon
at Howland isturning over a 30+ years. If the Oe and Oa horizons are accumulating C,
whichislikdy, the turnover of this humified component is even longer. A key point in
ingpection of the Oe + Oadata for the 1988 and 1997 pitsisthat both archived data and
gze fractionation were needed to clearly see that a portion of the SOM isturning over on
30+ year timescdes in these very heterogeneous horizons.

At Harvard Forest, the turnover time of 40 yearsin the Oe + Oa represents the
average non-steady state turnover time for pits NWN 1 (28 years) and NWN 2 (50 years).
See Table 6. For comparison, the steady- state turnover times for the NWN 1 and NWN 2
pits are 20 and 38 years respectively.

At Walker Branch, the **C-derived turnover time using the 1998 P5 pit data done,
is7 or 55 years. For the 1972 P5 pit it is 13 years (Table 9). Combining the 1972 and
1998 data clearly shows that the appropriate turnover times for the Oe + Oa horizons at
Walker Branch are 7-15 years, and not the longer 55 year turnover time (Figure 11). The
D'C for the bulk Oe + Oa at the TDE site is 136%o (Table 6), which corresponds to a
turnover time of 6 years (using the shorter of the two vaues) and thusisin very good
agreement with data from the P5 site. Although the data for the Oe + Oahorizonsin
Table 6, Table 9, and Figure 11 for the PS5 site are for the bulk Oe + Oa, picking of O
horizon materid from the TDE site yidded *4C values that only ranged between 130%o

and 136%o in 1998 for al componentsin the sample. Thus the O horizon materid a
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Walker Branch shows less variation with respect to its **C signature and SOM dynamics,
both within aste and across Sites.

In the Oe + Oa horizons, turnover times of the humified fraction show aclear
difference in variability of turnover with atrend toward decreasing turnover between the
two northern sites, Howland and Harvard Forest, and the southernmost Walker Branch
gte (Figure 12). Thusthe northern sites have Oe + Oa horizons containing significant
humified C stocks with C cycling rates on 30-50+ year time scaes, while the Waker
Branch Oe + Oa horizons have much smaler humified C stocks and store carbon for a
maximum of 7-15 years. Lagged inputs of **C to the Oe + Oa horizon means that these
turnover times are overestimations equd to the lifetime of the materid aslive tissue.

The O horizons (Oi + Oe + Oa) in temperate forests are heterogeneous in nature
and contain organic matter that decays both quickly (months) and very dowly (decades).
Separation of O horizon components by size and hand picking to remove rootsis
important in order to recognize and estimate these components and their variable cycling
rates. How extensively and carefully a sampleiis separated will significantly affect the 1*C
of the measured components. In addition, prior to input to SOM, leaves, roots, and woody
inputs may have hed lifetimes aslive tissue of 1-3, 1-10, and 10+ years respectively. The
14¢ added to SOM will lag behind the contemporary **C of atmospheric CO, by the
length of thislifetime as live tissue. Thus the difficulty of separating O horizonsinto
components with homogenous cydling rates, and the potentia for lagged **C inputs to
SOM, make *C-derived turnover times of O horizon components inappropriate for
estimating short timescae (< 10 years) decomposition fluxes (based on stock divided by

turnover time).
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Mineral Horizons

Turnover timesfor low dengty minera horizons range from 70-100 yearsin the
A horizons, 135 to 245 in the Ap/E horizons, and 550 to 2000 yearsin the B2 horizons
(Table 6 and Figure 12). Vduesfor a given Ste represent the average of asimilar
horizon for the two pits. No trend towards increasing turnover times as a function of
|atitude is apparent. As previoudy discussed, low density D*C values, and hence the 14C-
derived turnover times, are sengtive to the amount of fine roots in the sample. Because
the less than 80msize fraction Seving was not isolaied on dl low densty samplesin
mineral horizons, the composite D**C and mass weighted turnover time values (from
Table 7) areshownin Figure 12 for the samples a Howland (NC) and Waker Branch
(P5) (where seving was done) in order to compare condstent sample types acrossal
three Sites. The idea that fine roots significantly affect the low density **C valuesand
turnover times is quditatively supported by the 1972 and 1998 low dendity data a the
Walker Branch PS5 sitein Table 9. The calculated turnover times based on D*C vduesin
1972 are al less than those based on D**C valuesin 1998 by 100 to 1300 years. If fine
roots have **C lags on the order of 5-10+ years, their **C signaturein 1972 and 1998 will
be on the order of 500 + 100%. and 150 + 50%. respectively. Thus, for the same amount
of total C input, the 1972 roots would cause amuch larger *4C input to the sample and
cause grester elevation of the **C signature of abulk low density sample, resulting in a
faster turnover time. Because of the effect of 1*C input from fine roots and low density
samples from minera horizons, like those from the O horizon, are dso affected by how

they have been processed (i.e., Seved, or not Seved; hand picked for roots, or not).
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High density carbon turnover times range from 150-175 yearsin the A horizons,
210-285 yearsin the Ap/E horizons, and 1000- 1600 years in the B horizons. Thereisno
ggnificant difference in turnover between the two northern sites, which have smilar age
and parent materid. However, Waker Branch does have turnover times on the order of
500 yearslessin the B horizons. Visud ingpection of high density samples shows no fine
roots present. So it islikely that the differences seen in the high density samples across
gtesarered and related to differencesin mineralogy and Ste history (Torn et a., 1997,

Trumbore, 2000).
Coarse Woody Debris

One aspect of the litter system that is not dealt with a any of our three Sitesis
coarse woody debris, such as branches and logs. Decomposition of coarse woody debris
will add SOM whose D*C islagged significantly (5-100 years) relative to the current
atmosphere. With respect to the three sites studied here, dead wood inventories decrease
from north to south. Preliminary estimates of dead wood biomass from a survey done by
Eric Davidson and co-workers at Howland are 12 Mg C/ha (wood > 5 cm diameter). At
Havard Forest, prdiminary estimates, from asurvey gill being completed by Steve
Wofsy and co-workers, are 2 MgC/ha (wood > 7.5 cm diameter). At Walker Branch,
estimates of dead wood biomass are 2.3 Mg C/hafor chestnut oak stands (wood > 2.5 cm
diameter (Johnson and Van Hook, 1989). These surveys have large uncertainties, and
were done with different methods. Therefore, they are not drictly comparable. However,
they do support the qualitative conclusion (easly observable by waking around the Stes)
that stocks of coarse woody debris decrease from north to south. The impact of dead

wood inputs to SOM and decomposition fluxes may represent as much as 20% of the
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total soil flux a Howland (Sue Trumbore and Eric Davidson, unpublished data). The
contribution at our other sitesis unknown, but is likely greater because stocks are less
(implying a higher decompasition flux). Estimates should be made in future sudies to
determine any latitudina gradientsin dead wood inputs to soil respiration, because thisis

acomponent of soil respiration that is poorly parameterized in ecosystem models.

Flux Calculations

As discussed above, **C-derived estimates of turnover time are not reliable for
estimating decomposition fluxes for SOM cycling at rates faster than ten years. Therefore
we estimate SOM decompoasition fluxes (from both low and high density components
combined) based on dividing stocks by **C-derived turnover times for the humified low
density and minera associated SOM of the Oe + Oaand minera horizons only (where
turnover times are decada or greater; Table 6 and Figure 13). Fluxes range from 30-50
gC m? ytin the Oe +Oa horizons, 20-30 gC m? y* inthe A horizons, 2-12 gC m? ytin
the Ap/E horizons, and are less than 2 gC m? y'* in the lowermost B horizons. Thetotal
calculated fluxes are 70, 62, and 99 gC m? y'* for Howland, Harvard Forest, and Walker
Branch respectively. Of these fluxes, 66%, 46%, and 53% come from the Oe + Oa
horizon; 14%, 53%, and 45% come from the A + E horizons; and 20%, 1%, and 2%

come from the B horizons at Howland, Harvard Forest, and Walker Branch respectively.

C Accumulation Potential at All Sites

Soils
In temperate forests, the potentid for C accumulation in soils on human

timescaes lies predominantly within low density humified organic components that have
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decadd and centennid cycling rates. Detritd C, such asledf litter in the Oi horizon, will
be apoor C sink because it cycles quickly (1-10 years), has small C stocks, and reaches
steady state within yearsto decades. The Oe+ Oaand A horizons, however, have
aufficient C stocks and decada turnover times and therefore the potentia to store
sgnificant amounts of carbon on human timescaes. The degper minerd horizons,
despite their large stocks, have long turnover times (200-2000 years) and can store C
effectively only over millennia

The mogt likely scenario driving C sequedtration in the coming century will be
increasesin forest NPP (due to CO, or N fertilization) that will be larger than any
decreasesin overd| turnover times (i.e., increased decomposition rate due to increasesin
mean annud temperature or precipitation changes). Assuming no change in SOM
decomposition rates, C storage within a 50-100 year period will be largely in the Oe + Oa
horizons (with turnover times from 7-50+ years). Largest C accumulation rates will occur
at Howland and Harvard Forest, which have larger Oe + Oa horizon stocks with
sgnificantly longer turnover times relative to Waker Branch (Figure 8 and Figure 12
Top). On longer time scales, the A horizons will contribute the most to C storage.

Thewedl-drained Oe + Oaand A horizons at Harvard Forest have accumulated a
total of 4.4 kgC m? above arelict plow layer since the late 1800s. Thisis roughly half the
carbon in the soil profile. If the accumulation rate were congtant, these soils would be
currently accumulating about 37 gC m?y™*. The turnover time of much of the
accumulated materid is < 10 years. Hence, some of the SOM fractions have achieved
steady state, and we estimate the current rate of accumulation is 10-30 gC m?y*. This

rate (in the absence of an NPP increase) islikely to decrease further in the future. The
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other two sites do not have aplow layer, and therefore we must assume they are at steady
date over historicd time,

If thereisa 10% increasein NPP & all sites, we predict C storage over the next
century of 650, 380, and 245 gC mi? a Howland, Harvard Forest, and Walker Branch
respectively (Figure 14 Top). Estimates are made using our modd with four SOM pools
(see Table 10 for the steady state SOM stocks, inputs, and turnover times used to
initidize the modd). The additiona C accumulation expected at Harvard Forest as it
continues to recover from past disturbance will add another 10% to the increase shown in
Figure 14. Therate of C accumulation is actudly greatest in the first year at Harvard
Forest and Walker Branch. However, this quickly decreases with time (Figure 14
bottom). The e-folding time for each siteis 59, 65, and 40 years for Howland, Harvard
Forest, and Walker Branch respectively (taken as yearsto achieve 1/e of the rate of
change after thefirst year, because thefirst year issuch alarge “step”). It isclear from
Figure 14 that C storage potential decreases from north to south, is greatest at Howland,

and least at Waker Branch.

Soils Versus Forest Biomass

The three temperate forests studied here are currently storing 210, 200, and 525
gC m? y'* for the Howland, Harvard Forest, and Walker Branch sites respectively,
according to eddy flux measurements (Table 1). Partitioning of this storage between soils
and live biomass is largely unknown and has been agod of thiswork. At Harvard Fores,
wel-drained soils are responsible for storing 10-30 gC m2 y%, or 5-15% of this net flux
(Chapter 2). Scaling from the modeling scenario shown in Figure 14, wel-drained soils

a Howland are sequestering between 15-50 gC m2 y'* (25% of the net flux) and 5-20 gC

103



m2y (1-5% of the net flux) at Walker Branch. Thus the well-drained soils a these sites
are not responsible for the mgority of the measured net uptake. It islikely that most of
the flux is going into live biomass (wood) as the forests continue to mature. An

dternative snk for the two northern sites may aso be uptake by poorly drained soils and
swamps, because both Howland and Harvard Forest have such areas within the footprint
of the on-gite eddy flux towers. However, at the Waker Branch site such large gradients
in soil drainage are not present, therefore uptake by live woody biomassis the most
plausble explanation for the measured sink.

Terredtrial ecosystems are estimated to be responsible for an annua C uptake of
1.8+ 1.6 GtC y'*, and temperate forests for 0.5 + 0.5 GtC y *. Applying the total range of
estimated soil C sinks at these three sites (5-50 gC m? y'1) to the land area of temperate
forestsin the continental United States (241 Mha; (Dixon et d., 1994) yieldsa C sink of
0.01-0.1 Gt C y'*, or 2-20% of the total ascribed to temperate forests globally and 0.6-6%

of the total terrestridl C uptake.

Conclusions

The components of soil C can be split into three components with
characterigticaly different turnover times: 1) low dengity (r < 2.0 g/cc) detritd materia
(recognizable leaves and roots) with turnover times ranging from one to ten years, 2) low
dengty humified materid with much longer turnover times ranging from tens to hundreds
of years, and 3) high dengty (r > 2.0 g/cc) minera associated SOM with turnover times

ranging from hundreds to thousands of years.
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Carbon inventories decrease from Maine to Tennessee by afactor of three. Much
of thistrend is due to decreasing C stocks in the O horizons of the soil profiles where
thereis alarge change in both turnover time and the type of SOM present. Both Howland
and Harvard Forest have large humified C stocks in the O horizons with long turnover
times (15-50 years). At Waker Branch, this humified component islargely absent in the
O horizon, where total stocks are smdl, primarily detrital, and turnover times are much
shorter (7-15 years).

In the mineral horizons there is not aclear trend in SOM turnover time across
dgtesfor either the low or the high density components. The absence of such atrend for
the low density materia may in large part be due to the processing of the low densty
samples being not consistent across sites. The presence of fine roots can increase the
D'C vaue of the low density fraction, leading to a decrease in estimated turnover times
relative to the actud vaue for the humified portion. Size separation (Seving with an 80 m
geve) is an effective way to differentiate samples. However, the presence of finerootsis
il problematic, particularly for the > 80msze fraction. We have found that a
combination of Seving and hand picking is the best way to isolate the most humified
portion of asample. The lack of alatitudina trend in the high dengty (minerd
associated) SOM may be due to differencesin soil age and minerdogy between the two
northern sites, which are quite smilar, and the southern site, which is much older with
veay different minerdogy.

When using 1C to understand SOM dynamics on short timescales (1- 10 years), it
isimportant to consider time lags between photosynthesis and respiration of SOM (i.e.,

the amount of time C spendsin living plant tissue prior to senescence and addition to
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SOM pooals). Falure to do so will yield an accurate estimation of the amount of time the
measured carbon spent in the plant + soil system, but will cause an overestimation of
decomposition rates within the soil syslem done. The overestimate will be roughly equd
to the amount of time spent as live plant tissue prior to addition to SOM. To correct for
this time lag, measurements of **C in the litter components input to the system are
required.

Reativdy smdl C poolswith fast turnover times, such as detrita lesf and fine
root litter, dominate decomposition fluxes. These are aso the pools that are most
sengtive to time lags between photosynthetic fixation and input to SOM. Therefore, their
14¢C sgnatureiis unsuitable for accurately determining decomposition fluxes (based on
stock divided by a**C-derived turnover time) and their overal contribution to soil
respiration on annual timescales. **C measurements for SOM are best for determining
longer-term decadd and millennid cycling materid. However, this, too, can easly be
confounded by insufficient sample fractionation.

On human timescales, Sgnificant C accumulation in these temperate forest soils
will happen only in the O and A horizon, which have sgnificant C stocks thet cycle on
decadd and centennial timescales. As such, soils of more northern sites, such as Howland
and Harvard Forest, have a greater C storage potentid than more southern gites, like
Waker Branch. Currently well-drained soilsin dl of the eastern temperate forests sudied
here account for an uptake of 5-50 gC m? y* or 1-25% of the measured net ecosystem C
uptake at each of the sites. Extrapolating globally, temperate forest soils may account for

0.6-6% of the tota attributed to terrestria C uptake.
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Table 1. Site characterigtics.

L ocation Dominant Species Soil Type Latitude MAT MAP  Stand age NEP

(°C)  (mm)  (Years) (9Cm?2y?
Howland, ME Red Spruce, Eastern Hemlock Typic Haplorthods ~ 45°N 55 1000 100 210!
Harvard Forest, MA Red Oak, Red Maple Typic Distrochrepts ~ 42°N 85 1050 50-70 2002
Walker Branch, TN White Oak, Red Maple Typic Paeudults  36°N 14.1 1360 80-120 5253

! Hollinger et al. 1999
2Goulden et al. 1996
3 Greco and Baldocchi 1996

Table 2. Sail pits excavated a each Ste.

Site # Pits Pit Names (year dug) Dug Quantitatively Archived Soil
Howland, ME 2 Tower (1996), NC (1997) No Yes (1988 NC site)
Harvard Forest, MA 3 NWN 1 (1996), NWN 2 (1996), NWN 3 (1997) Yes No
Walker Branch, TN 2 P5 (1998), TDE (1998) Yes Yes (1972 P5 site)

Note: The NWN 3 pit was only dug to the base of the A horizon.




Table 3. Litter inputsto al three Stes.

Above ground litter inputs (g C m2yr™)?*

Site 1996 1997 1998 1999 Source
HOW 122 (45) 142 (43) 177 (24) E. Davidson's group (pers. comm.)
HF 157 185 208 185 E. Davidson's group (pers. comm.)
WB 242 (45) 234 (44) 214 (45) 218 (36) P. Hanson (pers. comm.)
Fine root inputs and stocks
Site Inputs Stocks® Size Year Measured Source
(@Cm?y?) (gcm?
Howland, ME NA 846 (34) >5mm 1987/88 Fernandez et al. 1993
Harvard Forest, MA 270 525 (60) <3mm 1978/79 McClaugherty et al. 1982
Walker Branch, TN NA 260 (25) <2mm 1993 Joslin and Wolf 1999

Values in parentheses represent one standard deviation

! Assumes litter is 47% carbon.
2 Live + dead fine roots




Table 4. Average carbon inventory &t al three Sites.

--High Density SOM--

Bulk Soil Bottom Total Leaf Litter Fine Root Detritus Humified Mineral Associated

Density’ Carbon Depth  C Stock®?® LL*® LR*>® H>’ M
Site Horizon (@em® (g CKg*soil) (cm) @Cm®d (@cCm®) (@cm? (Cm? (gCm?d
Howland Oi+0e+0a 0.12 444 6 4026 NA NA NA NA
Howland E 1.03 31 11 457 -- 55 263 139
Howland 5cm below E 0.65 59 16 2121 -- 46 1419 657
Howland 5-40 cm 0.89 15 40 4113 -- 233 2046 1834
Howland 40cmto C 1.39 5 69 3896 -- 129 934 2833
Total 14614 4026 463 4662 5463
Harvard Forest Oi -- 446 2 375 375 --
Harvard Forest Oe + Oa -- 469 6 1801 -- 230 1571
Harvard Forest A 0.34 272 10 1810 -- 60.0 1737 13
Harvard Forest Ap 0.54 60 14 2748 -- 70.0 2114.0 564.0
Harvard Forest Bwl 0.86 19 32 1122 -- 4.0 334.5 783.0
Harvard Forest Bw2 0.93 6 59 517 -- 1.0 149.0 367.0
Total 8372 375 365 5905 1727
Walker Branch o] 456 2.3 195° 195
Walker Branch Oe + Oa 378 4.0 2408 - 240
Walker Branch A 0.48 127 7.5 1960 -- 109 1793 58
Walker Branch E 1.01 7 37.0 1878 -- 22 667 1189
Walker Branch B1/Bt1 1.16 3 55.5 660 -- 0 166 495
Total 4933 195 131 2866 1742

NA = Not availible
1 Gravel free bulk density (i.e. less than 2mm).
2 Includes live root mass below the Oi horizon.

3 Oi and Oe horizons calculated on a per area basis and BD is not used for these horizons except those at Howland, Maine.
4 On a dry weight basis.
5 Low density means I < 2.1 g/cc, high densityr > 2.1 g/cc.
6 Fine root data are from individual pits for Oak Ridge (sorting techniques are not reliable); from McClaugherty et al. 1982 for Harvard Forest; and from
Fernandez et al. 1993 For the Howland Tower site and Ivan Fernadez personal communication for the Howland, NC site (these data are specific to
this pit originally dug in 1998).
7 Calculated by subtracting total roots from the total low density SOM.
8 Data from TDE site only, from Paul Hanson personal communication for 15 samples taken February 8, 1999.
Note: For Howland, data shown represents an average for two pits.



Table 5 (page 1 of 3). Carbon inventory for al pits.

--High Density SOM--

Bulk Soil Bottom Total Leaf Litter Fine Root Litter Humified Mineral Associated
Site Density’ Carbon Depth  C Stock®® LL*® LR*>® H7 Mm®
Pit Horizon (@cm™® (g CKg'soil) (cm) GCm?» @cCm?d (gCcm?d (gCm? (gcm?
Howland, ME
Tower Oi 0.14° 493 1 897 897 - - -
Oe 0.14° 478 4 2075 230 1845 -
Oa 0.14° 443 9 2897 230 2667 --
E 1.03% 5 17 452 92 167 193
Bhs 0.65° 69 19 922 23 532 367
Bh 0.65° 61 23 1616 23 1130 463
Bsl 0.898 15 31 1341 184 467 691
Bs2 1.39° 13 40 1722 46 574 1102
BC 1.398 2 73 4792 unknown 934 3858
Total 16713
Howland, ME
NC Oi + Oe+0a .128 425 4.2 2183 2142 41.4 -- -
E 528 57 5.7 463 18.4 360 85
5cmbelow E  .67° 53.9 10.3 1705 45.08 1176 484
5-40 cm .08? 16.8 40.3 5163 236 3052 1876
40cmto C 1.36° 8.5 65.1 3000 129 unknown unknown
Total 12514

1 Gravel free bulk density (i.e. less than 2mm).

2 Includes live root mass below the Oi horizon.

3 Oi and Oe horizons calculated on a per area basis and BD is not calculated for all pits except those at Howland, Maine.

4 On a dry weight basis.

5 Low density means r < 2.1 g/cc, high density r > 2.1 g/cc.

6 Fine root data are from individual pits for Oak Ridge (sorting techniques are not reliable); from McClaugherty et al. 1982 for Harvard Forest;
and from Fernandez et al. 1993 For the Howland Tower site and Ivan Fernadez personal communication for the Howland, NC site (these data
are specific to this pit originally dug in 1998).

7 Calculated by subtracting total roots from the total low density SOM.

8 Gravel free bulk density (i.e.< 2mm) from Fernandez et al. 1993.

9 Gravel free bulk density (i.e. < 2mm) from Ilvan Fernadez personal communication (these data are specific to this pit originally dug in 1998).



Table 5 (continued, page 2 of 3). Carbon inventory for adl pits.

--High Density SOM--

Bulk Soil Bottom Total Leaf Litter Fine Root Litter Humified Mineral Associated

Site Density® Carbon Depth  C Stock®® LL*® LR*>® H>' VS
Pit Horizon (@cm™® (@CKg'soil) €cm) (@Cm?H (@Cm?) (gCm?) (gCm? (gcm?d
Harvard Forest, MA
NWN 1 Oi -- 465 2 360 360 -- -- --

Oe + Oa -- 463 6 1546 230 1316 --

A 0.41 245 8 1367 60 1295 12

Ap 0.67 61 14 3607 70 2961 576

Bwil 0.79 20 30 1135 4 315 816

Bw2 0.89 7 60 628 1 170 457
Total 8643
Harvard Forest, MA
NWN 2 Oi -- 426 1 450 450 -- -- --

Oe + Oa -- 474 6 1140 230 910 --

A 0.32 298 8 2252 60 2178 14

Ap 0.41 59 14 1889 70 1267 552

Bwil 0.92 19 34 1108 4 354 750

Bw2 0.97 5 57 406 1 128 277
Total 7245
Harvard Forest, MA
NWN 3 Oi -- 446 3 314 -- 314

Oe + Oa -- 469 6 2718 230 2488

A 0.30 272 14 3242 unknown unknown unknown
Total 6274

1 Gravel free bulk density (i.e. less than 2mm).

2 Includes live root mass below the Oi horizon.

3 Oi and Oe horizons calculated on a per area basis and BD is not calculated for all pits except those at Howland, Maine.

4 On a dry weight basis.

5 Low density means r < 2.1 g/cc, high density r > 2.1 g/cc.

6 Fine root data are from individual pits for Oak Ridge (sorting techniques are not reliable); from McClaugherty et al. 1982 for Harvard Forest;
and from Fernandez et al. 1993 For the Howland Tower site and lvan Fernadez personal communication for the Howland, NC site (these data
are specific to this pit originally dug in 1998).

7 Calculated by subtracting total roots from the total low density SOM.

8 Gravel free bulk density (i.e.< 2mm) from Fernandez et al. 1993.

9 Gravel free bulk density (i.e. < 2mm) from Ivan Fernadez personal communication (these data are specific to this pit originally dug in 1998).



Table 5 (continued, page 3 of 3). Carbon inventory for all

-------------- Low Density SOM--------------  --High Density SOM--
Bulk Soil Bottom Total Leaf Litter Fine Root Litter Humified Mineral Associated
Site Density’ Carbon Depth  C Stock®® LL*® LR*>® H7 Mm®
Pit Horizon @cm?® (@CKg'soil) m) (@Cm?) (@Cm?) (gCm?) @Ccm? (@cm?d
Walker Branch, TN Oi -- 456 3 191 191
P5 Oe + Oa -- 378 5 406 406 --
A 0.52 203 7 3303 210 3023 70
E 1.01 7 24 1249 1 452 796
B1/EB 1.13 2 41 433 0 91 342
Bt 0.92 2 63 319 0 63 256
Total 5902
Walker Branch, TN Oi -- 456 2 358 358
TDE Oe + Oa -- 378 3 269 269 --
A 0.44 50 8 616 7 563 46
E 1.01 7.0 50 2508 43 883 1582
Bt 1.18 3.0 70 887 unknown 240 647
Total 4638

1 Gravel free bulk density (i.e. less than 2mm).

2 Includes live root mass below the Oi horizon.

3 Oi and Oe horizons calculated on a per area basis and BD is not calculated for all pits except those at Howland, Maine.

4 On a dry weight basis.

5 Low density means r < 2.1 g/cc, high density r > 2.1 g/cc.

6 Fine root data are from individual pits for Oak Ridge (sorting techniques are not reliable); from McClaugherty et al. 1982 for Harvard Forest;
and from Fernandez et al. 1993 For the Howland Tower site and Ivan Fernadez personal communication for the Howland, NC site (these data
are specific to this pit originally dug in 1998).

7 Calculated by subtracting total roots from the total low density SOM.

8 Gravel free bulk density (i.e.< 2mm) from Fernandez et al. 1993.

9 Gravel free bulk density (i.e. < 2mm) from Ivan Fernadez personal communication (these data are specific to this pit originally dug in 1998).



Horizon Stock D'C of SOM TT TT CO, Flux CO, Flux D*C of SOM
short long Horizon Total Horizon Total

(gCm? (%o) (yrs) (gCm2yr (gCm2yr (%o)
Howland Tower 1996
Oi (L) 897 183 9(4) 4036  NA NA NA [')rli‘l():' eai6 (Pa!ie 1of 3).
Oe+ Oa(Lr) -- 128-192 NA NA ; v dues urnovgr
Oe (H) 2075 107’ 85(80)" 85 26 fII qul I&;arlll ui%gﬁpcd cuor; ;23
Oa(H) 2667 51 158 (153)" 158 17 R
E(LR) - 121-134 NA NA 2.4 70 by dividing mveqtfry by
E (H) 167 94 9% 17 the steady state *"C
E (M) 193 7 285 0.7 derived turnover time
SES Eu)) o > 2% 23 32 10 (unless otherwise noted).

S = . \ H

Bh (H) 1130 -35 510 2.2 2.9 -41 Where there ISmore th_an
Bh (M) 463 61 690 0.7 one possible turnover time
Bsl + Bs2 (H) 1041 21 425 24 3.9 -59 shown, bold values
Bsl + Bs2 (M) 1793 -121 1225 1.5 indicate the one usad to
BC (H) 934 -79 840 1.1 35 -135 calculate the flux. Seetext
BC (M) 3858 -161 1630 24 for explanation of multiple
Howland NC 1997
0i (LY 321 207 15(10) 40 (36) NA NA NA vaues
Oe+ Oa(Ly) 41 128-192 NA NA
Oe+Oa(H) 1820 193° 8(3) 3350 36.0
E(LR) 18 197 NA NA NA NA
E (H) 360 39 172 2.1
EM) 85 7 285 0.3
Bhs + Bh (H) 1176 51.2 160 7.4 8 4
Bhs + Bh (M)" 484 -37 535 0.9
Bsl + Bs2 (H) 3052 21 180 17.0 18 -29
Bsl + Bs2 (M)" 1876 -121 1225 15
BC (H) -79 260
BC (M) -161 1630

! Data are from the 1996 tower pit.



Horizon Stock DYC of SOM TT TT CO, Flux CO, Flux D¥C of SOM
short long Horizon Total Horizon Total )

(gcm? (%) (yrs) @CmZyry)  (@CmZyr) (%) Table 6 (continued, page 2
Harvard Forest NWN 1 of 3). D**C vaues, turnover
Oi (LL) 360 140 5 57 NA NA NA times and correspondi ng
Oea(LR) 230 188” NA fluxes. Fluxes caculated by
Oea (H) 1086 220° 20 28" 4 dividing inventory by the
A (LR) 60 216° NA NA 1 1209 steady state 1*C derived
A (H) 1235 121° 73 100* 1 turnover time (unless
A (M) 12 42 166 200° 0 otherwise noted). Where
Ap (H) 2891 52 156 19 20 47 thereis more than one
Ap (M) 576 -11 396 15 . .
Bwl (H) 311 86 896 03 1 “08 possible turnover time:
Bwl (M) 816 -105 1284 0.6 shown, bold vaues indicate
Bw2 (H) 169 -169 1724 0.1 0.3 -168 the one used to cdculate
Bw2 (M) 457 -168 2105 0.2 [the flux. Seetext for
Harvard Forest NWN 2 explanation of multiple
Oi (LL) 450 124 3 70 NA NA NA

2 vaues.

Oea(LR) 230 188 NA
Oea (H) 910 182° 8 38 (50)* 18
A (LR) 60 216° NA 29 1211
A(H) 2118 121° 73 100* 29
A (M) 14 94 130 200* 0.1
Ap (H) 1197 -3 330 36 4 -11
Ap (M) 552 -51 710 0.8
Bw1 (H) 350 -108 1096 03 1 -122
Bwl (M) 750 -133 1628 0.5
Bw2 (H) 127 -91 2230 0.1 0.4 -163
Bw2 (M) 277 -176 910 0.3




Horizon Stock D*C of SOM TT TT CO, Flux CO, Flux D*C of SOM
short long Horizon Total Horizon Total

(gCm? (%o) (yrs) (gC mZyr (gCm?yr) (%o)

Walker Branch P5

Qi (L) 191 127 5 67 NA NA NA

Oe+ Oa(Lr) ? NA NA

Oe+Oa(H) 406 144° 7-13 55 58

A (LR) 210 NA NA 16 39

A (H) 3023 40 195 155

A (M) 70 22 230 0.3

E (H) 452 21 235 19 8 49

E (M) 796 59 142 5.6

B1 (H) 91 31 210 0.4 1 -1

B1 (M) 342 -25 625 0.5

Btl (H) 63 -139 1400 0.0 04 -87

Btl (M) 256 -80 830 0.3

Walker Branch TDE

Oi (L) 358 130 5 68 NA NA NA

Oe+ Oa(Lr) ? NA NA

Oe+ Oa(H) 269 136° 6 60 45

A (LR) 7 NA NA 6 960

A (H) 563 99° 01 6.2

A (M) 46 37 189 0.2

E (H) 883 107 83 10.6 14 84

E (M) 1582 19 435 3.6

Bt (H) 240 113 80 3.0 3 81

Bt (M) 647 -156 1580 04

NA = Not applicaple, seetext for details. - Data are from the 1996 tower pit.
2 Represents the J'*C samples picked for dead roots (n = 1). * Represents the humified organic materid after size Sieving

SHowland) or quantitative root picking for the Oe + Oa (Harvard Forest).

Table 6 (continued,
page 3 of 3). D**C
vaues, turnover times
and corresponding
fluxes. Huxes caculated
by dividing inventory by
the steady state 14C
derived turnover time
(unless otherwise
noted). Wherethereis
more than one possible
turnover time shown,
bold vauesindicate the
one used to cdculate the
flux. Seetext for
explanation of multiple
vaues.

Vaue calculated using a non-steady state model.* Value caculated using a non-steady state model. ® Represents aweighted 0'4C
vaue for the two humified (H) components shown in Chapter 2, Figure 7 (B), dso see text for discussion.
® Represents the 0'“C value of acomposite sample after fine roots have been picked out.” Represents the bulk 0'C value, this



Table 7. Heterogeneity of low dengty fractions for minerd horizons.

Horizon Year <80M Fraction >80M Fraction Roots Fraction composite <80 M >g80m composite
Sampled D“C (%) <80m D“C (%) >80m D“C (%) Roots D'C(%) TT TT TT

Howland, ME

NC site

E 1997 17.1 0.19 44.2 0.81 38.9 250 172 187

Bhs + Bh 1997 54.3 0.07 51.0 0.93 51.2 150 160 159

Bs 1997 -39.0 0.12 30.0 0.88 21.8 530 210 248

Walker Branch, TN

P5 site

A 1998 -0.5 0.11 44.9 0.88 39.9 340 175 193

Al 1972 73.3 0.58 194.5 0.40 122.8 83 32 62

TDE site

Al 1998 35.6 0.27 130.5 0.53 207.0 0.16 117(99)1 192 6o0r65 (90)l 124 (138)1

E1l 1998 55.2 0.42 143.2 0.58 106.2 150 7 or 57 63

E2 1998 48.6 0.15 88.8 0.85 82.8 163 100 109

Harvard Forest

NWN #1

A 1996 48 0.09 130 0.82 256 007  132(122)' 165 40r65(72)" 88 (94)"

TT = Turnover Time

Composite TT is calculated usina a mass (fractional) weiahting of the **C-derived turnover time for each component.
1 . . . 14 . . .
Values in parenthesis represent the weighted = C concentration or turnover time without the root component



Table 8. Radiocarbon vaues of 1992 aboveground litter inputs
and estimated time lags. Analytica error for the D**C
measurement is 6+ %o.

Litter Measured Lag Fraction
Type DC (%o) years of mass
Conifer 147 3 0.52
Deciduous 132 1 0.16
Wood* 287 15° 0.23
Miscellaneous 177 5 0.10
Total 179 5 1.0

! Sticks and twigs

2 D'C and lag time values (in bold) are mass weighted based
on the mass fraction and D"*C of each component.

3 Assumes an explicit lag of 5 years for the atmospheric record
of C in CO, (see Figure 11), plus a turnover time of ten years.
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Table 9. Radiocarbon values and turnover times for archived and modern soil pits.

Site Low Density High Density--------------------
Horizon D*C (%o) D*C (%o) TT (years) TT (years) D“C (%) DYC (%) TT (years) TT (years)
Howland, NC 1997 1988 1997 1988

Oi 207 -- 15 --

0i-Oa 163 (194,161) 284 (218,284) 10-15or 47 (12 or 33, 10-15 0r 47)  10-15(10-15 or 47)*

E 40 (17,44) 76 (70, 77) 172 (250, 172) 112(120, 109)

Bhs + Bh 51 (54,51) 88 (63,103) 160 (150,160) 98 (130, 85)

Bs 22 (-39,30)  36(-50, 59) 235(530,210) 180(590, 135)

Bc 10 (-65.3, 21) 260(710, 222)

Walker Branch, P5 1998 1972 1998 1972 1998 1972 1998 1972
oi 126.6 549.7 5 or 68 5

Oe +0Oa 144.4 372.8 7 or 55 13

A 40 (-1,45) 124 (73, 195) 180(250,170) 50 (83,32) 22.4 56.4 230 100
A2(E) upper 21 137.7 235 47 59 107 142 59
A2 (E) lower 30.6 210 -25.4 625

B1 -139.4 157.3 1400 40 -79.5 -38.2 830 460
B21t na na -89.6 -67.4 930 680

Bold values are a mass weighted composit of the <80 and >80 micron fraction. Values in parentheses are the <80 micron

fraction and the > 80 micron fraction respectively.

* Using both the 1997 and 1988 data, and fitting a curve similar to Chapter 1, Figure 1, the best fit turnover times are 33 years for the < 80 micron fraction
and 10-15 years for the > 80 micron and composit fractions.



Table 10. Steady state values used to initidize a4-pool C modd for each of the three study Sites.

Site - Howland-------------- --=-=-emn--- Harvard Forest-------- --------- Walker Branch---------
Stock TT Input Stock TT Input Stock TT Input
gC m? yr  gCm?yr! gCm? yr  gCm?yr! gCm? yr  gCm?yr!

Pool 1 75 1 75 150 1 150 200 1 200

Pool 2 4000 40 100 1800 40 45 300 11 27

Pool 3 2600 150 17 1800 100 18 2000 75 27

Pool 4 7950 500 16 4620 500 9 2500 5000 5

Total 14625 208 8370 222 5000 259




Howland, ME

Harvard Forest
Petersham, MA

Waker Branch
Oak Ridge, TN

Figure 1. Stemap
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Figure 2. Thetime record of **C in atmospheric CO, (top) and (bottom) the same
record expanded for the period 1980-1997. The clean background data are a
compliation of sources representing clean air Stes from Ingeborg Levin (persond
communication). The continental curve represents a compilation of data based on
grapes grown in Russafor 1950-1977 (Burchuladze et d., 1989), and direct
atmospheric measurements for 1977-1996 which represent summer means (May —
August) taken at Schauindand, Black Forest, Germany a an devation of 1205 m

ad (Levin and Kromer 1997).
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Figure 3. Loca measuresof *C in amospheric CO,. Only samples for which there
are d*3C values are used. Error bars represent one standard deviation (n = 3 to 6) for
al samples except Howland in 1997 where n = 1 and the error shown represents the
andytica error (6 %o). The two solid lines encompass the range of **C in

amospheric CO,.
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Figure4. (Top) Timeseriesof **C in tree dpha cellulose sampled from annual
tree rings of awhite oak on the Walker Branch TDE gite in October 1999.
Samples underwent a solvent extraction followed by an acid-base-acid rinse,
(Bottom) The same data as above for 1990- 1998, except plotted as the relative
difference between the dpha cdllulose and the atmospheric trend from
Schauindand, Gerrmany).
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Figure 5. Radiocarbon in CO, of total soil respiration (top) and soil gas (bottom) for
two gtes on the Walker Branch watershed from June 1998 through June 1999.
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Figure 6. Globa tropospheric **C of CO, compared to deciduous leaves at l
three sites and tree-ring cellulose from Walker Branch. Error bars represent
analytica error on al lesf and cellulose messurements (as n = 1). The DC of
amaospheric CO, comes from Levin and Kromer, 1997, and Levin and
Hesshaimer, 2000
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Figure 7. Carbon stocks a dl three Sites (va ues represent an average of dl pits dug
at each Ste). Error bars represent the range or standard deviation for the entire
profile.
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Figure 10. Effect of lagged *C inputs on calculated turnover times for 1999. The
lagged curves are generated by our steady-state model by having the A¥C of
atmospheric CO; inputs be n years behind the actual value (where n = the lag time).
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Figure 11. D*C vaues for amospheric CO, and organic horizon components
for archived and modern soils and modeled (steedy state) turnover time

curves. The Waker Branch input data differs from that shown for Howland
forest in that the input data for the 14C of amospheric CO, isderived from

tree ring cellulose garting in 1990 (in order to account for the unusua

amospheric **C history at this site, see text for details).
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Figure 12. Average turnover times by soil horizon. Oe + Oa horizon (top), low-
densty minerd fractions (middle), and high-dendty minera fractions (bottom).
(Top) Error barsinclude dl possible values measured for fractionated samples.
(Middle and Bottom) Error bars when shown equd arangeif n = 2 or standard
eror if n= 3, otherwise n= 1. The high-density Walker Branch samples
include data from the 1972 archive pit.
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Figure 14. (Top) Carbon storage as aresult of a 10% increase in NPP using afour-
pool (steady state) modd with C stocks and turnover times characterigtic for the fast
pool, Oe + Oa, A/E and B horizons at each Site; see Table 10 for steady State stock,
turnover times, and inputs for each SOM pooal. (Bottom) Therate of carbon storage

a each ste through time, following a 10% increase in NPP.
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Chapter 4: Variability of Fine Root Dynamics
Measured by Radiocarbon

Abstract

Using a new approach involving one-time measurements of radiocarbon
(**C) in fine root tissues we have measured the actual age of C in fine root stocks. We
find that the bulk of fine roots in deciduous and coniferous forests of the eastern United
Stateslive for 6-11 years before they die. Significant variation of C resdence time exigts
in different parts of the same root as afunction of branching order and within fine root
stocks as a function of depth within the soil. The smallest fine roots tend to be the
youngest, while the larger fine roots tend to be the oldest. Our results differ sharply from
previous estimates of fine root age made using mass balance approaches and root-
viewing cameras, which generaly report fine root ages of afew monthsto one or two
years. Each method, including this new radiocarbon method, has biases that tend to
overemphasize one end of the range of sizesand ages. Our results indicate that the
classc definition of fine roots, as those with diameters of < 2 mm, should be subdivided
into more 9ze dlasses. Recognizing this Variability in fine rootsis necessary to obtain

better estimates of root longevity, turnover and belowground C inputs.
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Introduction

One of the biggest uncertainties in predicting ecosystem carbon baance and the
role of terrestrid ecosystemsin the globa carbon cycle is our inability to track the
alocation and subsequent longevity of recently fixed carbon into various plant tissue
components. Methods for estimating alocation to aboveground biomass and net primary
productivity (NPP) are well developed (Schlesinger, 1997). However, our ability to
estimate dlocation and longevity below-ground is till poor (Gower et ., 1996, Vogt et
al., 1996). Fineroots (< 2 mm diameter) make up ~2.5% of totd terrestrid plant biomass
and have been estimated to receive one third of globa NPP (or 20 gigatons of C per year)
assuming they grow and die within a year (Jackson et a., 1997). The robustness of such
an estimate depends greetly on the assumption of fine root turnover, a measure of
longevity and lifespan, that ecologists have long struggled to estimate in naturd
ecosystems.

Traditiona methods of quantifying root turnover typicaly divide the sanding
stock of root mass by the estimated annual production or lossrate (Vogt et al., 1996).
Direct methods for estimating production and loss rates are |abor intensive, time
consuming, and involve multi-year observations. These include sequentia coring, in-
growth root cores, root screens, minirhizotrons or rhizotrons, and litter bags (Fahey and
Hughes, 1994, Vogt et d., 1998). Sequentid coring techniques have high uncertainty due
to spatid and tempord variahility in root distributions (Fogel, 1990, McClaugherty and
Aber, 1982), whereas other methods have significant disturbance effects (Jodin and
Wolfe, 1999, Vogt et ., 1998). In an effort to minimize time consuming direct

methods, indirect methods such asthe N budget (Aber et d., 1985, Nadelhoffer et .,
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1985), or carbon flux approaches (Raich and Nade hoffer, 1989) have been devel oped.
These indirect approaches require data on the N or C inputs and fluxes and assume that
only N or C drivesfine root dynamics. In generd, studies of fine root turnover yield
turnover times of two years or less (Hendrick and Pregitzer, 1993a, Nadehoffer et d.,
1985, Aerts et d., 1992, Hendrick and Pregitzer, 1993b, Burke and Raynal, 1994), though
some studies report turnover of severd years (Jodin and Henderson, 1987, Odtertag, in
review, Milchunas and Lauenroth, 1992).

Species, nutrient status, and presence or lack of mychorrhiza associationclearly
affect lifespan. But methodology aso appears to influence lifespan estimates. In
hardwood forests of the northeastern USA, estimates of turnover times for rootsin the
upper parts of soil profiles are on the order of months, using root screen and
minirhizotron techniques (Hendrick and Pregitzer, 1993a, Fahey and Hughes, 1994,
Johnson et d., 2000, Hendrick and Pregitzer, 1992, Eissengtat and Y anai, 1997), typicdly
less than two years for sequentid coring and in-growth root cores (Vogt et al., 1986,
Fahey and Hughes, 1994, Powell and Day, 1991), and <1-3 years for nutrient budget
techniques (Aber et a., 1985, Nade hoffer et ., 1985). Despite alack of agreement
between fidld methods, turnover times for fine roots incorporated into ecosystem models
reflect agenerd consensus that the mgority of fine roots grow and die within roughly
one year (Hoffmann, 1995, Rasse et d., 1999).

Here we use a new method based on radiocarbon (**C) that alows estimates of the
ages of fineroots directly. This gpproach takes advantage of the spike in atmospheric

0, from thermonuclear weapons testing in the early 1960's (Figure 1), which can be

used as atracer for the timing of photosynthetic uptake and C cycling ratesin an
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ecosystem. After the nuclear test ban treaty in 1963, 1*C in amospheric CO, decreased
rapidly due to exchange with the ocean and terrestria biosphere. Since 1982,

amospheric D**CO2 has continued decreasing because of uptake by the ocean and

increased burning of *4C-free fossil fudl. It follows an exponential curve with arate of
change of —13%. in 1982 and about —4%o. in 1998 (Levin and Hesshaimer, 2000).
Precision in the **C measurement by accelerator mass spectrometry (AMS) is + 5 to 6%o
(which includes both machine and laboratory error for unknown samples). Thus we can
resolve when organic matter was fixed from the atmosphere within one to two years.

If, asis generdly thought, fine roots grow and die within one year, and if they
grow from carbon fixed from the atmosphere within the last year, then the **C content of
their tissues should have the same **C content (corrected for mass-dependant
fractionation effects) as the atmospheric CO», for that year. However, a a mixed
deciduous forest in central Massachusetts, USA, we messured significantly elevated 4C
values rdative to the atmospheric D*C of CO, for both live and dead roots collected in
1996 (Figure 2). These dataimply that the bulk of fine root stocks (both live and dead)
areather: (1) living sgnificantly longer than one year; (2) made from carbon reserves
stored in the plant for severd years prior to trandocation to fine roots, or (3) actively
taking up soil organic matter with devated **C values from the surrounding soil
(potentialy from mycorrhiza interactions). In this paper, we test the above hypothesis at
three temperate forests in the eastern United States and discuss the implications of our

results.
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Methods

We sdlected three temperate forests in the eastern United States located along a
latitudinal transect from Maine to South Carolina: a coniferous forest in Howland, Maine
(Howland), a mixed hardwood forest in Massachusetts (Harvard Forest), and aloblolly
pine plantation planted in 1957 in South Carolina (Cahoun Experimenta Forest).

Specific Ste characteritics, including the dominant vegetation type, aregivenin Table 1.

Sample Collection

In spring 1999 at the Howland and Harvard Forest sites, we collected roots known
to be less than one year in age by placing screens horizontally at the base of the organic
horizons where fine roots are proliferate (following the experimental design of Fahey and
Hughes 1994). Roots that grew through the screens were harvested in late August 1999
and were therefore less than one year in age. For comparison we aso collected grab
samples of the totd fine root population by depth from pits dug in late July 1999. Roots
from both screens and pits were separated from soil and divided into two size classes (<
0.5 mm, 0.5-1mm). At the Calhoun Experimental Forest roots were collected from 6 cm
diameter soil corestaken a 3 depth intervas (organic horizon, 0-15 cm and 15-30 cm) in
late July 1998. Live roots were separated from dead and sorted into two size classes (< 2
mm and > 2mm).

All sampleswere ther frozen or refrigerated, and then dried in an oven & 60°C
for a least 24 hours. From the roots sampled from Harvard Forest in1996 (Figur e 2) fine
roots were quantitatively sorted into live versus dead (Gaudinski et a., 2000) and

processed directly into graphite as discussed below. Roots collected after 1996 were first
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given an acid/dkali/acid procedure to remove labile carbon, that is easily hydrolysable, as
well as any sorbed organic compounds. This procedure leaves behind primarily

“gructura” carbon components. Root samples were soaked in IN HCl in 20 ml glass
viasfor 15 minutes, repeatedly soaked in IN NaOH until the liquid remained clear, and
soaked for 15 minutesin IN HCI. Finally, samples were soaked three times for 15
minutes in deionized water. During al stages of pre-trestment the glass sample vids

were placed in a hot water bath (gpproximately 80°C) and sonicated. The samples were
then dried at 60°C and converted to graphite. The 13C values were also measured for each
sample to correct **C data.

We were d 0 able to obtain archived live fine roots (< 0.5 mm and 0.5-3 mm)
sampled in asmilar mixed hardwood forest a Harvard Forest in 1979 by Charles
McClaugherty (McClaugherty and Aber, 1982). The samples were origindly sorted by
hand into size class and into live and dead categories. The samples were then dried,
ground, and stored in glass vids. We show only the live samples here because the ground
dead root samples contained significant amounts of soil organic métter. Because the
samples were dready ground, we performed the acid/dkalai/acid step by placing the
them in a polyester, heat sedled “teabag’. The polyester bag has a very tight weave and

its fibers did not contaminate the sample.

Atmospheric record of D*C in CO,

We interpret the D**C in root tissuesin terms of age or turnover, using two time-
dependent models that smulate incorporation of bomb *4C into the fine root pool. A
necessary input to both modelsiis the history of 4C in atmospheric CO, incorporated by
plants. We use the aimospheric D*C record of atmospheric CO, (Northern Hemisphere)
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based on grapes grown in Russiafor 1950-1977 (Burchuladze et d., 1989), and direct
atmospheric measurements for 1977-1996 that represent summer means (May — August)
taken at Schauindand Black Forest, Germany, at an elevation of 1205 m ad (Levin and
Kromer, 1997). After 1996 we assume a continued decrease of 4 + 2 %o per year (Levin
and Hesshaimer, 2000), which yields values of 100.3%o, 96.3%0 and 92.3%. for 1997,
1998 and 1999 respectively. The 1997 and 1998 vdues are condstent with preliminary
growing season means for Schauindand for 1997 and 1998 (Ingeborg Levin, persona
communicetion).

We took loca atmospheric measurements at roughly 10 cm above the forest floor
at both the Howland and Harvard Forest sites in order to correct soil respiration samples
for amospheric contamination. The DC vaues and their standard errors for CO, from
air (at 10 cm) at Howland and Harvard Forest are 102 + 7 %o (n = 5) and 90  4%o (N =7)
respectively in 1998 and 74 + 5%o (n = 3) and 89 £ 1%o (N = 7) respectively in 1999.

M easurements made so close to the soil, however, are shown by their d*3C content
(which ranged from —8.24 to —12.3 %) to be influenced by locdized pollution and/or re-
respired CO, from soils and plants. Thus they do not necessarily represent the *4C of CO,
taken up by the tree canopy. We therefore use the Schauindand data set with a4%. per
year decrease since 1996, rather than our own measurements at Harvard Forest or
Howland, to set the D**C of CO, fixed by plants between 1997 and 1999 at all three of

our Sites,

Radiocarbon (**C) Analysis
We converted dl root samples to graphite via sealed-tube zinc reduction (Vogd,
1992) and measured the 14C content on an accel erator mass spectrometer (AMS) at the
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Center for AMS atLawrence Livermore Nationa Laboratory. We express radiocarbon
data as D'*C, the difference in parts per thousand (per mil or %o) between the 1*C/**C
ratio in the sample compared to that of auniversa standard (oxdic acid |, decay-
corrected to 1950). All samples are corrected for mass-dependent isotopic fractionation
to - 25%o in d*3C. This accounts for plant-based photosynthetic discrimination of
atmospheric 1*CO is accounted for (**C is assumed to fractionate twice as much as *C)
and the reported D**C values reflect the aamospheric D*C of CO, from which the C was
origindly fixed. Precison in the AMS measurement istypicaly £6%o (which includes

both machine and laboratory error for unknown samples). The AMS at LLNL measures
theratio of *C to 13C (not *C/*C). Therefore, accurate *C measurement requires d*3C
measurements of each sample. The d*3C values for roots from Harvard Forest and
Howland in 1999 ranged from —23.09 to -29.65%o., though most were between -26 and -
29%0 and were measured at the University of Cdifornia, Irvine, usng an Isotope Ratio
Mass Spectrometer (with aprecision of + 0.05%o). The d*3C vauesfor roots from

Cahoun Experimental Forest were assumed to be —25%eo.

Modeling Fine Root Age

Based on the measured D'*C values, we estimate an average age for fine roots
with two different methods. The first method assumes that al structura carbon in the
root grew in one year, and added no new C since that time. In this case, the age of the
root is determined by comparing the D**C of structural C directly to the record of D**C of
CO, in the aimosphere. This method is most gppropriate when aging asingle root as

opposed to a composite sample that represents a population of roots. For composite
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samples atime-dependent, steady-state model (method 2) is better because it integrates
the D**C concentration of atmospheric CO, over the past n years (where n equasthe
average age of the population). This mode assumes that variation in radiocarbon vaues
of apopulation of amilar root samples, and hence any variation in ages of that population
of roats, is normaly distributed around the mean. The basic modeling equation is.

C, R _.=1"R + C

0) som(t) am(t) (t-1)

R k"C , R -17C R

som(t-1) (t-1) som(t-1) (t-1) som(t-1)

Collecting terms:

_ I Ratm(t) +(C(t—l) ’ Rsom(t—l) ’ (1' k-1 ))
Rsom(t) - C(t)
where;

C = Stock of carbon for the given C pool in gC mi2
| = Inputs of C above and below groundin gC m? yr?

k = Decomposition rate of SOM inyr!

_ @1“06

R= &10000 "

1

Ram = Theratio of *C in the atmosphere normaized to a standard.

Rsom = Theratio of **C in the soil organic matter or root sample normalized to a
standard.

| = radioactive decay constant for 1*C = 1/8267 years.

t = time (year) for which cadculation is being performed

The two methods for using D**C vaues to estimate an average age are shown in
Figure 3. With method 1, aroot measured in 1999, with its structural material having a
hypothetical D**C of 145%o, has an age of 10 +1 years because the atmosphere last had

aD*CO, of 145%o in 1990 (1999-1990 = 10 years including the 1999 growing season).
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As stated above, method 1 is most gppropriate for estimating the age of an individud fine
root, while method 2 is most appropriate for a population of roots. However, as shown in
Figure 3, the difference between the two modelsis not sgnificant for samplesthat are
lessthan 110%o0, and only 1-2 yearsfor values between 110 and 185%. (with method 1
predicting older ages relative to method" 2). For roots with D*C values grester than
185%o, the difference in the two methods becomes quite large and opposite in Sign
because method 2 dampens the bomb signal, especidly for larger average ages. Infact, in
1999, D'*C values between 174-200%o do not have a unicue solution when applying
method 2, and values higher than 200%o. cannot be explained with method 2 (or have no

solution).

Results

Radiocarbon values of fine roots

The D*C vaues for fine roots from the organic horizon less than one year in age
(grown during the 1999 growing season only) at both the Harvard Forest and Howland
stesare shown in Table 2. The D**C values at Harvard Forest range from 86 to 96%o
with amean of 90%o and a standard deviation of + 4%o (n = 5). The D**C values at
Howland range from 71 to 94%. with a mean of 85%. and a standard deviation of + 9%
(n=28).

The D*C values for fine roots harvested from soil pits at al three sites are shown
in Table 3 by depth and size class. The D**C values at the Calhoun Experimental Forest

(for 1998), the Harvard Forest and Howland (for 1999) range from 116 to 262%o, 97 to
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229%0 and 109 to 192%. respectively. Thereis considerable variation in D**C valuesat ll
three siteswith a trend toward incressing D**C as depth and size class increase,
particularly at the Calhoun Experimental Forest and at Harvard Forest. The D**C values

for fine roots collected in 1979 at Harvard Forest range from 340 to 366%. for roots < 0.5

mm in diameter, and 225 to 273 for roots between 0.5-3 mm in diameter.

Fine root D**C values for Harvard Forest and Howland (for 1999) from both
Table 2 and Table 3 are shown in Figure 4 in rdation to the D*C of atmospheric CO in
1999 (92 + 2%0). Thefine rootsthat grew only for the 1999 growing season are close to
the amospheric D**C of CO, in 1999 (from —19 to + 4%o). In contrast, fine roots from the
oil pits have DM C vauesthat are grester than the 1999 atmospheric D*C of CO; by +17
to +180%o.

Two individua fine roots collected in 1997 at Harvard Forest and anayzed for the
D'"C of structura C in the main stem and the secondary growth off that stem are shown
in Figure 5. Each D*C vaue shown represents components from one root and not a
composite of severa roots. The DC values for the primary growth on the main stem are
134 and 177%. for Figure 5A and 5B respectively. The secondary growths off the sems

are 116%. in both cases.

Modeling Fine Root Age

The *C datain Table 3 and Figure 2 are dso shown in Figure 6 (for al depth
and sze classes combined) adong with curves showing the modeled rangesin fine root
age that fit the data, using method 1 (Figure 6A) and method 2 (Figur e 6B). The D*C

vauesfor dl fine roots measured at dl time points a our three Stes are consstent with
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ages sgnificantly longer than one year using ether of our root age modds (Figure 6A

and 6B). Method 1 (Figure 6A) bascaly dides the atmospheric record back and forth
through time, with the curves representing the age of an individua root whose structura
carbon has not exchanged with more recently fixed carbon snceit origindly grew. All
data shown are bracketed by mode curves that represent individual roots with structura
carbon fixed 2 to 20 years ago, except of the 0.5-3 mm live roots sampled in 1979, which
are lower than the atmospheric DC of CO, in 1979 by 26 to 75%. (Table 3). Thefact
that these coarser roots are sgnificantly lower than the atmosphere also implies that these
roots were fixed severa years previoudy. They are lower than the atmospheric D'*C of
CO, in 1979 (299%o) only because the bulk of their carbon was fixed from atmospheric
CO; prior to 1958 (the first time the atmospheric D**C of CO, was above 200 per mil).
Thus, their age is consistent with the leading edge of a curve representing 22 year old
roots (nhot shown). Using method 2 (Figur e 6B), which represents a population of roots,
the Harvard Forest and Calhoun Experimenta Forest data are in many cases above the
maximum D'*C value that can be calculated by this mode! in 1999 (20 years; see
discussion in methods section). Again, the coarser 0.5-3mm roots from 1979 can only be
explained with a curve representing an older average age (24-32 years).

The caculated ages for fine roots sampled in 1998 and 1999 (usng method 1) as
afunction of depth and sze dassrangein age from 3-18 years (Figure 7). The error bars
indicate the error associated by method 1 plus any additiond range in age that would be
caculated from method 2 (when gpplicable). For example, method 1 predicts that a
sample with a D**C vaue of 160%o has an age of 11+1 years, and method 2 predicts 10+1

years. Thus the age would be shown on Figure 7 as 11 +1 and —2 years. Inthe Calhoun
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Experimenta Forest live roots < 2 mm range in age from 5-16 years, while roots > 2 mm
range in age from 12-18 years. Taking a stock-weighted average, roots < 2mmin
diameter are 9 years and roots > 2mm are 15 years in age. At Howland, fineroot (< 1
mm, live and dead) ages range from 5-14 years. Taking a stock-weighted average which
assumes dl roots arein ether the <0.5 or .5-1 mm size class, (Snce we do not know the
relative partitioning of root mass into either class) results in average ages of 10 and 11
years for roots <0.5 and 0.5-1 mm respectively. At the Harvard Forest, ages range from
3-15 years, with a stock-weighted average of 6 and 10 yearsif we assume dl rootsarein
either the <0.5 or 0.5-1 mm sze class respectively. The 1999 samples from Harvard
Forest and Howland were not sorted into live and dead fractions. However, the 1996 data
(Figure 2), which were sorted into live and dead categories, show sgnificantly different
means for live and dead roots in the organic (O) horizon, with the dead roots having
higher D**C vaues by 48%o (about six years). The number of samplesistoo low to
determine such atrend for the A and B horizons. The data for the organic horizons imply
that dead roots may persst in the soil for severd years, which is consstent with
published rates for root decompaosition on the order of severa years at Harvard Forest
(McClaugherty et d., 1984). Therefore, the age caculations for the roots collected in
1999, that combine live and dead roots, may overestimate the period that fine roots live
by up to severd years.

The profilesin Figure 7 show atendency for changes in average fine root age
with depth in the soil profile. At the Calhoun Experimental Forest, a mono-specific
loblally pine plantation, fine root ages increase with both depth and size class. Roots

were not separated by species at Howland or Harvard Forest, but in the well developed
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Spodosols a Howland, fine root age is related to soil horizon, with the youngest ages at
~8-10 cm depth where humic materials accumul ate beneath an E horizon (a zone of
nutrient leaching). In al three locations, where a sgnificant difference exists between

gze classes, the roots in the smaler Sze classes are younger. Thistrend adso holds for the
archived roots collected at Harvard Forest in 1979 (Figure 6). Roots < 0.5 mmrangein
age from 3-5 years while the roots between 0.5-3mm range in age from 22-32 years

depending on the modd used.

Discussion

Fine root longevity

We have tested our first two hypotheses (that roots live significantly longer than
one year or that they are synthesized from carbon reserves stored in the plant for severa
years) by comparing the measured D**C of the structural C in roots (live + deed) that are
known to have grown through root screens placed in the soil within the past year (and are
thus one year or lessin age) to the structura C of roots (live and dead) sampled from a
soil pit dug near the time of screen harvest (Tables 2 and 3; Figure 4). All fineroots
known to have grown in 1999, and to be less than one year old, al have a grikingly
different range of D**C vaues rdlative to those dug from the soil pits (Figure 4). All roots
less than one year in age are within two standard deviations of the atmospheric D*C of
CO, for 1999 (92 +2%0), and dl but four values are within one standard deviation of this
vaue (Table 2). Roots from the soil pits, however, are dl devated by aconsstently

higher degree (Table 3). The contrast in D**C between newly grown fine roots and those
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sampled from the soil pits (Tables 2 and 3, Figure 4) argues quite clearly that: 1) Newly
grown fine roots are formed with photosynthate fixed within the last one to two years. 2)
Fine roots randomly sampled in a pit represent a population whose D**C is significantly
elevated rdative to both the atmospheric D*C of CO, and the D'*C of newly grown roots,
consstent with average ages of many years.

The third hypothesis (that roots actively take up C viamycorrhizal association
from surrounding soil organic matter with devated D'C) is unlikely because ther D*C
content remains devated relative to the aimosphere through the entire soil profile. Indeed,
the carbon in soil organic matter below 15 cm depth is depleted in C (i.e. DC < 0%o) at
al three dtes (Gaudinski et al., 2000, Richter et a., 1999) yet the roots found there are
enriched in bomb *4C (with vaues from 108-260%o). Additiondly, for this hypothesisto
be correct, between 20 to >100% of the structural carbon would have to come from soil
organic carbon in order to explain the degree of elevated D'*C of fine roots rdative to the
atmosphere for over 99% of the roots we sampled from the soil pits. Whileiit is possible
some exchangeistaking place, it is unlikdly to contribute such large amounts of
gructura carbon. Therefore, we have concluded that the first hypothesis is the correct
one: Live and dead roots with D**C values substantially grester than that of the
contemporary atmosphere (i.e. greater than 2 standard deviations) live and persist for
severd years.

Neither of our modelsisided for cdculating fine root age. Method 1 is imperfect
because the samples are not individua roots, but rather are composites of severd fine
roots which likely vary in age. Method 2 is problematic because it does not adequately

capture age digtributions for a population, especialy for those populations that are not
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normally distributed about the mean, but skewed towards longer residence times. But
despite the uncertainties in modeling fine root age to within one to two years, both
modedls clearly show that the radiocarbon content of fine roots collected in both the late
1970's and the late 1990’ s cannot be explained by rapid turnover and in many casesthe

lifespan of these fine roots must be on the order of a decade.

Variability in fine root lifespan

Our finding of relaivey long fine root ages based on radiocarbon can be
reconciled with shorter turnover times estimated with Steady- state mass balance methods
(dividing stock by production or loss rate) or using minirhizotrons and screen counting
techniquesif fine roots have arange of lifespans, from months to many years, and each
method is biased toward emphasizing one end of the range. It isimportant to recognize
that age only equals turnover time in a homogeneous system whereevery root has the
same probability of death. Fine root depth profiles (Figure 7), however, clearly indicate
that turnover varies within fine root populaions. Individud fine roots dso show multi-
year age differences between root tips and the slem from which they grow. In Figure 5,
the ages (usng method 1) for the primary stem and the secondary growth off that stlem
are three and five years for the well drained site and four and deven years for the poorly
drained site, respectively. For these two sites, the D**C values correspond to age
differences of two and seven years between different parts of the same fineroot (Figure
5). Hence, if alarge fraction of the fine root mass has a high radiocarbon content (i.e., a
dow turnover time) and areativey smdl fraction of the fine root mass has lower
radiocarbon content (i.e., afast turnover time), then the mass-weighted average

radiocarbon content will indicate areatively long turnover time (age) of C in fine roots.

154



Conversdly, a steady-state mass balance based cal culation would yield a much shorter
estimate of turnover time because of the large flux of C through the most active fraction
of the pool that has rdatively low biomass and low radiocarbon content.

Vaiaion in turnover may explain some of the incons stencies between different
methodologies for sampling fine roots. Minirhizotrons and screen counting techniques
are biased towards roots with fast turnover because they sdectively look for changesin
root length, or root appearance and disappearance at the root tips. Root tips may well be
die earlier than the main stem of the root. Conversely, the use of **C measurements
directly on root tissues is biased toward longer turnover because the largest mass
accumulatesin the most recalcitrant part of the assemblage. The dynamics of any small,
yet fagt-cycling, components will consequently be underestimated unless the
heterogeneous components can be fractionated into homogenous pools prior to **C
andysis (Trumbore, 2000, Gaudinski et al., 2000). The current 1*C data clearly indicate
that fine roots are highly heterogeneous with respect to age, and suggest that root tips
cycle more rgpidly than primary fine root stlems, even though both are small enough (< 2
mm) to be lumped into a sze-defined class called “fine roots’.

The timescaes within which minirhizotron experiments are typicaly undertaken
may aso contribute to their fast fine root lifespan estimates. For example, minirhizotron
techniques are extremdly labor intensive and therefore encourage short deployment (one
to two years). As such, they do not typicaly have the opportunity to observe rootsliving
for many years. One unusudly long four year minirhizotron study in ponderosa pine
seedlings grown in the foothills of the Sierra Nevada Mountains found that, for the 18

cohorts of roots they followed, dl but one had roots which survived through the last
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sampling date. For the fine root cohort measured at the beginning of the study, 4% of the
observed roots were il alive at the end of the study 1350 days later (Johnson et dl.,
2000). In this study the cohorts of fine roots first observed in year one had higher death
rate than those first observed in year two, and those of the second year tended to die
faster than those first measured in the third year. This pattern suggests that root dynamics
shifted toward longer lifespans as the 1.5 year old seedlings (when the study began) aged
and grew.

An untested hypothesis relating to the long ages that are calculated from D*C
values that are substantially elevated relative to the D**C of amospheric CO, may dso
come from a“ concentration effect” of 1*C in fine roots as they age. The datain Figure 4
show that when roots first grow, they are made primarily of recently fixed photosynthate.
However, roots that last for several years may use trandocated carbon (with higher D*C
content) from stored reserves within the tree, perhaps in coarse woody roots. This
“concerntration effect’” would then make roots appear older than they actudly are. To
determineif thisis plaugble, roots of known ages from long running minirhizotron
experiments should be tested for radiocarbon content.

Globdly, fine roots have been estimated to comprise 33% of NPP, assuming
annud turnover (Jackson et a., 1997), and about 50% of NPP in forest ecosystems (Vogt
et d., 1998). Our finding that fine roots vary sgnificantly in age, and can indeed live and
persist in the soil environment for a decade or longer, emphasizes the uncertainty in our
current understanding of below-ground C dlocation. Whether thisimplies that estimates
of alarge NPP expenditure to fine roots are inaccurate is uncertain. Possibly, a smal

percentage of the fine root population (or root exudation) is dynamic enough to account
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for alarge NPP flux. We can put some bounds on belowground NPP for temperate forests
by using the gpproach of Raich and Nade hoffer (1989) for soils near Steady state with
respect to carbon storage:

Rs Pa R » Py

Rs = soil respiration for an average temperate forest (665 gC m? yr'*; (Raich and

Schlesinger, 1992)

P, = above ground detritus production for an average temperate forest (175 gC m®
yr'';  (Raich and Nadehoffer, 1989))

R = root respiration for an average temperate forest (gC mi2 yr't; floating
variable)

Py = below ground detritus production (gC m? yr'; unknown) = belowground

NPP

Assuming NPP of an average temperate forest is 600 gC m2 yr'! (Raich and
Schlesinger, 1992) and Rr is 20% of Rs, then below-ground NPP would be 60% of total
NPP. A review of methods for separating root and soil microbid contributions to ol
respiration (Hanson et al., 2000) shows that R, for temperate forest studies, which
integrate over an entire year or growing season, is most commonly between 40-60% of Rs
(with amean of 45.8%). Using this range below-ground NPP is then 35-15% (30% using
the mean) of total NPP. This rangeis less than the 50% below-ground NPP often ascribed
to temperate forests. We use this gpproach only to show that, based on measured C fluxes
in forest soils, current estimates of bel ow-ground NPP may be somewhat higher than

redity. However, in order to satisfy both the need for substantial annual NPP alocation
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belowground and a fine root stock that average in age from 6-11 years, fine roots must

have ages ranging from months to a decade or more.

Conclusions

Although absolute ages are somewhat uncertain, our D**C data dlearly indicate
that alarge percentage of fine root stocksin forest ecosystems live for many years. We
aso find that fine roots vary in age from months to decades or more. The commonly used
definition of fine roots as those with < 2 mm diameter is problematic because it lumps
together populations of roots that cycle carbon a significantly different rates. Improved
understanding of ecosystem carbon balance will require combined measurement

gpproaches that further explore the ecology of fine roots.
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Table 1. Site decriptions

L ocation Dominant Species Soil Type Latitude MAT MAP Stand age

(°C) (mm) (Years)
Howland, ME Red Spruce, Balsam Fir Typic Haplorthods  45°N 5.5 1000 100

Harvard Forest, MA Red Oak, Red Maple Typic Distrochrepts  42°N 85 1050 50-70
Calhoun Experimental Forest, SC Loblolly Pine Typic Kanhapludult  35°N 16 1170 41




Table 2. D*C of fine roots less than than one year in age sampled in 1999 at Howland

and Harvard Forest.

SITE D" C (%o)

Harvard Forest* <1mmin diameter
Root screen 86 (6)

Root screen 86 (6)

Root screen 87 (5)

Root screen 91 (6)

Root screen 96 (6)

Howland? <1 mm in diameter
Root screen 94 (5)

Root screen 86 (6)

Root screen 94 (6)

Root screen 71(5)

Root screen 74 (5)

Root screen 86 (5)

Root screen 81 (6)

Root screen 94 (6)

Valuesin parenthesis represent precision of the AMS measurement
which is a combined machine plus laboratory error.

' Atmospheric D**C in 1999 was 92 +/- 2%o
(Levin and Kromer 1997; seetext for further details).
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Table 3. D*C of fine roots sampled from soil pitsat dl three

SITE D"C (%o) DC (%o)

Calhoun Experimental Forest-1998

Depth (cm) <2mm in diameter >2mm in diameter
O horizon (+2-0) 116 (5)

0-15 144 (5) 178 (6)

15-30 228 (6) 262 (6)

Harvard Forest-1999°

Depth (cm) <0.5mm in diameter 0.5-1 mm mm in diameter
O Horizon (+5-0) 97 (6) 132 (6)

0-2 197 (6) 229 (6)

2-6 116 (6) 149 (9)

6_30 188 (7) 168 (7)
Howland-1999°

Depth (cm) <0.5mm in diameter 0.5-1 mm mm in diameter
O horizon (+10-4) 128 (6) 192 (6)

O horizon (+4-0) 160 (6) 154 (6)

0_7 134 (6) 121 (5)

7-13 109 (6) 115 (6)

13-30 190 (6) 175 (6)

Harvard Forest-1979°

Depth (cm)? < 0.5mm in diameter 0.5-3 mm in diameter
0-15 340 (6) 249 (6)

15-30 377 (8) 273 (6)

30-45 366 (7) 225 (6)

Valuesin parenthesis represent precision of the AM S measurement which is a combined machine plus laboratory error.

! Atmospheric D*C in 1998 was 96 +/- 2 %o (Levin and Kromer 1997, Levin and Hesshaimer, in press; see text for further details).
2 Atmospheric DC in 1999 was 92 +/- 2%o (Levin and Kromer 1997, Levin and Hesshaimer, in press; see text for further details).
% Atmospheric DMC in 1979 was 299 +/- 9 %o (Levin and Kromer 1997).
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Figure 1. Thetime record of D**C in atmospheric CO, (Northern Hemisphere).
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Figure 2. The D™C vaues by soil horizon for live and dead fine roots collected
during 1996 at Harvard Forest. The atmospheric D**C of CO, in 1996 was 104.3
+ 3.0%0 (Levin and Kromer, 1997). Error bars represent the standard error where
present (n equals 10, 7, 3 and 6 for live O, dead O, live A and live B horizon

roots respectively) otherwisen=1or 2.
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Hesshaimer, 2000).
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Figure 5. DC vaues for individua live fine root components growing in the

organic horizon at Harvard Forest in 1997. The ages shown are caculated using
method 1 only. The samples are from two different sites (A well drained; B poorly
drained) and each D'*C va ue shown represents components from one root and not a
composite. Therefore, they should not be thought of as necessarily representative of
site to site differences. The D**C of the atmospherein 1997 is 100 +2%o (Levin and

Kromer, 1997, Levin and Hesshaimer, 2000).
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Figure 6. The radiocarbon values of fine roots for al depth intervals measured at
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Figure 7. The estimated age of fine roots sampled at Harvard Forest and Howland (1999) and The Cahoun Experimental Forest (1998)
using method 1. The error bars indicate the error as caculated by both method 1 plus any additiond range in age as calculated by

method 2 (when applicable). The depths shown indicate the midpoint of the sampling horizon or depth interval. Depths greater than zero
represent the midpoint of the organic (O) horizon.



Chapter 5: Soil respiration fluxes: Age, Variability
and Partitioning

Introduction

This chapter builds on work presented in Chapters 2 and 3. Chapter 2 presents a
method for partitioning soil respiration into two components using the D**C signature of
s0il respiration and **C-derived turnover times of soil organic matter fractions a Harvard
Forest. Chapter 3 discusses *C-derived SOM turnover times and dynamics at Howland,
Harvard Forest and Walker Branch. Here, decomposition dynamics based on *CO,
measurements a al three Stesis explored. Treatment of soil respiration is expanded to
introduce a second, new, method of partitioning based on measuring **CO, evolved
during soil incubations. We compare the two methods using data from the Howland and
Harvard Forest sites (Walker Branch is compromised due to an unexpected *“C releasein
1999). Additiondly, this chapter assesses the impact of inter-annua variability of dimate
on decomposition dynamics and respiration partitioning a the same ste in years with
vaying cdimate,

Soil respiration is one of the largest sources of interannud variation in net
ecosystem production (NEP) in forests (Goulden et d., 1996, Savage and Davidson, in
Press). However, the extent to which variations in NEP are due to changes in autotrophic
(metabolic live root) versus heterotrophic (decomposition of soil organic matter by
microbes and soil fauna) respiration processesis largely unknown. Potentid changesin

plant productivity and climate in the coming decades will likdly influence both rates of
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decomposition of soil C stocks and live root respiration, though not necessarily with the
same magnitude or direction. Changesin plant productivity will influence the amount

and kind of C input to soil organic matter, while changesin soil temperature and moisture
will influence microbid activity and decomposition rates. In order to assess the influence
of varying rates in soil respiration on ecosystem C balance in both the long and short-
term, partitioning of soil respiration into autotrophic vs. heterotrophic sources and
ultimately understanding the factors controlling this partitioning is critical.

Severd gpproaches have been used to partition soil respiration fluxesinto
autotrophic and heterotrophic components (see Hanson et a., 2000 for areview of these
techniques). Briefly, these consist of component integration, root exclusion, and isotopic
approaches including pulse labeling (**C, *3C) and continuous isotopic labding (*3C Free
air CO, errichment (FACE), C3-C4 over-planting and bomb *C). Theisotopic
techniques have the advantage over component integration and root excluson techniques
because they provide quantitative results with the least amount of disturbance to the soil
system (Hanson et al., 2000). Among the isotopic methods, pulse labding studies are
generdly of shortest duration (weeks to months) and measure only C cycling on daily to
weekly timescales. They miss the contribution of the dower cycdling carbon important in
assessing the dynamics of soil carbon stocks. Long-term labding experiments with foss
fud CO, such as FACE experiments are extremely labor-, equipment- and cost-intensive.
C3-C4 over-planting islimited in its gpplication because it requires ecosystems to have
undergone a change in vegetation that switches the dominant photosynthetic pathway
from C3 to C4 or vice versa. Utilization of bomb produced **C as a continuous isotopic

labd has distinct advantages because it does not require the entire system to be disturbed,
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can resolve dynamics that operate on annual and much longer time scales, can be
employed in al ecosystems and does not require extensive fidd instrumentation.

The utility of bomb C in studying the sources of soil respiration derives from the
large differencesin 14C from autotrophic respiration (D**C = 92%o in 1999),
decomposition of decadal scale (D**C > 92%o in 1999), and centi- millenid cyding SOM
(D'C < 0) see (Chapter 3, Figure 9). The **C of CO, in soil respiration contertt will
fluctuate as 1) the partitioning between autotrophic and heterotrophic respiration varies
(Dorr and Munnich, 1986, Wang et d., 2000) and 2) SOM sources with differing ages
vary in ther contributions of decompaosition derived CO; in response to changes in soil
temperature, moisture and nutrient status throughout the profile (Wang et d., 2000).

One disadvantage of using bomb “C as atool to partition soil respiration is that
the D**C of atmospheric CO, which decreased at a rate of ~8%o per year between 1990-
1995 (Levin and Kromer, 1997) has slowed to 4%o per year between 1996-1999 (Levin
and Hesshaimer, 2000). Our andytica uncertainty in 1*C measurementsis 5-6%o thus we
can resolve the timing of fixation only to within 1-2 years over the duration of this study.
Autotrophic respiration, which results from decompostion of Recent-C (C fixed within
the past few hours to weeks), will have the 1*C signature of atmospheric COs.
Heterotrophic decomposition of above and belowground litter fixed within the past year
will aso have the same D*C signature as autotrophic respiration. Hence careful
definition of terms of what is actudly being partitioned by isotopic mass baance
techniquesis very important. Figure 1 shows the belowground forest C cycle, including
the definitions of terms used throughout this chapter and their respective 1*C isotopic

sgnatures.
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Development of methods to partition soil respiration into its component parts and
to assess the dynamics of soil carbon stocks via C and *4C measurements of soil
respirationisamagor god of thisthess. Chapter 2 presented amethod for partitioning
soil respiration into two components (Recent-C and Reservoir-C; see Figure 1) using the
D'C signature of soil respiration the **C-derived turnover times of soil organic matter
(SOM) fractions, and mass balance considerations at Harvard Forest. Chapter 3 discussed
C and *C inventories and **C-derived SOM turnover times at Howland, Harvard Forest

and Waker Branch. Here, treatment of soil respiration is expanded to:
Assess decomposition dynamics based on **CO, measurements a all sites.
Introduce a new soil respiration partitioning method based on soil incubations.

Compare the two respiration partitioning methods at Howland and Harvard Forest

(Walker Branch is compromised due to an unexpected **C release in 1999).

Explore changes in respiration partitioning at the same dte in years with varying

dimae.

Methods

Total C and **C inventory

Methods for ssmpling C and *C inventory a dl sites are discussed in detal in

Chapter 1 for Harvard Forest and Chapter 2 for al three sites.

Characterization of CO, and **CO, fluxes

Methods for measuring soil CO, and **CO in totd soil respiration and by depth

within the soil profile are discussed in detall in Chapter 2. These same methods were
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gpplied to dl three sites, with the exception of total soil respiration measurements at
Walker Branch. At Walker Branch, soil surface CO, fluxes are calculated from amodel
developed by Paul Hanson. Modeled soil respiration is calculated using empirica
relations of soil CO, emisson to soil temperature, soil water content and litter layer water
content. Hourly measures of these variables are then used to estimate CO; flux. The
model of total soil respiration includes additive functions for litter respiration (function of
water content and temperature), minerd soil respiration (function of soil temperature and
water potential), and root growth costs. Root maintenance respiration contributions to
total soil respiration are assumed to be 50%. The modd isrunin Ithink or Stella (High
Performance Systems, Inc.).

Measured d**C data are used to calculate D*C for CO, sampled from the soil
profiles. Fractionation by diffusion means that CO, profile d**C values are enriched by up
to 4.4 per mil compared to their source materid (Cerling et d., 1989). Using thisrelation,
the d*3C of the soil respiration source is ~26 per mil, close to the measured d13C vaues
for labile soil organic matter fractions.

As discussed in Chapter 2, D*C of CO, from soil respiration is corrected for any

leaks of atmospheric CO, (d*3C of —8.5%o) into the sampling system based on its

measured d*3C signature. The measured d*3C signature of SOM at these sites is—26%o.
Thus soil respiration should aso be —26%o. and the degree to which it is heavier reflects
mixing with atmospheric CO.. Unlike soil respiration however, measurements of soil gas

profiles are not corrected to a d**C of —26%o because diffusion is known to enrich profile

d*3C of CO, by 4.4%. relative to the source materia (Cerling et ., 1989). Thus soil
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profile d*3C should be close to —21.6%.. Over 99% of dl profile 1*CO, messurements
made in this sudy are within 2-3%. of thisvaue.

Soil temperature and moisture were monitored &t dl three Sites. Methods for
monitoring temperature and moisture for Howland and Harvard Forest are described in
Chapter 2. At Waker Branch soil temperature was measured at 15 and 35cm depth at the
TDE dte and logged hourly (Hanson et d., 1998, Hanson et d., submitted). Soil moisture
measurements are described in detail in Hanson et ., 1998. Briefly, soil water content
(%, vIv) is measured using time domain reflectometry (TDR) probes. At each sampling
location two vertica TDR probes (0-35 cm and 0- 70 cm) alowed estimation of an

integrated volumetric moisture vaue for the two depth intervals.

Soil Incubations

Incubations of soil organic matter (placing soil in aseded jar and monitoring CO;
and **CO, with time) are aussful tool in deciphering the heterotrophic signdl of
decomposing SOM because they solve two important problemsinherent inany in-situ
measurement of soil respiration. First, they eliminate the presence of autotrophic
respiration from living plant roots. Secondly, they characterize the carbon that is actualy
decomposing insteed of the *C of the SOM stocks, which are typically dominated by a
large mass of more recacitrant C stocks. The measured isotopic signature of CO, derived
from heterotrophic decomposition released during the incubation represents a
combination of al heterotrophic sources (i.e. Fast-C plus the dower cycling Reservoir-C
(seeFigurel).

Incubation samples were taken at Howland, Harvard Forest and Walker Branch in

mid-July 1999 with a stainless sted bulk density sampling corer 5 cm in diameter and 5
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cm long. Two pitswere dug a Howland (NC and Tower locations), Harvard Forest
(NWN location) and Waker Branch (P5 and TDE locations) and two replicate samples
taken for each horizon/depth interva at each pit (thus n = 4 for each Ste). The corer was
hand driven into the soil proceeding downward with focus placed on sampling a
particular soil horizon or horizon combination rather than a specific depth interva. Two
samples were taken from each horizon at each pit. The depth in the corer was carefully
measured and the sample then carefully extruded into a 100 ml glass container (pre-baked
at 500 °C), covered with duminum foil and then capped. Separate soil samples were dso
collected to determine fiddd moisture at the time of sampling. Samples were taken back to
lab, weighed and stored in arefrigerator for 1-2 days and shipped overnight with blue ice
to UC Irvine where they were refrigerated at 8°C.

Within two days of arriva a UC Irvine, the 100 ml glassjars were re-weighed,
water added to bring them up to gravimetric fiedld moistures smilar to those measured in
June and July in1996 (as the soils were unusudly dry when sampled in July of 1999) and
placed insde 1- 2 liter mason jars with airtight lids containing stopcocks. Atmospheric
CO, was removed at the beginning of the incubation by circulating 3 volumes of jar air
through a soda lime (80% CaOH, 3%KOH, 2%NaOH) trap. CO, concentrations were
monitored a one to two day intervas throughout the 12-day incubation period. The
temperature range in the room where the incubations took place ranged from 16.2-
18.8°C, wdl within range of the average and maximum summer time temperatures
observed in the top ten centimeters (16.3-16.9°C (average) and 19-20.5°C (maximum))
and amilar to maximum soil temperatures observed at 33 and 60 cm during the period

1995-1998 (17.1 and 16°C respectively) at Harvard Forest. After 12 days of incubation,
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total CO, concentration and d*3C of CO, was measured for each jar. Based on the rate of
evolved CO, and the d*3C of the sample (which will indicate if the jar was lesk tight),

CO, from only one of the two jars from each site/pit/horizon was selected for *CO,
andyss.

To s=eif theisotopic signa of the evolved C changed over the course of alonger
incubation we performed additiond incubations of upper and lower O horizons (which
have extremely heterogeneous reservoirs of SOM) and sampled for 14CO, after 5 (or 6)
days and again after 42 (or 43) days. All CO, was scrubbed from the soil jar after the first
sampling interval (5-6 days). Thus the 1*C of CO, sampled on day 42 (43) represents C
evolved during the second period (i.e. day 6 or 7 to day 42 or 43). For these incubations
two additiona samples were taken in the upper and lower O horizon at each pit for atota
of 8 extrajars at each site. Sdlection of which sample would be measured for 14C of CO,
was based on CO, evolution over time and the d**C of CO, in each jar (as only one
sample from each horizon was andyzed for *CO,).

In September of 1997, ten day incubations were aso performed on well drained
soilsin the same study area, using very smilar methods by M. Torn. These unpublished

data will also be presented for comparison.

Respiration Partitioning

Approaches

Two methods using C and **C mass balance to estimate respiration partitioning
were applied to the collected data. The first uses incubation data to separate respiration

into two components, autotrophic and heterotrophic respiration. The second method uses
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multiple components derived from the turnover time and C of SOM fractions to
separate Recent- C from heterotrophic components without the use of incubations. The
equations used to calculate respiration partitioning for performing both methods are

described bel ow.

Method 1: Autotrophic/Heterotrophic
This approach requires the measurement of totd soil respiration flux (Fiot), itsflux

weighted 1*C signature (Dr ) over the time period measured and the **C signature of
heterotrophic respiration (Dnet ), Which is determined from incubations. With the two
equations listed below, the flux from heterotrophic decomposition (Fer) and from
autotrophic decomposition (Fa) can be solved for:

Dret™ Fret + Da*Fa = Drot™ Rot Equation 1

Fret + Fa = Frot Equation 2

Where Da equals the D**C signature of the CO, in the contemporary atmosphere.
All fluxes arein gC mi? time'* and al isotopic (D) values arein per mil (%o).

Partitioning the fraction of production from each component by depth is achieved
by defining et and Fa to be afraction of Fror. Then for each horizon, Dye equasthe
incubation **CO, vadue for that horizon, Dro; equas the soil profile 14CO, for that horizon

and you can solve for the fraction from Fa.

Method 2: Recent-C/Multiple Heterotrophic (Reservoir-C)
This method of respiration partitioning separates total soil respiration into Recent-

C versus Reservair-C (Figure 1). Unlike the first method, autotrophic respiration as a

pure end-member is not estimated. The components of Reservoir-C used are ledf litter
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(L), root litter (Lr) and humified high and low density SOM (H and M respectively).
The specific details for this method are described at length in Chapter 2. Brigfly, the

equations used (with dightly modified symbols to be consstent with this chapter) are:

Fq =R tR +FRe+FR +F Equation 3
and
Fo Dlot=F" DA, +F "DL +F . DL.+F ~DH+F,” DM Eq. 4

Frot isthetota annud soil respiraion flux and Fr isthe flux of CO, derived from
Recent-C (autotrophic + Fast-C). F |, FLgr, Fy and Fy are fluxes of CO, derived from
their respective Reservoir-C sources. The D values required for the *4C mass balance are
either measured (for DL, DLg, DH and DM), assumed to equa DA (yesar |, for Recent-C),
or calculated from CO, and 14CO; fluxes (DTot). For the soil profile as awhole, Fr and
DT are the measured surface flux and its annual flux weighted D**CO, signature
respectively. Strictly spesking there are two unknowns. F_g and Fr. However, CO, fluxes
from F__ and the isotopic vaues of fine roots DL are not well known and must be

parameterized (see discussion below).
Calculation of Annual Average Isotopic Values

An annud average D**CO, vaue for soil respiration is calculated by weighting
each collar specific D**CO, vaue by the CO, flux from its respective collar & the time of
sampling (or within afew daysto aweek of the measurement). This “flux weighted”

vaue (Drot) is caculated by the equation below:
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3 *[14
) ) ) El CO; fuymy "D CO;y Equation 5
D*CG, fluaweighed — Dot = iy
a COZ flux(n)
n=1

The flux weighted average D*C of CO, is more representative of the annual
14C0, flux to the amosphere then a straight arithmetic mean, which does not account for
the amount of **C released a the time of sampling-only itsisotopic signature. The same
procedureis followed for calculating an average profile D*C of CO, vdue for soil gas a
agiven depth except the CO, concentration at the time of sampling is used for weighting
instead (referred to as “ concentration weighted').

In order to compare heterotrophic D**CO, signatures across sitesit is helpful to
flux weight each individua incubation sample and calculate a D**CO, representative of
the entire profile (asis reported above). Thisis done by accounting for the differencein
total CO, aswell as**CO, production for each incubation sample (which is representative
of asoil horizon(s)) and then scaling this by the amount produced by horizon on a per

areabasgs Hux weighting is performed via the following equeation:

n
[o]

4
iy na:.1 COZ flux(n) * BD(n) * D(n) *Dl COZincubatior(n) Equaion 6
D COZ fluxweighted = DHet = 3
a—1C02 () *BD, * Dy
where:

CO2 fiux (n) = CO, produced per gram of dry soil in jar n (mgC g dry soil™)
D*CO2 incubation (n) = D**CO2 produced in jar n (%o)

BD (n) = Bulk density of soil horizon injar n (g oni®)
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D = Horizon depth (thickness; cm)

n = s0il from agiven horizon inagiven jar

Cross Site Comparisons

Measurements of *4C of CO, are made in soil respiration and soil gasin different
years (when the atmospheric **C of CO; is changing). Therefore, in order to compare
vauesof DC of CO, from different years we ca culate the difference between the
annua weighted average 1*CO, and the best estimation of local atmospheric 14CO; for
that given year (defined as the DD*CO,). This comparison is vaid aslong as the rate of
decrease is constant (as it has been during 1996-1999, with a drop of ~4%o. per year;
Levin and Hesshaimer, 2000). Caculation of DD'*CO, aso alows us to make cross site
comparisons of D**CO, vaues across dl three sitesin 1998 despite the elevated locd 14C
history at Waker Branch, which began in 1995 (see Chapter 3). At Waker Branch, the
vaue used for the 14C of atmospheric CO, in 1998 is 117%. (from tree ring cdllulose, see
Chapter 3) compared to 96%o used for the atmospheric *C of CO; at the two northern

gtes (Levin and Kromer, 1997, Levin and Hesshaimer, 2000).

Results

Characterization of Carbon and Radiocarbon fluxes

CO; in total soil respiration

Sail respiration rates in temperate deciduous and coniferous forests typicaly
range from 600-700 gC m? y'* (Raich and Schlesinger, 1992). However significant

deviation from these averages can occur from year to year. This can be seenin the
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measured rates of soil respiration during the 4 years of this sudy (Table 1). Across Sites,
average annud respiration fluxes are 700, 770 and 820 gC m? y' a Howland, Harvard
Forest and Walker Branch respectively. Within any one sampling location/ste
differences between a given year and the multi-year average are between 80-550 gC mi?
y'1. Year to year variation in annual respiration amounts is grestest at Harvard Forest.
Clearly average net soil respiration flux increases from Howland to Walker Branch,
however, the year to year variability in fluxes are such that the differences are not
ggnificant to within one sandard deviation.

The time series of flux measurements for each Ste are shown in Figure 2. The
solid and dashed lines represent data taken by our collaborators; Eric Davidson's group
from the Woods Hole Research Center (WHRC) for Howland and Harvard Forest, and
modeled values from Paul Hanson from the Oak Ridge National Laboratory (ORNL) for
Walker Branch. At Howland and Harvard Forest, data are collected by WHRC weekly
throughout the summer months, biweekly in soring and fal, and as weether permits
during the winter. Also shown are flux measurements made by mysdlf, Sue Trumbore
and other fidd help from UC Irvine for dl three Stes. These flux measurements should
not necessarily correate perfectly with the measured fluxes as they were often taken on
different days with different moisture and temperature conditions. All Stesdisplay a
snusoidd pattern of CO, fluxes with maximums in the summer and minimumsin the
winter, asis characterigtic of temperate forests. While Waker Branch tends to have
higher annud emissions than the two more northern stes (Table 1) thisis gpparently not

due to higher summer time fluxes but because of ardaively long growing season and
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overal warmer winter temperatures which prevent fluxes from being aslow on average

in the winter season.

D'C of CO, in total soil respiration

The D*C content of soil respiration and soil gas was monitored a Howland (2
years, 1998-1999), Harvard Forest (4 years; 1996-1999) and Walker Branch (2 years,
1998-1999). However, due to an unexpected large atmospheric release of **C near
Waker Branch during the 1999 growing season, only the data prior to this release will be
shown here, i.e. 1998 through early June 1999. The D'*C vaues for CO; in soil
respiration a all three sites are greater than the atmospheric 1*C signature of CO, (92-
104%o between 1996 and 1999; Figure 3). At Howland measured vaues range from 90-
230%o0 with most being between 89-160%o.. At Harvard Forest the range over afour-year
period is 70-200%o with most measurements between 90-170%o0. At Walker branch the
range is 100-353%o but the 353%o. is an outlier and al other points are between 100-
160%o. The annua average *CO, vaues are compared with the total annua CO fluxes
a eech gtein Figure 4. For each year, thisfigure shows the range of dl collected
measurements, the arithmetic mean of D*C values aone and the average calculated by
weighting the D**C va ues according to CO; flux at the time they were measured (or
within afew daysto aweek of it).

Therangein DD*CO; for dl years a al sitesis 12-34%o (Table 2). At Howland,
vaues vary from 30-32%o (1998) and 25-24%o. (1999) for both the NC and Tower pits
respectively with atwo year average for both pits of 28+4%.. Harvard Forest has DD**C

vaues which vary between 13 and 34 %o between 1996- 1999 with afour year average of
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25+9%.. However, the 1999 values are between 11 and 23%o lower than the three

previous years.

Climate Variability

The average climate for each steis shown in Chapter 3, Table 1. Climate
variahility is shown only for the one sSite where we have four years of useable CO, and
14C0O, data (Harvard Forest). At Harvard Forest, the four years monitored, 1996-1999,
happen to have very large differences in the timing and amount of precipitation though
not temperature. 1996 was afairly wet year receiving the largest tota precipitation of al
four years (Figure 5). Smilar anounts of rain fell in 1997, 1998 and 1999. However, the
timing of precipitation events varied sgnificantly between the three years. In 1997, the
meagnitude of rainfall was Smilar across seasons though less fell in the summer months.
1998 was a strong El Nino year with avery wet spring followed by a dry summer that
was punctuated by afew heavy late season rains. 1999 had a dry winter and spring
followed by afarly wet summer and fdl (Figure 5). Temperature patterns across the
four year period were not gtrikingly different though 1996 and 1997 were cooler in dl
seasons relative to 1998 and 1999 (Figure 6). 1998 had the warmest winter followed by a

warm spring. 1999 had the warmest average spring and summertime measurements.

Soil Profile CO, and D**C of CO,

Soil CO,concentration by depth

Carbon dioxide concentrations increase roughly exponentidly with depth asis
typica for minera soils. The average range & each Site for Howland, Harvard Forest and

Walker Branch to a depth of 60-80 cm are 0.14-0.49%, 0.17-0.48% and 0.15-0.91%
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respectively (Table 3). There is consderable fluctuation in CO, concentration about
these means throughout the profiles at dl Steswith values pesking during the growing
season. There tend to be lesser fluctuations about the mean at any given depth at
Howland and Harvard Forest relative to Walker Branch. One exception to this can
sometimes occur at Howland in spring when the snow pack begins to thaw. During spring
1997 at Howland, CO, was greater than 1.5-2% at dl depths for three measurements
taken between February 4 and March 4. Concentrations remained at 1.5% or higher a
depth until May 6 while normdly soil CO, concentrations at this Site are < 1%. The
largest concentration measured previoudy or since thistime is ~1% (below 32 cm) 1999.
This episode of unusudly high concentrations is likely due to a decreasein air filled pore
gpace from melting snow which concentrates CO, in the remaining air filled pores rather
than any anomaoudy large increase in production.

The average CO, concentrations for 1996, 1997, 1998 and 1999 are shown by
depthin Figure 7 for Harvard Forest. Annually averaged profile CO, concentrations do

not vary sgnificantly from year to year.
Soil D*C of CO, by depth

The ranges and average annua concentration weighted 1*CO, vauesfor dl depths
at Howland, Harvard Forest and Walker Branch are given in Figure 8. Ranges for
Howland, Harvard Forest and Walker Branch are 97-115%o, 112-121%o and 127-146%o
for 1998 and 1999 respectively. While the ranges of al measured values are large for al
pitsat al sites, the concentration weighted averages show consistently lower D**CO in

s0il ar at Howland relative to Harvard Forest and Harvard Forest rel ative to Walker
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Branch. At Harvard Forest and Walker Branch where there are replicate pits, there is
good agreement between concentration weighted **CO, values and depth trendsin *CO,
(Figure 8). The concentration weighted average D**C of CO, for 1996, 1997, 1998 and
1999 are shown by depth in Figure 9 for Harvard Forest. Unlike CO, profiles, which
characterigtically show an exponentia increase in concentration with depth for most soil
types, there seems to be no consistent pattern in *CO, increase or decrease with depth at

agiven Ste or across sites.

Factors affecting D**C of CO, other than decomposition

It is possible 1*CO; fluxes may correlate with variables such as the magnitude of
CO; flux from the callar a the time of sampling, d*3C of soil respiration, or even the
specific collar sampled. Looking across dl collars a a given areawithin asite, variability
in*4CO, does not appear to be caused by the amount of CO, flux from agiven collar a
the time of sampling (Figure 10). Thereis adight trend towards heavier d*3C vauesin
the spring relative to the summer and fdl (Figure 11). The d*3C signature of the surface
respiration sampleis used to correct the D**CO, sample for any leaks between the
chamber and the atmosphere during sampling. However, agraph of d*3C vs. *C prior to
making any *3C based leak corrections shows no trend between d*3C and D**CO, (Figure
12). Thereis, however, a correlation between the total CO; flux and the measured d**C of
CO, (Figure 13), indicating (not surprisingly) that under conditions of large CO, flux
there are fewer problems with leakage of atmospheric CO; into the chamber during

sampling.
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Profile 14CO, values are generdly not correlated to CO, concentrations (Figure
14). One exception to thisisfor profile measurements close to the surface (~ 6 cm) where
some atmospheric air getsinto the sample (Figure 14; bottom- 6 cm depth). Using d*3C
as aproxy for the amount of atmaospheric CO, present in the sample (due to leaks or
advective mixing between soil gas and the air above the soil surface), Figure 15 shows
that while dl depths have arange of *3C values from ~-24 to - 18%. only the upper depths
Oet as heavy as—14 to —16%o0 and only for four measurements out of over 170. The higher
the concentration of CO, in the sample the lighter the d**C tends to be (Figure 15).

Tracking of **CO, over time as afunction of the specific soil collar sampled
shows some consstent spatid variability (Figure 16). At Howland, collar 3 and 8 at the
Tower site have higher D**CO, values than collar 5 by 15 and 11%. respectively. At the
NC gte, collar 2 istypicaly lessthan collars 3 or 5 by ~ 15%o0. At Harvard Forest, collar
4 has consistently higher D*CO, vaues than collar 6 by 10%o.. At Walker Branch no
sgnificant differences were found among collars. It is interesting to see that per mil
collar differences are greatest at Howland, less at Harvard Forest and not detectable at
Waker Branch. Thisis congstent with the larger degree of spatid heterogeneity in C
stocks, and larger reservoirs of SOM cycling on 40-100+ year timescdesinthe O and A
horizons at Howland and Harvard Forest compared to Walker Branch (see Chapter 3).

Tracking of CO, flux versus DD**CO, by collar does show significant correlation
in 8 out of 15 collars (as determined by RZ vaues > 0.3; Figure 16). Correlations are
grong for dl collars at the Howland Tower Site but are wesk for dl collars at the
Howland NC and Harvard Forest sites. The collars for the two sites at Walker Branch

show more mixed correlation (Figure 16). Figure 17 shows CO, versus DD**CO; for one
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collar at Howland (Tower 3) and one a Waker Branch (TDE 1). These are typica in that
when acorrelation does exist, alarger CO; flux is associated with alower DD*CO,. This
islikely due to the fact that large CO; fluxes are associated with alarge output of

autotrophic respiration that has DD CO, of 0%o.

Incubations

Two sets of incubations (12-day and 42 to 43-day) were performed on well
drained soils sampled from dl three stesin July 1999, however, only data from Howland
and Harvard Forest will be discussed due to the unexpected 1*C release at Walker Branch
(which affected the incubation results). The 42 to 43-day incubations were dso sampled
at 5-6 days from the start date in order to seeif the age of CO, evolved changed with
time. Wdll drained soils from the same study areain Harvard Forest were also sampled
and incubated for ten days in September 1999 by M. Torn and these data are presented
for comparison. Sampling information on dl incubationsis summarized in Table 4.

CO; evolved from the 12-day incubations performed in 1999 has D**CO; vaues
that range from 73-154%. for Howland and 69-154%. for Harvard Forest. The D*C of
evolved CO, isvariable with depth in the O horizons and decreases with depth in the
minerd horizons (Table 5). The d*3C of CO, was dso sampled at the same time as **CO,
in order to check for lesks. Expected values for d**C are between - 26 (typica vaue for
SOM) and —28%o. (typical vaue for roots). Vaues heavier than -26 to -28%o. indicate
some |eskage of atmospheric CO; (with d**C signature of -8.5%o) into the jar. The
diffuson fractionation factor of —4.4 %0 does not come into play in the seded jars (unless
they are lesking). Measured d**C vaues for al samples ranged between -23.70 and -

27.61%o, however, out of 21 samples only four were heavier than —26%o. Thisindicates
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leakage of atmaospheric CO; into the samples was not a significant problem. The four jars
with samples heavier than —26%. were al from the degpest minera horizons sampled and
had the lowest CO, production per gram of dry soil rdative to the other samples.

The D*CO; vduesfrom the individua jars for 12-day 1999 incubations compare
well with the individud jar vaues from the 10-day incubations taken in 1997 (Table 5
and Table 6). Although depth intervals and horizons sampled in 1997 differed from those
in 1999, the **C of the evolved CO, is similar in isotopic signature and shows the same
trend and magnitude of decreasing **CO, with depth. The flux weighted profile D**CO,
value for 1997 (142%o) is however larger than for 1999 (126%o). Converting to DD**CO,
to account for the two year difference between sampling dates yields DD*CO, of 42%o
and 34%o for 1997 and 1999 respectively, or a difference of 8%o.

CO, sampled 5-6 daysinto the 42-43 day incubations yielded vaues for **C of
evolved CO, of 159%. (Howland) and 123%. (Harvard Forest) for the Oi+Oe horizons
and 99%. (Howland) and 159%. (Harvard Forest) for the Oe+Oa (+A) horizons (Table 7).
These data are in accord with the 12-day incubation data shown in Table 5. Comparison
of the isotopic sgnature from the first 5-6 days to that of the second 37 day period shows
no sgnificant difference (i.e. within the analytica error of £ 6%o) in the upper most O
horizon (Oi +Oe) at both Howland and Harvard Forest (Table 7). However, a both sites
thereis a 21-27%o shift in isotopic signature between the CO; evolved in the first 5-6

days and the CO, evolved in the second period of 37 days for the Oe+Oa (+A) horizon.
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Respiration partitioning

Method 1: Autotrophic/Heterotrophic

An estimated 64% of the annud totd soil respiration came from heterotrophic
respiration at the Howmland Tower Site, while an average of both the NC and Tower Sites
showed 84% to be from heterotrophic sources. At Harvard Forest, based on incubations
from two different pits heterotrophic respiration comprised 44 or 58% of the total fluxes
(with an average of 54%) Table 8 and Figure 18. Site averages were estimated by using
an average Fror and Drop and calculating an average **C signature from all the replicate
results for each measured horizon for both pits, and an average bulk density and thickness
for each horizon then using those data to calculate an average Dyet.

A good estimate of error associated with these resultsis difficult to make. The
outcome isinsengtive to the total measured CO; fluxes, but sengtive to the values used
for the isotopic signature of annua heterotrophic decomposition (Dpet) and the annua
flux weighted isotopic soil respiration vaue (Drot). Det IS particularly sengtive to the
vaues used in equation 6 for flux weighting, and changing bulk density or horizon
thickness for one horizon can shift the total profile D et by as much as 5-8 per mil.
Changing ether D et Or Drot by only 1 per mil can change the resultant partitioning by 1-
3%. Since the annud variability in the D**CO, of soil respiration during 1999 was small
a both Howland and Harvard Forest we assumed the annua flux weighted C of CO; for
total soil respiration (Drot) to be robust. Thus, the greatest source of error in these

anayses comes from the value used for D e and is about 15-20%.
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Method 2: Recent-C/Multiple Heterotrophic (Reservoir-C)

This technique, because it does not require incubations, is the only one we can use
to compare soil respiration components for multiple years a a given Ste and across dl
three stes (for 1998). The specific components and maximum and minimum val ues used
to parameterize method 2 for each Ste and each year are shown in Table 9. At Harvard
Forest the total amount of soil respiration coming from Recent-C sources was 63, 50, 58
and 66% for 1996, 1997, 1998 and 1999 respectively (Figure 19). At Howland 45 and
57% of soil respiration came from Recent-C sourcesin 1998 and 1999 respectively. In
1998 the amount of total annua soil respiration coming from Recent- C increases from
north to south (Figur e 19) with an average 45, 58 and 67% at Howland, Harvard Forest
and Waker Branch respectively. This same trend however is not seen between Howland
and Harvard Forest in 1999 where the total contribution from recent C sources is 56% &t
Howland and 66% at Harvard Forest. The error associated with these estimations is from
5-25% based on the range of vaues shown in Table 9, however, in mogt casesit iswithin
10-15%. Based on this error the only significant difference between stesis between

Howland and Walker Branch in 1998 (Figure 19).

Discussion

Importance of fine roots

Fine root stocks have **C signatures that are significantly elevated rdative to the
atmosphere throughout the entire soil profile at Howland and Harvard Forest (Figur e 20).

While some roots turnover quickly and thus their decomposition will have a DD*CO, of

0%o (see Chapter 4) clearly the bulk of fine root stocks have isotopic signatures that will
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add D*CO; that is dlevated 1- 140%o relative to the atmosphere. The effects of
decomposition of these roots can be seen by ingpection of the 2*CO, of in situ soil gas
which is greater than the isotopic signature of autotrophic respiration at dl depthsin the
soil profile (Figure 20). Thusin the A and B horizons where both low and high density
SOM stocks cycle a centennia and millennial time scales (and have negative DD'C
vaues) fine root decomposition and potentialy dissolved organic carbon (DOC) from the
O horizon are the likely sources of the elevated *4C inputs.

Comparison of D*CO; of soil gaswith the D**C of the potentia decomposition
sources (Figure 20) indicates that decomposition on short (annua) time scaesisa4-
component system in the O and A horizons (autotrophic respiration, fast cycling C, high
and low dengty SOM and root decomposition). Below ~15 cm (typicaly the B horizons)
however, the decompodtion flux of low and high densty SOM decompostion is minimal
(< 5gC m? y'1) and the decomposition flux can be represented by only 3 components
(autotrophic respiration, Fast-C and fine root decomposition). Failure to account for
decomposition of fine roots at depth will lead to an overdl underestimate of tota CO,

and 1*CO; fluxes

Respiration Partitioning

Reaults from both partitioning methods are shown together in (Figure 21) for
both Howland and Harvard Forest 1999 and Harvard Forest 1997. It isimportant to
remember that both methods are partitioning dightly different components of the total
respiration flux. In the non+incubation method (method 2), Recent-C is defined as the
sum of both autotrophic respiration and the decomposition of Fast-C (see Figure 1). Thus

for comparison of method 1 to method 2, the flux of C from Recent-C should be larger
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than the autotrophic flux done and thisistruein al cases. One way to estimeate the
amount of C from decomposition of fast C isto subtract the autotrophic component in
method 1 from the Recent-C component in method 2. By doing this, 23, 37 and 12% of
the total flux at Howland (Tower), Howland (Average) and Harvard Forest in 1999 is
from Fast-C and 33% from Harvard Forest in 1997.

Respiration partitioning using method 2 dlows for estimation of decomposition
fluxes coming from each SOM component (leef litter, root litter and humified fractions).
Figure 22 shows the average and ranges in contribution of each SOM components and
Recent-C to totd soil respiration for Howland (1998-1999), Harvard Forest (1996-1999)
and Waker Branch (1998). At dl Stesthe largest contributors to soil respiration are
Recent-C (43-73%) and fine root litter (5-38%). The ledf litter component is small (6-
16%) because it represents only the flux from leef litter thet is gregter than 1-2 yearsin
age. Ledf litter decomposing within 1-2 years of faling will be included in the Recent-C
flux. Thisislargely why the leef litter flux decreases from Howland (11- 16%) to Walker
Branch (2-4%) and the Recent- C flux increases from Howland (44-59%) to Walker

Branch (61-73%).
Methods Comparison

Respiration partitioning using Incubations (method 1) requires no information
about SOM 4C stocks and their specific CO, fluxes, while method 2 requires alot of
information on C and **C stocks and C inputs. In method 1, breakdown into autotrophic
and heterotrophic sources relies solely on the 1*CO, measurements of totd ol

respiration, incubations to get the **CO, of decomposing SOM and a measure of the
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annua soil CO; flux. Assuch, the quality of the input data are extremely important, but
errors associated with calculation of SOM CO, and *4CO, fluxes are avoided.

In some cases for method 1, the mass balance does not work because Dyt isless
than Drot (See Table 8 and Figure 18 which show negative vaues for heterotrophic
production at the Howland NC site). Since Dr ot isacombination of Dye and Da, and DA
IS <<Drot, Duet must be greater than Drot. The fact that the mass baance does not work for
the NC site could be because of uncertaintiesin calculating Dy for the entire profile as
discussed previoudy. Secondly, it also pointsto the limitation of using an annua flux
weighted D*C vaue for soil respiration (Drot) ith an incubation value from one paint in
time. Multiple incubations should be performed throughout the year to get a better annud
esimate for Dyet, OF integration of fluxes and isotopic signatures should be performed
over a shorter time step.

Cdculation of the partitioning of soil respiration using method 2 requires making
severd assumptions. These are described in detail for Harvard Forest in Chapter 2.
Briefly, while there are dtrictly two equations and two unknowns (F_r and Fg) there are
some components of the equation that are not known well and must be parameterized (i.e.
running severa scenarios with maximum and minimum vaues). For example the flux of
CO,, from leef litter (F_) can be estimated by the stock of the Oi horizon divided by the
14C derived turnover time assuming it is roughly at steedy state. However as discussed in
Chapter 3, *C measurements of SOM pools with components that cycle on timescales of
1-10 years are not useful for caculating a short timescae flux and thus F__ isvery

uncertain. The amount of F_ | that leaves the system as CO, versus that going into other

SOM pools (H and M) is aso unknown and must be estimated. Additionaly, 14C and flux
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vaues for decomposing humified SOM (Dy, D, and Fy and Fy) must be estimated using
14C-derived turnover times from the low and high density fractions (which represent
decadd averages). Therefore, the actua decomposition fluxes from humified SOM in any
one year may be significantly different than the *4C-derived fluxes. For example,
partitioning for the four years at Harvard Forest shows that the Recent-C contribution
varies from 50-66% (Figure 23). However two of the three components (F_. and Fy+m)
do not vary. Clearly materid in the O horizon, where dl the legf litter and 35% of the
humified SOM stocks are located, will decompose & differentia rates as afunction of
different moisture and temperature conditions. Thus method 2 can be improved with
better parameterization of leaf decomposition rates from year to year and some way of
dlowing CO; flux from the humified components to vary as afunction of dimeate.

Method 2 aso requires explicit treatment of fine root decompostion, which is
treated as an unknown and solved for. As discussed above, the SOM and **C of CO; in
s0il gasshown in Figur e 20 point to the importance of fine root decomposition and the
fact that it must be explicitly included in any C and **C mass balance. One additional
issue with the explicit incluson of fine rootsis that it requires fine root decompaosition
fluxes that when compared to fine root biomass, imply very rapid turnover times (i.e. one
year or less). Thisisin direct contrast to the **C signature of fine roots thet imply fine
root lifetimes on the order of 5-10 years (see Chapter 4). It is possible some small
fraction of the fine root stocks turns over quite quickly and alarger fraction of the stock
turns over on decadd timescales as discussed in Chapter 4. However, then the fine roots
with fast turnover should not have **C signatures elevated significantly relative to the

amospheric **C of CO,. Y&, to have the mass balance work at al times all fine root
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turnover must have the devated **C signature. Currently thisis a problem that is il
unresolved.

In short, to address annud or shorter time scae variability in respiration
partitioning method 1 is the best option. The incubation (Dnet) Sgnature will be senstive
to recent inputs of C and will therefore be most representative of dynamics happening in
that given year. The best gpproach for implementing method 1 would be to do multiple
incubations throughout the year so that partitioning of autotrophic and heterotrophic
components of soil respiration could be estimated seasondly. To optimize method 1 for
the whole soil profileit might be best to incubate a soil monolith at a carefully chosen
temperature as opposed to incubating separate soil horizons. However if rdigble CO;
production numbers by horizon can be generated, then incubating by depth would yield
vauable information on the depth didtribution of partitioning. The utility of method 2 lies
in its potentia to characterize the generd contribution of specific heterotrophic
components to total soil respiration—something method 1 cannot do. Method 2 can be
improved with better parameterization of leaf decomposition rates from year to year and
some way of alowing CO, flux from the humified components to vary as afunction of

climate.

Respiration Partitioning: By Depth

It istheoreticdly possible to partition the fraction of soil respiration coming from
autotrophic or heterotrophic sources with depth using the horizon specific incubations
and profile *CO, measurements. However actudly doing this proved problematic
especidly in the degper horizons. Table 10 shows the results for depth partitioning at

Howland and Harvard Forest and illustrates the problems. For the 1999 cases the values
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used for Dyet represent the Site average for the two respective pits at each site. At
Howland the partitioning works for the upper two horizons because D 1 is greater than
Drot. However, in dl of the B horizons DHet isless than Dro: and the mass balance does
not work.

The isotopic signature of heterotrophic respiration derived from incubations
should theoreticaly be higher than that measured for the soil gas (Snce soil gasincludes
autotrophic respiration and is higher than amospheric D**CO,). Thisis true between 0-15
cm at Howland and Harvard Forest where we have useable incubation data, however not
true below 15-20 cm at both sites (Figur e 20). Disturbance effects such asthe 3-5°C
increase during the incubation period over normal summertime average temperatures a
depth may account for thistrend. Alternatively, there may be another C source with high
14C in situ (such as DOC) that is not present in incubated soils.

Comparison of the results from respiration partitioning using method 1 at 6 cm
(where the method did work) to those using method 1 for the whole soil shown in Table
8 shows similar results and trends for both Howland and Harvard Forest. The percentage
of soil respiration coming from heterotrophic sources a 6 cm in the soil profile at
Howland and Harvard Forest are 71 and 48% respectively (Table 10) and the average
whole profile partitioning (T able 8) is 64 to 84 and 46% for Howland and Harvard Forest
respectively. The agreement between these two calculations lends confidence in this
approach for two reasons. First, at six cm the values for 1*CO; of soil gasare
representative of production from al SOM below thet point in the soil profile, thus only
production in the top 6 cm is not represented. Secondly, the methods are independent in

that Dner and Drot are different with only Da as a common va ue between the two
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equations. Mismatches between the depth intervas used in soil incubations and those
monitored for **C of CO, in situ for soil profiles limit our attempts to calculate
autotrophic and heterotrophic components of soil respiration by depth. Future efforts

should consider monitoring the 1*CO, of sail gas at shallower depths.

Latitudinal Trends

Surface Respiration

Elevated DD*CO; at dl sites (Table 2) in dl yearsindicates that decadd cydling
SOM isavery important decomposition source of CO,. Based on the 1998 growing
season, soil respiration at the Walker Branch Ste is composed of less decadd cycling
material than the two northern sites (based on the lower DD**CO,). Comparison of the
1998-1999 DD*CO, and CO, &fflux records for Howland and Harvard Forest (Figure 4)
indicates that Harvard Forest may show a greater degree of interannua variability in both

total CO, production and its decompaosition sources.
Profiles

Similar to surface fluxes, devated DD*CO; a dl depths within the profile
indicates the importance of decomposition of decadd cycling SOM at dl stes The
annua concentration weighted average DD**C of soil CO, at 6-9 cm are elevated relative
to the atmosphere by 17-28%o in 1998 at Waker Branch (Table 11). Thisrange is higher
than the 1998 ranges for Howland (1-16%o) and Harvard Forest (9-25%o), indicating that

at depth Waker Branch has decomposition sources with more bomb C.
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Comparison of DD'C of CO, vaues a 6-9 cm relative to surface respiration
shows differences of 3-14%o0 with an average of 8 +4 (Table 11) for dl stesand indicate
the upper 0-9 cm play asgnificant role in determining the find isotopic Sgnature of soil
respiration. The direction of isotopic change however is dependant on the site. In 1998 At
Howland and Harvard Forest the profile DD'C of CO, issmilar to or less than the
surface DD*C of CO, while a Walker Branch the DD**CO; in the soil profile is greater
than the total DD'*CO, from the surface flux (Table 11). Thusin 1998, decadd cydling
materid in thetop 6 cm at Harvard Forest and Howland are enriching the total soil
respiration signature with bomb C, while at Waker Branch decompostion of litter in the
top 8 cm is diluting the bomb C produced deeper in the profile. Thisis congstent with the
fact that Walker Branch has much smaller stocks of humified C and **C stocksin the O
and A horizons relative to the two northern sites. In 1999 however, unlike 1998, Harvard
Forest shows the upper 6-9 cm adding younger C (which is dso true for 1996).
Climatically unusud conditions at Harvard Forest in 1999 (avery dry spring and

extremey low CO; fluxes) may be responsble for this change in trend.
Incubations

The flux weighted heterotrophic D**CO, in 1999 for the entire soil profile showsa
difference between the averages for Howland (122%.) and Harvard Forest (120%o) of
only 2 %o. Thus the *C signature of the heterotrophic component of soil respiration for
the whole soil profile a Howland and Harvard Forest, incubated under conditions of
adequate and constant moisture and the same temperature, were Smilar. Thisindicates a

gmilar average age for both profiles of the SOM that was decomposing despite the fact

203



that the SOM 4C signatures in the Oe and Oa horizons of the Tower profile (see Chapter
3, Table 6) were 107 and 50%o respectively. Variability in O horizon thickness and
measured D**C of SOM from O horizons between the two pits at Howland (Tower ad
NC) is significant (see Chapter 3). However, the D**C of CO, from al O horizon
incubations at both stes are smilar (Table 5). Incubations of in-stu SOM from the two
soils under different moisture and temperature conditions, might respond differently with
SOM of different ages becoming decomposable.

Sampling of heterotrophic respiration 5-6 days after the beginning of the
incubation and again 37 days later show the age of carbon contributing to decomposition
did not change in the upper O horizon (Oi +Oe) at either Howland and Harvard Forest.
(Table 7). However, in the lower part of the O horizon a shift was seen at both sites. At
Howland the **C signature decreased from 99%. (for the 0-6 day incubation period) to
72%o (for the 6-43 day incubation period) indicating the carbon source overdl became
older. At Harvard Forest the 14C of evolved CO, increased from 124%o (for the 0-5 day
incubation period) to 144%o. (for the 5-42 day incubation period). Despite the fact the
direction of change is opposite relaive to Howland, due to the curved nature of the
atmospheric bomb *4CO; labdl, this still indicates a switch to an older source of SOM
(see Chapter 2 figure 1) as the younger C sources became depleted and microbes were

forced to decompose older C.
Respiration Partitioning

The results of both respiration partitioning methods generdly show an incressein

the contribution from autotrophic or Recent- C with latitude. The incubation method
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(method 1) shows that for 1999, soil respiration at the Howland site is dominated less by
autotrophic decomposition (16%) than at Harvard Forest (54%; Table 8). In 1998 method
2 shows the amount of tota annua soil respiration coming from Recent- C increases from
north to south (Figure 19) with an average 45, 58 and 67% at Howland, Harvard Forest
and Waker Branch respectively. Taking the average coming from Recent-C at each site
for dl years with available data shows the same trend (Table 12 third row; note

Reservoir-C is shown).

Variability at Harvard Forest

Harvard Forest is used as a case study in interannua variability of CO, and **CO,
fluxes asit is the only site studied here witha four year record of CO, and **CO; data.
The climate at Harvard Forest has dready been discussed in the results section. Briefly,
1996 was wet and cool, 1997 was drier and cool though precipitation was fairly evenly
spaced throughout the year. 1998 had awarm winter and a warm wet spring with some
late season dry periods, however, Sgnificant late season rains as well. 1999 had awarm
yet very dry spring followed by awarm wet summer (Figure 5 and Figure 6).

The most dramatic effect of interannual climatic variation &t Harvard Forest can
be seen in the total CO, fluxes measured for each year (Figur e 4). Despite the fact that
1999 actually received more tota rainfdl than 1997 or 1998, it has two thirds to one half
the CO; flux compared to the three previous years on record. Much lower total CO»
emission was observed in 1997 compared to 1998 though rainfall was smilar in both
years. Springtime moisture conditions seem to provide a good quditative correlation to
the magnitude of totd annua CO, fluxes with winter and springtime air temperatures

possbly being afactor aswdll.
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Comparison of both total CO, fluxes and annua average *CO, at Harvard Forest
for 1996-1998 would lead one to think higher fluxes (1996 and 1998) corrdate with
lower 1*CO,._and low fluxes (1997) corrdate with higher 1*CO, (Figure 4). Y&, this
trend is not repeated in 1999 where very low fluxes combined with DD**CO, vaues that
were 14-21%o lower than the previous three years (Table 2). Comparison of the 1997
14C0, datawith the other three years however, should be done with caution. 1997 isthe
year with greatest uncertainty in the annua flux weighted **CO, vaue. *CO;
measurements were not taken during the pesk of the growing season and there were some
problems with our molecular Seve trgps making for less useable sample replication when
sampling did take place. Nevertheless, the 1996-1999 record implies that total annua
precipitation is much less of afactor in controlling soil respiration and decomposition
fluxes than timing and magnitude of precipitation events. Moisture and temperature
conditions at pecific time periods such asin the spring, may interact with phenological
development of leaf-out and fine root growth, which may dramaticdly affect autotrophic
fluxes throughout the rest of the season. Macro fauna populations and bacterid and
funga communities may dso have been adversdy affected by adry soring in 1999 and
been unable to recover completely.

The behavior of CO, and **CO; a depth (below 6-9 cm) in the sail profiles differ
from surface fluxes. Annud average CO; fluxes a Harvard Forest have varied by as
much as afactor of two at Harvard Forest, however annually averaged profile
concentrations do not vary significantly from year-to-year ( Figure 7). Additiondly, at

Harvard Forest increased variahility is seen in the total range of measured surface 1*CO,
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vauesin 1996 and 1998 relative to 1997 and 1999 (Figure 3 and Figure 4) however this
is not seen for the profile **CO, (Figure9).

Variation in annud flux weighted DD**CO, of soil respiration imply changesin
the fraction of decada cycling soil organic matter contributing to total CO, fluxes.
Higher vduesimply that a greater amount of the decompogtion flux is coming from
SOM fixed from the atmosphere more than 1-2 years ago (Reservoir-C). Respiration
partitioning using method 2 shows the overdl average flux of Reservoir-C was 310, 325,
420 and 150 gC m? y'* in 1996-1999 respectively (Figure 23). Compared to the total
flux, these values correspond to 37, 50, 42 and 34% of the total soil CO, flux for 1996-
1999 respectively. While the percentage difference in Reservoir-C fluxesis not griking,
the magnitude of decomposition of Reservoir-C between the yearsis. Reservoir-C flux
varies by afactor of 2.8 between 1998 and 1999 where the mgjor climatic variation was
the timing and digtribution of rainfdl in the spring and summer months (see Figure 5 and
Figure 6). Reservoir-C fluxesin 1996 are less than 75% of 1998 fluxes and the main
climatic differences between the two years here are that 1996 was colder in winter and
Soring and received more rain in summer and fal. 1996 and 1997 have smilar Reservoir-
C fluxes, despite the fact that 1996 had higher totd CO; fluxes. Despite the limitations to
method 2 aready discussed, it isastep forward in our ability to quantify varigbility in
decomposition of SOM stocks from year to year and link this variability to climate

anomolies.

Seasonal Variability
Seasond variation in CO, fluxes can be seen at dl three sites (Figur e 3) with the

spring season generdly having higher **C than late summer and fall. Thisis particularly
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true for the NC site a Howland in 1998 where June and July **CO, measurements range
from 138-158%o. in contrast to 90- 105%o. for August through October. Decreasing trends
through the growing season can also be seen at Harvard Forest in 1996, 1998 and 1999
and at Waker Branch in 1999 (athough comparison to later season measurements at this
site cannot be made due to the unplanned **C release). It is possible Recent-C fluxes are
less important in the early part of the growing season and increase as treesincrease

photosynthetic activity throughout the growing season.

Isotopic Disequilibrium

The average measured DD**C values of total soil respiration are 28, 25 and 13%o
(Table 12) for Howland, Harvard Forest and Walker Branch respectively. These vaues
correspond to amean residence time for C of 5+2, 4+2 and 5+4 years. This represents the
time an average C atom spends in both the plant and soil since origina photosynthetic
fixation and includes both root respiration and al decomposition sources. The mean
resdence time (MRT) is caculated by plugging in vaues for MRT into our Steady Sate
mode (see Chapter 2) until the appropriate DD**CO is reached. The MRT for Walker
Branch is similar to the other two sites despite a DD**CO that differs by afactor of two
because of the *CO, releases beginning in 1995 which created an atmospheric 14CO;
record that unlike the rest of the atmosphere did not decrease between 1995-1999 (which
isaso why the error term is greeter; see Chapter 3). We aso cdculate the average vaue
for DD*C of heterotrophic respiration to be 56, 61 and 38%o. for Howland, Harvard Forest

and Walker Branch respectively, which corresponds to an average age of 8+2, 9+2 and

814 years respectively.
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The lack of asgnificant difference between Howland and Harvard Forest is not
too surprising. Even though Howland has larger C and **C stocks, both the DD*CO; of
soil respiration (Table 2) and heterotrophic sgnal from soil incubetions (T able 5)
indicate they are actudly respiring C of smilar ages. Given that Waker Branch hasthe
smalest C and 1*C stocks (and lacks alarge humified organic horizon) and has the
smalest DD CO, we would expect the MRT of total and heterotrophic C to be less than
the two more northern sites. The lack of such adecreaseislikely dueto the loca *4CO,
emissions a this site which meke it difficult to obtain an accurate atmospheric **CO,
history. Moreover, if the atmospheric 14CO, has not been consistently decreasing, our
modeling methods are less rdigble.

The age of C respired from soil can be used to predict the *3C isotope
disequilibrium for al sites. The 3C isotope disequilibrium is the difference between the
13¢C signature of aimospheric CO, being fixed by plants and the **C respired from soils. A
difference is expected because the 1*C in the atmosphere has been decreasing with time
due to the addition of **C-depleted fossil fuds to the atmosphere (e.g. Ciais et ., 19953,
Fung et d., 1997). Using the d*3C trend of —0.02%o per year (Fung et d., 1997), and the
average age of for heterotrophic respiration at esch site, we estimate the *C isotope
disequilibrium to be -0.16+.04, -0.18+.04, -0.16+.08%0 at Howland, Harvard Forest and

Waker Branch respectively.

Global implications: temperate forest soils and atmospheric CO,
The terrestria biosphere and particularly temperate forests of the northern
hemisphere have been shown to be important in the uptake of anthropogenic CO, from

the amosphere (Tans et d., 1990, Ciais et d., 1995b). In fact inter-annud variability in
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the rate of increase of globa atmospheric CO, has been ascribed in part to inter-annua
variation in NEP of the terrestrid biogphere (Kedling et d., 1995).

The three northern hemisphere temperate forest sites studied here have been
shown to take up between 2-5 Mg C ha' y*. Chapter 3 shows that well drained soilsare
only responsible for 2-20% of this net uptake (as an integrated decada scale average).
Thusincreasesin forest biomass or more poorly drained soils and svamps must be
responsible for the rest of the net terrestrid uptake on average. On an annua basis
however, the heterotrophic component of soil respiration has been shown to be alarge
source of variation in NEP in forests (Goulden et al., 1996, Savage and Davidson, in
Press). Indeed, variahility in decomposition of Reservoir-C stocks at Harvard Forest in
1998 and 1999 correlate with preliminary results of net ecosystem uptake by Carol
Barford, persona communication). In 1998 heterotrophic decomposition of Reservoir-C
(according to respiration partition method 2) was 420 gC m? y* and net ecosystem
uptake was 1.2 Mg C ha'! y* (Carol Barford, persona communication). In 1999,
decomposition fluxes of Reservoir-C were less by amost a factor of three at 150 gC mi?
y'! and net ecosystem uptake was a factor of two larger at 2.3 Mg C ha't y* (Carol
Barford, personal communication). While tree growth is estimated to be responsible for
60-70% of NEP, on average it showslittle variation from year to year (Carol Barford,
persond communication). Decomposition from coarse woody debris (not accounted for
in Resarvoir-C) will dlso vary from year to year and influence NEP.

The data presented in this thesisin concert with that of Carol Barford, persona
communication) for the same ste, strongly support the idea that decomposition fluxes

from SOM fixed more than one to two years ago strongly impact NEP. Additiondly, the
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average age of heterotrophic respiration at dl three Sitesis etimated to be 8-9 years.
Thus aggnificant time lag exigts between initid C fixation and ultimate respiration by
heterotrophs a al three Sites. Therefore, consistent with the ideas discussed by Schimd
et d., 1997 and Fung et a., 1997, variaionsin C storage or lossin any one year must

partialy reflect the net ecosystem uptake of previous years.

Conclusions

At dl three sites decomposition fluxes from decadd cycling SOM are an
important component of total soil respiration and soil gas (to a depth of 80 cm)

within the soil profile.

Hne-root decomposition plays a very important role in decomposition fluxes,
particularly a depth (below ~ 15 cm) whereiit is the dominant source of

heterotrophic respiration.

The amount of C fixed from the atmosphere >1-2 years ago contributing to soil
respiration decreases from Maine to Tennessee. On average, C fixed >1-2 years
ago makes up 50%, 41% and 33 % of soil respiration at Howland, Harvard Forest

and Waker Branch.

The average age of heterotrophic respiration is 8+2 years at both Harvard Forest

and Walker Branch..

Huxes of CO, and 14CO, from soils are affected by interannud variability in

dimae.
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Variation in decompostion flux from decadd cycling SOM has asgnificant
impact on net ecosystemn productivity. Respiration partitioning using incubations

isthe best way to quantify this variability from yeer to year.

212



References

Carol Barford (persond communication) .

Cerling, T. E., Quade, J,, Wang, Y. and Bowman, J. R. (1989) Carbon Isotopesin Soils
and Palaeosols As Ecology and Palaeoecology Indicators. Nature, 341, 138-139.

Ciais, P., Tans, P. P, Trolier, M., White, J. W. C. and Francey, R. J. (1995a) A Large
Northern Hemisphere Terrestrial Co2 Sink Indicated By the C-13/C-12 Ratio of
Atmospheric Co2. Science, 269, 1098-1102.

Ciais, P., Tans, P. P., White, J. W. C., Trolier, M., Francey, R. J,, Berry, J. A., Randall,
D. R, Slers, P. J, Collatz, J. G. and Schimd, D. S. (1995b) Partitioning of
Ocean and Land Uptake of Co2 As Inferred By Delta- C- 13 Measurements From
the Noaa Climate Monitoring and Diagnostics Laboratory Globa Air Sampling
Network. Journal of Geophysical Research-Atmospheres, 100, 5051-5070.

Dorr, H. and Munnich, K. O. (1986) Annua variationsin 14C content of soil CO2.
Radiocarbon, 28, 338-345.

Fung, |., Fied, C. B., Berry, J. A., Thompson, M. V., Randerson, J. T., Mamstrom, C.
M., Vitousek, P. M., Cdllatz, G. J.,, Sdlers, P. J, Randdl, D. A., Denning, A. S,,
Badeck, F. and John, J. (1997) Carbon 13 exchanges between the atmosphere and
biosphere. Global Biogeochemical Cycles, 11, 507-533.

Goulden, M. L., Munger, J. W., Fan, S. M., Daube, B. C. and Wofsy, S. C. (1996)
Exchange of Carbon Dioxide By a Deciduous Forest - Response to Interannual

Climate Variability. Science, 271, 1576-1578.

213



Hanson, P. J,, Edwards, N. T., Garten, C. T. and Andrews, J. A. (2000) Separating root
and soil microbia contributions to soil respiration: A review of methods and
observations. Biogeochemistry, 48, 115-146.

Hanson, P. J, Todd, D. E., Huston, M. A., Jodin, J. D., Croker, J. and Auge, R. M.
(1998) Destription and field performance of the Walker Branch throughfall
displacement experiment:1993-1996, ORNL/TM-13586. Oak Ridge Nationa
Laboratory, Oak Ridge, Tennessee.

Hanson, P. J, Todd J., D. E. and Amthor, J. S. (submitted) A six year study of sapling
and large-tree growth and mortality responses to naturd and induced variability in
precipitation and throughfdl. Tree Physiology, .

Keding, C. D., Whorf, T. P., Wahlen, M. and Vanderplicht, J. (1995) Interannua
Extremes in the Rate of Rise of Atmospheric Carbon Dioxide Since 1980. Nature,
375, 666-670.

Levin, I. and Hesshaimer, V. (2000) Radiocarbon-a unique tracer of the globa carbon
cycle dynamics. Radiocarbon, 42, 69-80.

Levin, I. and Kromer, B. (1997) Twenty years of atmospheric (CO2)-C-14 observations
at Schauindand station, Germany. Radiocarbon, 39, 205-218.

Raich, J. W. and Schlesinger, W. H. (1992) The Globa Carbon Dioxide Hux in Soil
Respiration and Its Rl ationship to Vegetation and Climate. Tellus Series B-
Chemical and Physical Meteorology, 44, 81-99.

Savage, K. E. and Davidson, E. A. (in Press) Interannud variation of soil respirationin

two New England Forests. Global Biogeochemical Cycles, .

214



Schimd, D. S, Braswell, B. H. and Parton, W. J. (1997) Equilibration of the terrestria
water, nitrogen, and carbon cycles. .

Tans, P. P., Fung, |. Y. and Takahashi, T. (1990) Observationd Congraints On the
Globa Atmospheric Co2 Budget. Science, 247, 1431-1438.

Wang, Y., Amundson, R. and Niu, X.-F. (2000) Seasond and dtitudind variationin
decomposition of soil organic matter inferred from radiocarbon measurements of

s0il CO2 flux. Global Biogeochemical Cycles, 14, 199-211.

215



Table 1. Annud soil respiration fluxes a dl three Stes.

Total Flux of CO,in gC m2yr?
1996 1997 1998 1999 Average' #?

HOW-NC 483 698 669 617 117
HOW-TOW 674 836 800 770 85
HF-NWN 840 657 990 442 732 237
HF-SWF 882 900 644 809 143
WB-TDE 793 787 867 822 817 37

! Represents average for all years shown.
2 Reprents standard deviation.
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Table 2. Theannud DD14CO, (%o ) for dl gtes.

1

1996 1997 1998 1999 avg
Howland-NC 32 25 29 (3)
Howland-Tower 30 24 27 (3)
Harvard Forest 24 34 29 13 25 (9)
Walker Branch-P5 13 13
Walker Branch-TDE 12 12

values in parenthesis equal the range for (n = 2) or standard deviation for n >2.
D*C of atmospheric CO, in 1996, 1997 and 1999 is 104, 100, 96 and 92%
except at Walker Branch where for 1998 117%o. is used. See text for details.
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Table 3. CO, concentrations by depth for al three sites

Site (years monitored)

Depth  Average + Max Min
cm % % % %
Howland Tower (1997-1999)
6 0.14 0.08 .61 (2.86) 0.03
10 0.18 0.08 .60 (2.98) 0.06
13 0.21 0.09 .63 (2.81) 0.07
15 0.23 0.10 .64 (3.07) 0.07
20 0.27 0.12 .65 (2.88) 0.08
32 0.39 0.16 1.02(2.78) 0.12
51 0.49 0.17 0.96 (.96) 0.20
Harvard Forest 2W (1996-1999)
6 0.17 0.09 0.42 0.06
10 0.22 0.12 0.63 0.07
33 0.36 0.21 1.23 0.11
60 0.48 0.32 2.42 0.14
Walker Branch P5 (1998-1999)
3.5 0.15 0.07 0.31 0.06
8 0.15 0.09 0.36 0.06
14 0.35 0.27 1.06 0.10
24 0.57 0.48 1.79 0.14
36 0.64 0.47 1.80 0.14
61 0.86 0.53 2.04 0.29
Walker Branch TDE (1998-1999)
3 0.11 0.08 0.33 0.05
8 0.29 0.35 1.39 0.07
14 0.36 0.40 1.62 0.10
21 0.50 0.47 1.80 0.13
37 0.59 0.47 1.85 0.17
52 0.72 0.45 1.87 0.22
68 0.91 0.52 2.02 0.28

values in parenthesis represent the maximum values
measured February 4, 1997-April 29, 1997 and are.
anomolously high; see text for discussion.
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Table 4. Incubsation information.

Incubation Field Incubation  Soil Horizons Isotopes
Site Length Sampling Start Incubated CO, Scrub CO,Sampled Sampled
(Days) (Date) (Date) (Day") (Day") (Day")
Howland 12 13-Jul-99  15-Jul-99 Qi+Oe, Oe+0a, 1 2,3,4,6,9,12 12
E, Bhs+Bh, Bsl
Howland 6and 43  13-Jul-99  15-Jul-99  Oi+Oe, Oe+Oa 1,6 2,3,4,5,6,9,12, 6, 43
13,22,31,43
Harvard Forest 12 17-Jul-99  19-Jul-99  QOi+0Oe, Oe+A, 1 2,3,4,59,11,12 12
Ap, Bwl
Harvard Forest 5and42  17-Jul-99  19-Jul-99 Oi+Oe, Oe+A 15 2,3,459,11,12, 5,42
22,31,39,42
Harvard Forest? 10 11-Sep-97 18-Sep-97 O, A, Ap, Bw 1 10 10
! Day of Incubation from day one.

2Incubations performed by M. Torn (unpublished data)



Table 5. Results from 12 day incubations from Howland and Harvard Forest 1999. Vaues shown are from individud jar
incubations.

Site Horizon Mid-point depth D“c dc C evolved Bulk Density
(cm) (%o) (%o) mg C g dry soil? gcm’
Harvard Forest
NWN 1 Oi + Oe 2.5 120.2 -27.61 3.47 0.08
Oi + Oe 2.5 116.9 -28.56 5.33 0.08
Oea+ A 6.8 154.4 -26.84 0.80 0.23
Oea + A 7.8 142.7 -27.75 0.82 0.23
Ap 13.3 116.2 -26.92 0.13 0.54
Bwl 27.0 75.8 -23.70 0.02 0.86
NWN 2 Oea+A 6.5 107.7 -26.39 2.51 0.23
Ap 10.5 125.5 -26.47 0.22 0.54
Bwl 32.0 73.1 -23.89 0.04 0.86
Howland
NC QOi+0e 3.0 130.5 -27.20 5.53 0.09
Oe+0a 8.8 107.8 -26.01 1.10 0.13
E 17.0 135.4 -25.82 0.03 1.10
Bh 20.0 87.2 -26.05 0.08 0.65
Bsl 33.0 74.9 -25.57 0.03 2.00
Bsl 42.0 69.4 -24.23 0.02 2.13
Tower Oi+0e 3.0 153.5 -26.37 3.18 0.09
Oe+0a 7.3 116.3 -26.11 1.93 0.12
Oe+0a 8.3 139.9 -26.43 0.88 0.17
E 12.8 118.7 -26.54 0.11 1.10

Bh + Bhs 19.5 102.0 -26.84 0.14 0.65




Table 6. Results from 10 day incubations from Harvard Forest 1997.

HORIZON DYC d‘°C Cevolved Bulk Density
(%)  (%0) mg C g dry soil™ gcm?

O 151 -28.73 5.16 0.08
A 140 -28.35 0.75 0.35
Ap 117 -28.73 0.14 0.54
B 85 -25.47 0.02 0.86

Table 7. Results from 5(6) and and 42(43) day incubations from Howland and Harvard Forest 1999.

SITE HORIZON  Mid-pointdepth  D*C dc D“C dc
(cm) (%o) (%o) (%o) (%o)
Harvard Forest 5 day 5 day 42 day 42 day
NWN 1 Oi + Oe 2.5 123 -27.27 121 -27.60
Oe+ Oa+ A 8.0 123 -26.87 144 -27.46
Howland 6 day 6 day 43 day 43day
NC Oi+O0e 35 159 -26.61 157 -26.51

Oe +Oa 8.0 99 -26.38 72 -26.39




Table 8. Results from respiration partitioning using Method 1. Highlighted vaues indicate Stuations where Dy, <
Drq, leading to negative vaues for the fractiona contribution of autotrophic respiration.

Measured----- m-mommmmmmmmmmceoee- Calculated --
Site Frot Dyet DA Drot Fret Fa Fhet Fa
gCm?y" % %o % gCm2yl gCm?y? % %
Howland 1999
Tower 800 129 92 116 516 284 64 36
NC 869 114 92 117 990 121 114  -14
Average 735 121 92 117 619 116 84 16
Harvard Forest 1999
NWN-1 442 121 92 105 195 247 44 56
NWN-2 442 114 92 105 258 184 58 42
Average 442 120 92 105 202 240 46 54

Harvard Forest 1997
657 141 100 134 544 113 83 17




Table 9. Vaues and ranges used for al stesto partition soil respiration into Recent- C and Reservoir-C sources using Method- 2.

Total Resp. Total Resp. Leaf Litter Leaf Litter Leaf Litter Leaf Litter Root Litter Root Litter Humified Humified

Site Fr DT maxF, minF, maxDL, ~minDL, ~ maxDL; minD, Frm Dusm
Howland NC

1998 698 128 40 0 202 161 192 151 76 67

1999 669 117 40 0 195 161 192 151 76 67

Howland Tower

1998 836 126 122 65 166 106 192 151 58 52

1999 800 116 142 85 158 106 192 151 58 52

Harvard Forest

1996 840 128 95 25 132 113 214 180 68 132
1997 657 134 95 25 125 107 214 180 68 132
1998 990 125 95 25 119 102 214 151 68 132
1999 442 105 95 25 113 98 214 151 68 132
Walker Branch P5

1998 867 138 39 0 132 121 224 173 84 110

Walker Branch TDE
1999 867 129 72 0 132 121 224 173 77 118.3




Table 10. Results from respiration partioning based on depth (using Method 1). Highlighted values indicate Stuations
where Dy < Dy, leading to negative vaues for the fractiond contribution of autotrophic respiration.
See text for further discusson.

Site Horizon D, DA D Fret Fa
%o %o %o % %

Howland Tower 1999

6.cm Oe+0a 121.3 92 113 0.71 0.29

15cm E 127.1 92 106 0.39 0.61

Harvard Forest 1999
6 cm Oea + A 134.9 92 113 0.48 0.52

Harvard Forest 1997
6cm @] 151 92 no data



Table 11. Theannud DD14CO; (%o) for soil respiration and soil gas a dl three Stes.

Pit

Depth (cm) 1996 1997 1998 1999
Howland, Tower

soil respiration 30 24
6 16 21
15 14 14
51 1 23
Harvard Forest, 2W

soil respiration 24 34 29 13
6 32 25 27
33 24 31 22 28
60 22 39 16 25
Walker Branch, P5

soil respiration 13

8 20

24 23

61 27

Walker Branch, TDE

soil respiration 12

8 17

14 17

68 28

D*C of atmospheric CO, in 1996, 1997 and 1999 is 104, 100, 96 and 92%o
except at Walker Branch where for 1998 117%o. is used. See text for details.
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Table 12. Isotopic summary, C residence times and d*3C isotope disequilibrium. for
al stes. Vduesin parentheses represent one standard deviation or the error based on

rrnripling mrtr—inty

Howland  Harvard Forest Walker Branch

1998-1999 1996-1999 1998
DD™C0,(%o) Total soil Respiration 28 25 13
Average Annual CO, Flux (mgC m2y™) 695" 765° 820"
Average Fraction Reservoir-C 0.50(.07) 0.41(.07) 0.33(.08)
Mean Residence Time-All C (y) 5(2) 4(2) 5(4)
d3c Isotopic disequilibrium (%o) -0.10(0.04) -0.08(0.04) -0.10(0.08)
Mean Residence Time-Reservoir-C (y) 8(2) 9(2) 8(2)
d3c Isotopic disequilibrium (%o) -0.16(0.04) -0.18(0.04) -0.16(0.08)
Years of data 2 4 1
11997-1999
?1996-1999
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Figure 1. Forest carbon cycle and definition of terms and isotopic vaues. GNPP,
ANPP and BNPP indicate gross, aboveground net and below ground net primary

productivity respectively.
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details.
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Temperature data come from an environmental monitoring station at Harvard Forest
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Figure 20. The DD*C of dll
below ground components at dl
three Stes. Plotting these datain
thisway alows for comparisons
of soil gasses across different
years (as amospheric **C of
CO; continuesto decrease at a
congtant rate of 4%o per year).
Carbon fixed within one year
(autotrophic respiration and C
fixed within one year), will have
a DD*C equal to 0%o.

Filled pardlelograms represent
the entire range of measured
vauesfor high and low density
s0il organic métter; therangein
annual flux or concentration
weighted averages for ol
respiration and soil gas; and the
range in vaues obtained for
heterotrophic respiration (from
incubations) and for livet+dead
fine (< Imm diameter) roots.
A. Howland. Gas samplestaken
during 1998 and 1999.

B. Harvard Forest. Gas samples
taken during 1996-1999.

C. Wdker Branch. Gas samples
taken during 1998 only.
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Figure 21. Respiration
partitioning results for 1999
based on respiration
partitioning methods that
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sum of Autotrophic plus
Fast-C should theoreticaly
equa Recent-C. Numbers
indicate percentage
contribution of each
component to the tota annua
soil respiretion.
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Chapter 6: Moisture manipulations at Harvard
Forest

Introduction

As discussed in Chapter 5, the **C signature of CO, in soil respiration reflects the
14C of both its autotrophic and heterotrophic sources. Inputs of bomb 4C to atmospheric
CO, beganinthe late 1950's, and largely ended in 1963 with the Nuclear Test Ban
Treaty. Asaresult, “*CO, concentration in the atmosphere has been decreasing from a
1964 peak of ~900%. (see Chapter 3: Radiocarbon Techniques). The radiocarbon content
of amaospheric CO, during this study (1996-1999) was 104%o. in 1996 and 92%o. in 1999,
with an annud rate of decrease of 4 %o (Levin and Hesshaimer, 2000). During
photosynthesis, plants fix CO, from the atmosphere and will dso fix **CO, in proportion
to its aimospheric concentration. Thus, after correction for isotopic fractionation during
photosynthesis, the 1*C concentration of SOM, combined with the time record of
amospheric **C in CO,, can be used to quantify carbon cycle dynamics.

Autotrophic respiration in any given year will have the ssme *CO, asthe
amosphere (D**C = 92%o in 1999), whereas decomposition of decadally cycling SOM
will have D*C > 92%o in 1999, and SOM cycling on centi-millenia timescales will be
predominately made up of C fixed before 1950 (i.e. D*C < 0). Thus the **C content of

s0il respiration will fluctuate as 1) the partitioning between autotrophic and heterotrophic
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respiration varies, and 2) SOM sources with differing ages vary in their contributions of
decomposition derived CO, in response to changes in soil temperature, moisture, and
nutrient status throughout the profile.

The bulk of new C inputs to the soil profile come from leef litter added to the top
of the soil surface (O horizon) and fine root inputs which are grestest inthe O and A
horizons (M cClaugherty and Aber, 1982). Thus the bulk of CO, production from both
autotrophic and decomposition sources would logicaly come from these horizons.
Indeed, based on CO, concentration profiles and diffusivity modeling, roughly two-thirds
of CO, produced within the soil profile for the well-drained soils of Harvard Forest is
estimated to come from the upper 10-15 cm, which comprise the O and A horizons (see
Chapter 2 and (Davidson and Trumbore, 1995).

Two of the biggest influences on both autotrophic and heterotrophic respiration
rates are s0il temperature and soil moisture. Changes in soil temperature account for most
vaidion in soil respiration fluxes (Davidson et d., 1998). Trumbore et al., (1996),
extrapolating based on the temperature dependence of low density SOM, suggest a
sgnificant fraction of interannud variation in CO, accumulation in the atmosphere may
derive from atemperature response of fast (decadal or faster) cycling SOM to
temperature change. Davidson et d, (1998), reporting on work at Harvard Forest, show
that a severe late summer drought in 1995 significantly decreased soil respiration rates,
and discuss the need for including soil-moisture contert (matric potentia) aswell as
temperature in empirical models of soil respiration. Continuing their work at Harvard
Forest since 1995, Savage and Davidson (in Press), found sgnificant (though less

extreme relative to 1995) decreasesin soil respiration that do not correlate well with soil-
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moisture measurements made in the uppermost horizon of the minera soil (A horizon).
They hypothesize that varying moisture content in the 2-6 cm thick O horizon (litter

layer), which is very respongve to short duration wet and dry periods, may be responsible
for some of the variability in CO, fluxes.

This notion suggests that variationsin *4CO, fluxes may aso respond to moisture
in the O horizon. The O horizon has alarge stock of SOM with components that have
D'C vaues ranging from 92 to ~260%o which are interpreted as turnover times of < 1
year to 40+ years (see Chapter 2). Caculated decomposition fluxes (based on inventory
divided by turnover time) and the isotopic signature of these fluxes (based on *4C
measurements of low density SOM fractions) show that the low density SOM in the O
and A horizons do in fact dominate both the totd profile CO, production and isotopic
sgnature of heterotrophic respiration relaive to the degper minera horizons (Chapter 5).

In order to see the importance of moisturein the O and A horizons to both total
CO, and *CO, fluxes, we performed moisture manipulation experimentsin well-drained
soils at Harvard Forest, in both 1998 and 1999. In 1998 we performed both a wet-up and
dry-down manipulations, while in 1999 we performed only a dry-down manipulation. For
ng the effect of the manipulations, monitoring moisture content is critical.
Unfortunately, TDR methods (see Chapter 2) used in minera horizons do not adequately
track soil moisture in the surface organic horizons due to limitations imposed by probe
length and area of influence. Low bulk dengty and textura heterogeneity of the O
horizon make it extremely difficult to reliably monitor moisture content. In an effort to

improve the ability to measure moisture content in this horizon, we aso tested a DC half
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bridge measurement technique that will alow continuous monitoring of moisture content

inthe O horizon (Figure 1).

Methods

Moisture Manipulations

In both 1998 and 1999, the dry down was achieved by placing a2m x 2m open
PV C dructure over the ground and covering the top with transparent plastic. A drain hole
was cut in the plastic, sedled, drainage diverted into a bucket, and the run-off measured.
The wet up was performed in 1998 only by watering a2 m x 2 m plot with 5 gallons of
water twice aweek, Smulating a9.5 mm rain event twice aweek. If it wasraining on the
day the watering was supposed to occur, no additional water was added to the plot. All
experimental manipulations took place a two well-drained sites (NWN and SWF) and
both sites were monitored for tota CO, fluxes from soil respiration. However, only the
NWN was monitored for **CO, soil respiration fluxes and CO, and **CO, concentrations.
The dry down at NWN took place over an exigting soil pit (3W) instrumented with soil
gas tubes and TDR moisture measurements (see Chapter 2 for details) in the minera soil
horizons. A second pit (2W) provided the ambient or control soil profile, because it was
not manipulated in any way. Craig Skipton took many of the measurementsin 1998 for

this experiment and we are deegply indebted to him for his dedication and enthusiasm.

Half Bridges

The half bridge measures the change in resi stance across an object as afunction of
its water content. The design is based on one deployed by Dr. Paul Hanson to monitor the
changein resstance of actua leavesin the litter layer a the Walker Branch Watershed
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(Wilson et ., 2000) asshownin  1A. We have modified his method to use athin piece
of porous Basswood (3 x 3 x 0.2 cm), which we insert at 3 depths into the O horizon
(litter surface, 2 cm and 5 cm). The wood quickly equilibrates with the moisture content
of the surrounding materid and alows moisture measurements at and below the leef litter
surface. To obtain acdibration curve to convert from the measured voltage (resistance)
to amoisture content, litter from 0-1, 1-2, and 2-5 cm depth (from an area approximately
4 cm x 4 cm) was placed in mesh bagsin late July of 1999 and monitored with the DC
haf bridges (either the multimeter or datalogger set up, 1B and C), and also taken back
to the lab periodicaly and weighed. In late August, the mesh bags were removed from
thefield and dried at 60 °C 0 that gravimetric moisture contents could be caculated and
then correlated to the half-bridge readings.

Moisture content in the O horizon was measured gravimetricaly in 1998 usng a
10 cm x 10 cm wooden frame to collect litter samples at the same 3 depths as the half
bridges. The samples were then weighed at field moisture, dried at 60 °C for 48 hours,

and reweighed. In 1999, moisture was monitored by use of the DC hdf-bridge technique.

CO, and *CO, fluxes and concentrations

Methods for sampling CO, and 1*CO, fluxes and concentrations are described in
detail in Chapter 2. With regard to the experimenta set up for the moisture
manipulations, surface CO, and *CO, fluxes for the dry-down and wet-up sites were
taken from 3 collars placed within the dry-down enclosures or wet-up plots respectively.
For the ambient sites, CO, and *CO, fluxes come from three of the existing 6 collars
monitored by Eric Davidson's research group, as described in Davidson et dl., (1998). All

pits and collars used in the experiment a the NWN site are within a 100 n? area. At the
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SWN site, where only totd CO, surface fluxes were measured, dl collars are within a

arearoughly 300 n? area

Respiration Partitioning
Partitioning of soil respiration into Recent-C (C fixed within one to two years)
veraus Reservoir-C (C fixed more than 1 to 2 years ago; see Chapter 5, Figure 1) sources
during the period of the moisture manipulations was performed using Method 2 as
described in Chapter 5. Parameters used to congtrain legf litter, soil organic matter C and
14¢ fluxes and root isotopic signatures are the same as those shown in Chapter 5, Table

11.

Results

Half Bridges: monitoring moisture content of the O horizon

Gravimetric moisture contents from the ambient, wet and dry trestmentsin 1998
indicate drying of the O horizon rdlative to the ambient and wet-up Stes after beginning
of the moisture manipulation on July 8, 1998 (Figure 2). The average gravimetric
moisture content for the dry-down, ambient, and wet- up trestments for the moisture
manipulation beginning July 8, 1998 and ending October 28 was 0.49 + 0.13, 0.89+0.55,
and 0.97+0.49 g water per gram dry soil repectively. Only after one big rainstormin
early Augus did the O horizon in the dry down increase its moisture content, though il
much less so than the other two trestments (Figure 2). In contrast, the wet-up treatment
shows little difference in soil water content throughout the whole experiment raive to

the ambient plot.
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The DC hdf bridges used for the 1999 experiment qualitatively recorded moisture
changes in their voltage response to rain events for locations under ambient conditions
for the three different measurement depths (Figur e 3). The sensors under the dry-down
structure show generdly damped or no response to rain events (Figure 4). However,
during some of the large rain events (such as at JD 250 and 260) some wet up occurs at
al depths benegath the dry-down enclosure. All haf bridges in the same depth horizon
show differences in water content (voltage), as would be expected, given that the O
horizon wets or dries unevenly. The haf bridge cdibration curve between voltage
(converted to resstance) and gravimetric water content is shown in Figure 5 for dl
depths. The relation between resstance and gravimetric water content with alogarithmic
fit has an R of only 0.347. The least squares for specific depth intervals and mesh bags
range from 0.913 to 0.001. In general, higher R? values are observed for the 0-1 and 1-2
cmintervd thanthe 5-cm location. This may be because the deeper horizon tends to stay
wetter, and shorting of the leads across the haf bridge may give voltages close to zero,
which trandate to wet vaues when the sensor is not actudly that wet. This phenomenon
was alarge problem in the very wet spring and summer of 2000 (data not included in this
thess) until the leads were insulated. Cdibration should be performed again usng

insulated leads.

Surface CO, and **CO, fluxes

In both 1998 and 1999, the dry-down plots had haf the CO, flux observed in the
ambient plots (Figure 2 and Figur e 6). During the roughly 4-month period of the
manipulation experiments, the ambient plots respired 535 (1998) and 238 (1999) g C m?

and the dry-down plots respired 250 (1998) and 90 (1999) g C mi2. In 1998, the wet-up
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experiment actually had less total flux than the ambient plot (490 versus 530 g C ).
Based on the 1998 data, the wet up was not repeated in 1999, which is unfortunate
because 1999 was such a dry year with lower overdl fluxes. Despite such adramétic
difference in CO; fluxes crested by the dry-down manipulaion, no differencein **CO; of
the respiration was discerned in either year between the ambient and wet plots (Figure 2

and Figure 6).

Depth profiles of H,0, CO, and *'CO,

As dtated earlier, the purpose of the wet-up and dry-down manipulations was to
determine the effect of O horizon moisture content on total C and **CO, fluxes. However,
wetting/drying of the O horizon dso affects the minerd horizons beow. Thereforeit is
important to compare H,0, CO,, and **CO, within the minera horizons of the ambient
(2W) and dry-down pit (3W). The wet-up plot was not monitored in the minera horizon.
Differencesin profile concentrations of both water and CO, can be seen between the
ambient and dry-down pitsin both years (Figure 7 and Figure 8). However, mogt of the
differences existed prior to the manipulation and perssted after the manipulation began.
Unfortunately, on September 4,1998, the cable tester required to take soil moisture
measurements at the dry-down plot broke and so moisture comparisonsin the minera
horizons can only be made between July 8 and September 3 for 1998.

The volumetric water contents in the dry-down plot show little consstent effect of
the dry down on comparable depths. There are afew exceptions, one of whichisthe9cm
(dry down) and 10 cm (ambient) before and during the 1999 dry-down period (Figure 7).
Interegtingly, the difference is present well before the beginning of the dry down (July

19). In generd, the two depths have smilar CO, concentrations, and when they do differ
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at al the dry-down plot typicaly has a higher water content. At depth, the 26 cm (dry
down) is often wetter than the 33 cm (ambient) when manipulations are not taking place.
Concentrations are Smilar throughout the 1998 dry-down periods, and during the 1999
dry down the 26-cm (dry-down) depth remains a bit wetter than the 33 cm depth. The 52-
cm (dry-down) concentration is typically wetter than the 60-cm (ambient) depths, both
before and during the dry downs, except that from mid- August through mid- September
1999 the 52-cm (dry down) is about 30% drier than the 60-cm (ambient) location.

Similarly, conggtent changesin CO, profile concentrations are not seen during the
dry-down manipulationsin 1998 or 1999 (Figure 8). All comparable depths show little
difference throughout the dry down in 1998. However, in 1999 the 9-cm and deeper dry-
down depths have afew tenths of a percent less CO, than the ambient plots. Two
interesting exceptions to this during 1998 are July 9 (one day after the dry down Started),
when dl CO, concentrations at depths at both treatments increased, and on July 23, where
CO, concentrations at 33 and 60 cm depth in the ambient pit reached levels of 1.2 and
2.4%, while the comparable dry-down treatment did not.

The flux-weighted average D'*C of CO, in soil gas shows some consistent trends
in both dry-down manipulations. Figure 9 shows the **CO, for the periods prior to and
after the dry downs for both the 2W (ambient) and 3W (dry-down) pits. In both 1998 and
1999, the 1*CO, of the ambient pit increased a 6- and 60-cm depths, whereas it decreased
at 33 cm depth pre- vs. post-dry down. At the dry down, al depths had adecreasein
14C0, signature pre- vs. post-dry down, the decreases being most extreme in 1999 (the

driest year).
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Respiration Partitioning
In 1998, we estimate the fractions of tota CO, respiration fluxes from Reservoir-
C components were 0.52 (280 g C m?), 0.45 (220 g C m'?), and 0.64 (160 g C m®) over

the manipulation period for the ambient wet-up and dry-down sSites respectively. In 1999,

respiration partitioning with Method 2 did not work because the low tota CO, fluxes
combined with D**CO, vaues were very close to aamospheric *CO, vaues. For example,
in 1999 at the dry-down pit (3W), the total measured CO, flux and 1*CO, content over the
experimental period was 90 g C m2, with D**CO, = 98%.. However, using Method 2, the
combined flux and isotopic signature from F.. and F.y is constrained to be 129 g C m?,
with D*C of 120%o. Thus the total measured C flux and **C signature is less than that of
just the .. and R components of Reservoir-C, and negative vaues for the Recent-C
component (D™*C = 92%) are produced. Such results point to problemsin the fixed

values used to congtrain F, and Fy.v in Method 2 (see Chapter 5 for further discussion).

Discussion

Using DC hdf-bridge sensors to estimate continuous moisture content of the O
horizon in 1999 shows promising results. Voltage readings track dry periodsand rain
eventsin the uppermost (0-1 cm) of the O horizon (litter), and show damped responses at
2- and 5-cm depth, as would be expected (Figure 3). For example, during awarm dry
spell between Julian Days (JD) 241 and 249, the 0-1 cm sensors dry within aday, the 2
cm sensors take 3 —4 days, and the 5 cm sensors dry to only the middle of the
measurement range over the entire 8-day dry period. At JD 250, when it rains the sensors

a dl levels respond rdatively quickly to the wet-up event. But again, the sensorsat 0-1
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cm respond the fastest, and those at 5 cm the dowest. The dow drying during long dry
periods (JDs 202 to 210, 211-223, and 241 to 249), and relatively fast wetting following
rain events, is condstent throughout the season.

Conversion of voltage readings to an actua moisture measurement viaa
cdibration curve (Figure 5) can likdy beimproved by insulation of the haf-bridge leads.
Also, cdibration might improve further if smaller amounts of soil are used rdaive to the
roughly 4 cm x 4 cm area used within the mesh bagsin 1999. The wetness of the litter
within the mesh bags from the 1-2 and 5 cm depths was sometimes varigble. And from
visud ingpection, the moisture content of the wood did not aways appear to bein
equilibrium with the moisture content of part of the litter in the mesh bag. In fact, not
using amesh bag a al, destructively sampling the organic matter around the wood and
replacing the wood in anew location, may be the best way to cdibrate. Findly, the very
inexpensve hdf-bridge instrumentation permits their wider deployment (important for
very variable horizons).

During both 1998 and 1999, drying of the O horizon showed dramatic decreases
in total CO, fluxes and no significant difference in the D**CO, signature. CO, fluxesin
untreated controlsin 1999 were in genera much reduced relative to 1998, effectively
making 1999 a natura dry down and NOT the best year to artificidly dry down the O
horizon.

Verticd profiles of H,0 content and CO, concentration in the minerd horizons did
not show marked changes from the manipulation. However, the D**CO, produced at
depth tended to decrease during the dry down in comparison to the ambient plot. One

possible explanation for the lack of differencein totd *CO, production between
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treatments is that decomposition derived CO, production did shift lower in the O horizon,
accessing older, more bomb **C enriched C sources. However, thiswas offset by
decreases in the 1*C signature of CO, at depth, suggesting that decomposition of decadal-
cycling materia (fine root and/or DOC inputs from above) decreased at depth. In order to
test this theory, CO, production modeing with depth is needed in combination with the
isotopic 14CO, datato calculate a C and 1*C mass balance. Work is currently underway to
improve this gpproach but will not be completed in time to be part of thisthess.

Results of respiration partitioning in 1998 show little difference between the wet-
up and ambient site, matching the lack of differencesin moisture, CO,, and *4CO,
between the two trestments. Respiration partitioning a the dry-down site shows that 64%
of tota respiration came form Reservoir C, in contrast to 45-52% at the other two
treatments. The larger percentage of decomposition flux at the dry-down site suggests
that respiration of Recent-C sources decreased relative to Reservoir-C sources. As
discussed above, the depth profile data show adecrease in D*CO, at the dry-down versus
the ambient Site, suggesting an increase in relative contribution of Recent-C sources at
depth. Thus the increase in percentage of the totd flux coming from Reservoir-C for the
totd profile would have to come from decomposition in the O horizon (again, likely the
deeper part of the O horizon asit dried out the least). An dternative explanation is that
the higher estimate for Reservoir-C contribution is Smply an artifact from the congtraints
placed on F. | and Fy.y fluxesin Method 2, which fixes their totd flux at a given vaue.
Assuch, if totd fluxes are lower, a higher percentage of the totd must come from F_, and

FH+M .
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Conclusions

Drying of the organic horizon by rainfal excluson created a dramatic decreasein
soil respiration fluxes, but not the 14C signature of these fluxes. The D**C of CO, inthe
soil profile show a decrease between 9-85 cm, which suggests adecrease in
decomposition in the mineral horizons offset an increese in the D**C of CO, within the O
horizon. In order to determine the changes in decompaosition sources verticaly within the
soil profile, depth measurements of CO, and 1*CO, are required. Estimates of CO,

production with depth are needed to complete the C and **C mass balance and test the

hypothesis of changing production with depth.

260



References

Davidson, E. A., Belk, E. and Boone, R. D. (1998) Soil water content and temperature as
independent or confounded factors controlling soil respiration in atemperate mixed
hardwood forest. Global Change Biology, 4, 217-227.

Davidson, E. A. and Trumbore, S. E. (1995) Gas Diffusivity and Production of Co2 in
Deep Soils of the Eastern Amazon. Tellus Series B-Chemical and Physical
Meteorology, 47, 550-565.

Levin, I. and Hesshaimer, V. (2000) Radiocarbon-a unique tracer of the globa carbon
cycle dynamics. Radiocarbon, 42, 69-80.

McClaugherty, C. A. and Aber, J. D. (1982) The Role of Fine Roots in the Organic
Matter and Nitrogen Budgets of Two Forested Ecosystems. Ecology, 63, 1481-1490.

Savage, K. E. and Davidson, E. A. (in Press) Interannud variation of soil respiration in
two New England Forests. Global Biogeochemical Cycles, .

Trumbore, S. E., Chadwick, O. A. and Amundson, R. (1996) Rapid Exchange Between
Soil Carbon and Atmospheric Carbon Dioxide Driven By Temperature Change.
Science, 272, 393-396.

Wilson, K. B., Hanson, P. J. and Badocchi, D. D. (2000) Factors Controlling evaporation
and energy partitioning beneath a deciduous forest over an anud cycle. Agricultural

and Forest meteorology, 102, 83-103.

261



A. VX

? Rf (fixed resistor)
V1

Rs (wood, leaf)

W\

Ground

V1=Vx* (RY(Rs+ Rf)) Rs= VI*Rf/(Vx-V1)

B. g
55y ; Rf (fixed resistor)

Battery
4 Rs (wood, |eaf)

Volt
Meter
C.
— Vx=25V — P> A —T N
Datal ogger Rf Multiplexer .

Wood (Rs)

«— V1 —

A

Figure 1. DC hdf-bridge sensor.

A. Generd description. A DC voltage of 2.5 volts (VX) is applied across the
half-bridge circuit and the return sgnd (V1) is related to the resistance of (RS).
Rf isafixed resgor.

B. Diagram of the experimenta st up when using a multimeter to measure
voltage & agiven pointin time.

C. Diagram of the datalogger and multiplexer used to monitor the changein
resstance of a piece of wood placed in the O horizon as afunction of variable
moisture content. As moisture increases in the O horizon, the wood quickly
equilibrates and its resistance decreases, thereby causing adecreasein V1. Rf
isafixed resstor (390 Kohm). Metd aligator clips are attached to the wood
(Rs) 2 cm apart.
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Figure 2. 1998 and 1999

moisture manipulations.

Top: CO- fluxesfor 1998 (left) and 1999 (right). The wet-up experiment was

performed in 1998 only.

Middle: Fidd measured gravimetric water content for 1998 (left) and DC half-
bridge results converted to gravimetric water content a 2 cm depth for 1999
(right). The hdf bridges in the dry-down enclosure are dryer than the ambient half
bridges, athough they do experience some wetting.

Bottom: **C of soil respiration during 1998 (I&ft) and 1999 (right).
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Figure 3. 1999 rainfdl data and haf-bridge voltage readings for the ambient
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Figure 7. 1998 and 1999 dry-down vs. ambient CO..

Rainfal events and moisture conditions for the dry-down (3W) and ambient pit

(2W). In 1998, the dry down went from July 8 to October 28. In 1999, the dry down
went from July 21 to October 28.
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Figure 9. Dry-down vs ambient **CO,.

Hux-weighted DD**CO, values by depth for the time period pre- and post- moisture
manipulations for both the dry-down (3W) and ambient (2W) pits. The first number
inapair represents the pre-manipulation value and the second number the post-
manipulation vaue. Depthsin cm are indicated after the dashes. Vertica bars

represent the entire range of values measured.
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Appendices

Key to terms:

UCIT Tracking number used by Dr. Susan Trumbore' s laboratory.

B.D. Bulk densty

z Number used in calculaion of bulk dendty that accounts for
waviness of horizon boundary

HOW Abbreviation for the Howland sitein Howland, ME

HF Abbreviation for the Harvard Forest Site in Petersham, MA

OR Abbreviation for the Walker Branch sitein Oak Ridge, TN

Length Number of days the incubation was performed

¢ 14C numbers represent the D*C value in parts per thousand (per
mil or %o)

B¢ 13C numbers represent the d**C value in parts per thousand (per mil
or %o)

14¢C corrected  Means the D**C vaue has been corrected for leaks within the flux
chamber/sampling system by using the d*3C number (see Chapter

2: methods).

Hux Refers to the flux of CO, inmgC m? hrt

Note:

Vauesfor d*C numbers are measured with an analytical accuracy of + 0.10%o. If

no number to the right of the decima is shown, the d*3C value is assumed.
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APPENDIX 1. Air sample data (samples generally taken at roughly 10 cm off
13

ground surface).

TYPE Date SITE AREA UCIT C e +/-
Sampled %o %o %o
air 15-May-96 HF NWN 1817 9.2 113 6
air 11-Jul-96 HF NWF 1897 -9 98 7
air 11-Jul-96 HF NWM 1898 -8.6 96 6
air 02-Dec-96 HF 2083 -10.4 47 6
air 06-Feb-97 HF 2242 2121 100 8
air 06-Feb-97 HF 2236 -10.3 100 8
air 22-May-97 HF 2533 -8.9 94 6
air 05-Sep-97 HF 2664 9.4 -10 5
air 02-Nov-97 HF SWN 2845 -8.8 81 6
air 02-Nov-97 HF SWN 2846 -9 83 6
air 02-Nov-97 HF 2839 -9 94 6
air 12-Apr-98 HF 3107 8.4 72 6
air 12-Apr-98 HF 3108 -6.8 183 7
air 12-Apr-98 HF 3113 -85 98 6
air 12-Apr-98 HF P5 3118 8.1 93 5
air 12-Apr-98 HF P5 3119 -8.6 121 7
air 02-Jun-98 HF 3282 -8 83 5
air 02-Jul-98 HF 3650 -10.7 94 5
air 02-Jul-98 HF 3651 -9 109 5
air 13-Aug-98 HF NWN 3473 -9 90 6
air 14-Aug-98 HF SWN 3670 -8.6 85 5
air 08-Sep-98 HF NWN 3565 9.7 87 6
air 26-Oct-98 HF 3629 9.9 99 5
air 29-Mar-99 HF NWN 4546 -9.0 99 5
air 12-May-99 HF 4651 9.3 91 5
air 05-Jun-99 HF NWN 4664 -8.8 88 4
air 10-Jul-99 HF SWN 4794 -10.4 92 4
air 16-Aug-99 HF NWN 4195 -12.6 94 6
air 24-Sep-99 HF NWN 4877 -10.7 79 5
air 21-May-00 HF 5424 -8 62 5
air 16-Aug-97 HOW TOWER 2659 -9 106 6
air 03-Jun-98 HOW 3289 -8.2 127 6
air 03-Jun-98 HOW 3290 -85 97 5
air 01-Jul-98 HOW 3334 -8 109 5
air 01-Jul-98 HOW 3335 -8 94 5
air 18-Aug-98 HOW 3477 9.5
air 21-Sep-98 HOW 3577 -8.8 79 6
air 19-Oct-98 HOW 3617 -12.3 99 7
air 29-Apr-99 HOW 4634 9.3 79 6
air 08-Jun-99 HOW TOWER 4685 -10.7 83 5
air 12-Jul-99 HOW TOWER 4804 95 67 4
air 13-Aug-99 HOW 4207 9.7 53 4
air 01-Oct-99 HOW 4370 8.4 81 6
air 20-May-00 HOW 5432 9.3 78 5
air 19-Jun-98 OR 3306 -8 85 6
air 19-Jun-98 OR 3307 74 96 6
air 19-Jun-98 OR 3308 -8 92 6
air 09-Jul-98 OR TDE 3461 -8 81 5
air 09-Jul-98 OR P5 3463 -8 77 4
air 06-Oct-98 OR P5 3614 -10.4 72 4
air 30-Oct-98 OR 3626 -8.7 102 5
air 10-Dec-98 OR TDE 3621 -8 55 5
air 10-Dec-98 OR TDE 3622 -8 47 5
air 10-Dec-98 OR TDE 3623 -8 52 5
air 01-Apr-99 OR TDE 4557 95 75 6
air 07-May-99 OR P5 4618 -9.0 80 5
air 07-May-99 OR TDE 4622 9.2 96 5
air 11-Jun-99 OR P5 4676 -145 90 6
air 12-Jun-99 OR TDE 4673 9.9 72 6
air 22-Jul-99 OR P5 4183 -10.3 436 7
air 19-Aug-99 OR P5 4223 95 116 5
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ground surface).

APPENDIX 1. Air sample data (samples generally taken at roughly 10 cm off
13

TYPE Date SITE AREA UCIT C e +/-
Sampled %o %o %o

air 24-Oct-99 OR TDE 4380 9.1 80 5
air 29-Apr-00 OR AIR 5401 9.4 89 5
air 10-Jun-00 OR TDE 5490 9.6 87 5
air 12-Dec-97 HOW 3006 -10.2 106 5
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Appendix 2. Soil pit bulk density by horizon.

Layer Grav-free | All soil
z B.D. B.D.
Site Pit Horizon cm Mg/m3 Mg/m3
NWN 1 Oi 1.2 0.07 0.47
NWN 1 Oe 2.7 0.10 0.64
NWN 1 A 1.3 0.41 1.06
NWN 1 Ap 8.6 0.67 1.19
NWN 1 Bwl 7.3 0.79 1.24
NWN 1 Bw2 9.6 0.89 1.16
NWN 1 Bw3 16.8 1.13 1.54
NWN 1 Bw4 1ot completed
NWN 2 Oi 1.1 0.08 0.08
NWN 2 Oae 1.4 0.13 0.13
NWN 2 A 2.3 0.32 0.34
NWN 2 Ap 7.5 0.41 0.46
NWN 2 Bwl 8.1 0.92 1.07
NWN 2 Bw2 8.5 0.97 1.57
NWN 2 Bw3 1ot completed
NWN 3 Oi 2.0 0.03 0.03
NWN 3 Oea 6.4 0.07 0.08
NWN 3 A 4.0 0.30 0.31
TDE 1 Oi 1.6 0.05 0.05
TDE 1 Oe 3.6 0.02 0.02
TDE 1 A 2.8 0.44 0.64
TDE 1 El 34.9 1.01 1.28
TDE 1 Btl 25.1 1.18 1.33
P5 1 0 1.4 0.10 0.10
P5 1 A 2.9 0.52 0.45
P5 1 min2 17.7 1.01 1.49
P5 1 min3 19.2 1.13 1.73
P5 1 min4 17.4 0.92 1.60
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Organic Matter Samples

Type SUB-TYPE DATE |SITE|AREA DESCRIPTION ucIT| Bc | ¥c | +-
SAMPLED %0 | %o | %o
SOM HD 1996 HF | hem HEM-AHD 2160| -25 | -19
SOM HD 1996 HF | hem HEM-AEHD 2161 -25 | -43
SOM HD 1996 HF | hem HEM-Bw1HD 2162| -25 | -88
SOM HD 1996 HF | hem HEM-Bw2aHD 2163| -25 [-160
SOM HD 1996 HF | hem HEM-Bw2bHD 2164| -25 [-197
SOM HD 1996 HF | nwn N1-AHD 2165| -25 | 42
SOM HD 1996 HF | nwn N1-ApHD 2166| -25 | -11
SOM HD 1996 HF | nwn N1-BwlaHD 2167| -25 | -88
SOM HD 1996 HF | nwn N1-BwlbHD 2168| -25 [-121
SOM HD 1996 HF | nwn N1-Bw2HD 2169| -25 [-168
SOM HD 1996 HF | swn S1-AHD 2157| 25| 2
SOM HD 1996 HF | swn S1-BglHD 2158| -25 [-103
SOM HD 1996 HF | swn S1-Bg2HD 2159| -25 [-201
SOM HD 1979 HF HF_0-15 cm HD 4442 -26 | 43| 5
SOM HD 1979 HF HF_15-30cm HD 4443] -26 (191 4
SOM HD 1979 HF HF_30-45cm HD 44441 26 | 7 |3
SOM HD 1996 |HOW/| tower HOW-EHD 2175| -25 | 7
SOM HD 1996 |HOW/| tower HOW-BhsHD 2177| -25 | -14
SOM HD 1996 |HOW/| tower HOW-Bs1HD 2178| -25 [-124
SOM HD 1996 |HOW/| tower HOW-Bs2HD 2179| -25 [-119
SOM HD 1996 |HOW/| tower HOW-BCHD 2180| -25 [-161
SOM HD 24-Apr-98| OR | P5 HD P5-A1-1998 4756 25 | 22 | 5
SOM HD 24-Apr-98| OR | P5 HD P5-E1 7-24cm-1998 4757 2559 | 6
SOM HD 24-Apr-98| OR | P5 HD P5-E2 24-40cm-1998 4758 -25 | -25 | 4
SOM HD 24-Apr-98| OR | P5 HD P5-E2 40-63cm-1998 4759 -25[-80 | 5
SOM HD 24-Apr-98| OR | P5 HD P5-B2-65-75cm-1998 4760 -25 | -90 | 5
SOM HD 1972 OR | P5 HD P5-A1-1972 4745 2556 | 5
SOM HD 1972 OR | P5 HD P5-A2(E)-1972 4746| -25 107 | 4
SOM HD 1972 OR | P5 HD P5-B1-1972 4747|2538 5
SOM HD 1972 OR | P5 HD P5-B21T-1972 4748 25 | 67 | 5
SOM HD 21-Apr-98| OR | TDE HD TDE-A 3-8cm 4773 2537 [ 5
SOM HD 21-Apr-98| OR | TDE HD TDE-E 18-23cm 4774 25119 | 5
SOM HD 21-Apr-98| OR | TDE HD TDE-E 223-50cm 4775 25 |53 5
SOM HD 21-Apr-98| OR | TDE HD TDE-BT1 4776| -25 [-156] 4
SOM LD 1996 HF | hem HEM-OILD 2128| -25 [ 138
SOM LD 1996 HF | hem HEM-ALD 2129| -25 | 29
SOM LD 1996 HF | hem HEM-BwiLD 2131 -25 | -30
SOM LD 1996 HF | hem HEM-Bw2alLD 2132| -25 | -59
SOM LD 1996 HF | hem HEM-Bw2bLD 2133| -25 [-109
SOM LD 1996 HF | hem MOD-HEM 2181 -25 [ 120
SOM LD 1996 HF | hem Mbd-Hem(groundneedle 2181| -25 | 110
SOM LD 1996 HF | hem MOD-HEM 2181 -25 [ 120
SOM LD 1996 HF | hem Mbd-Hem(groundneedle 2181| -25 | 110
SOM LD 1996 HF | hem HEM-AEL.D. 2130 25| 6
SOM LD 1996 HF | nwf MOD-SPHAG 2183| -25 [ 114
SOM LD 1996 HF | nwn N1-OiLD 2134| -25 [ 140
SOM LD 1996 HF | nwn N1-OelLD 2135| -25 [ 234
SOM LD 1996 HF | nwn N1-ALD 2136| -25 | 138
SOM LD 1996 HF | nwn NI1-ApLD 2137| -25 | 52
SOM LD 1996 HF | nwn N1-BwlalLD 2138| -25 | -72
SOM LD 1996 HF | nwn N1-BwlbLD 2139| -25 [-100
SOM LD 1996 HF | nwn N1-Bw2LD 2140| -25 [-169
SOM LD 1996 HF | nwn N2-OiLD 2141| -25 [ 124
SOM LD 1996 HF | nwn N2-OelLD 2142| -25 [ 165
SOM LD 1996 HF | nwn N2-ALD 2143| -25 [ 211
SOM LD 1996 HF | nwn N2-ApLD 2144 25| -3
SOM LD 1996 HF | nwn N2-Bw1bLD 2146| -25 [-129
SOM LD 1996 HF | nwn N2-Bw2LD 2147| -25 | -88
SOM LD 1996 HF | nwn N2-ALD 2170| -25 | 94
SOM LD 1996 HF | nwn N2-ApLD 2171| -25 | -51
SOM LD 1996 HF | nwn N2-BwlalLD 2172| -25 [-116
SOM LD 1996 HF | nwn N2-BwlbLD 2173| -25 [-149
SOM LD 1996 HF | nwn N2-Bw2LD 2174| -25 [-176
SOM LD 1996 HF | nwn MOD-LEAV 2182| -25 | 92
SOM LD 1996 HF | nwn N2-Bw1AL.D. 2145| -25 | -86
SOM LD 1996 HF | nwn N2-Bw2L.D. 2147| -25 | -94
SOM LD 1996 HF | nwn N2-Bw2LD 2147| -25 | -88
SOM LD 1996 HF | nwn N2-Bw2L.D. 2147 -25 [ -94
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Organic Matter Samples

Type SUB-TYPE DATE |SITE|AREA DESCRIPTION ucIT| Bc | ¥c | +-
SAMPLED %0 | %o | %o
SOM LD 1996 HF | swn S1-0iLD 2123| -25 [ 141
SOM LD 1996 HF | swn S1-OeLD 2124| -25 | 206
SOM LD 1996 HF | swn S1-ALD 2125| -25 [ 152
SOM LD 1996 HF | swn S1-BgiLD 2126| -25 | 12
SOM LD 1996 HF | swn S1-Bg2LD 2127| -25 | -87
SOM LD 1996 HF | swn S1-BgiL.D. 2126| -25 | -14
SOM LD 1996 HF | swn S1-BgiLD 2126| -25 | 12
SOM LD 1996 HF | swn S1-BgiL.D. 2126| -25 | -14
SOM LD 1979 HF HF_0-15cm LD 4437]-26.3] -47 | 5
SOM LD 1979 HF HF_15-30cm LD 4438]-265) 80 | 5
SOM LD 1979 HF HF_30-45cm LD 4439]-26.4] -30 | 5
SOM LD 1979 HF HF_45+ LD 4440]-26.7|1116] 10
SOM LD 1979 HF HF_Charcoal 4441] -25 [-222] 4
SOM LD 1996 |HOW/| tower HOW-OILD 2148| -25 [ 183
SOM LD 1996 |HOW/| tower HOW-OeLD 2149| -25 [ 107
SOM LD 1996 |HOW/| tower HOW-OalLD 2150| -25 | 51
SOM LD 1996 |HOW/| tower HOW-ELD 2151 -25 | 94
SOM LD 1996 |HOW/| tower HOW-BhLD 2152| -25 | -35
SOM LD 1996 |HOW/| tower HOW-BhsLD 2153| -25 | 20
SOM LD 1996 |HOW/| tower HOW-Bs1LD 2154| -25 | -34
SOM LD 1996 |HOW/| tower HOW-Bs2LD 2155| -25 | -8
SOM LD 1996 |HOW/| tower HOW-BCLD 2156| -25 | -79
SOM LD 1996 |HOW/| tower HOW-BhH.D. 2176| -25 | -61
SOM LD 24-Apr-98| OR | P5 LD P5-01-1998 4749 -25 127 5
SOM LD 24-Apr-98| OR | P5 LD P5-02-1998 4750] -25 (144 6
SOM LD 24-Apr-98| OR | P5 LD P5-A->80u-1998 4751 25| 45| 5
SOM LD 24-Apr-98| OR | P5 LD P5-A-<80u-1998 4752 25 0 |5
SOM LD 24-Apr-98| OR | P5 LD P5-E1 7-24cm-1998b 4753 25 | 21 | 6
SOM LD 24-Apr-98| OR | P5 LD P5-E2 24-40cm-1998b 4754 2531 [ 5
SOM LD 24-Apr-98| OR | P5 LD P5-E2 40-63cm-1998 4755| -25 [-139] 4
SOM LD 1972 OR | P5 LD P5-01-1972 4739] -25 [ 550 8
SOM LD 1972 OR | P5 LD P5-02-1972 4740 -25 [ 373 7
SOM LD 1972 OR | P5 LD P5-A1->80u-1972 4741 -25 (195 6
SOM LD 1972 OR | P5 LD P5-A1-<80u-1972 4742 25 73 | 6
SOM LD 1972 OR | P5 LD P5-A2(E)-1972 4743 -25 138 6
SOM LD 1972 OR | P5 LD P5-B1-1972 4744 25 157 5
SOM LD 21-Apr-98| OR | TDE LD TDE-Oi least decomp 4761| -25 | 130| 6
SOM LD 21-Apr-98| OR | TDE | LD TDE-OEA-V very decomp |4762| -25 [ 136 6
SOM LD 21-Apr-98| OR | TDE LD TDE-OEA-MATRIX 4763 -25 [135] 6
SOM LD 21-Apr-98| OR | TDE LD TDE-A1->80u:undif. 4764 -25 [130] 6
SOM LD 21-Apr-98| OR | TDE LD TDE-A1-<80u:undif. 4765 2536 | 5
SOM LD 21-Apr-98| OR | TDE LD TDE-Al-fineroots 4766| -25 152 6
SOM LD 21-Apr-98| OR | TDE LD TDE-Al-sheaths 4767] -25 (207 | 6
SOM LD 21-Apr-98| OR | TDE LD TDE-E1->80u 4768| -25 143 6
SOM LD 21-Apr-98| OR | TDE LD TDE-E1-<80u 4769 25 55 [ 6
SOM LD 21-Apr-98| OR | TDE LD TDE-E2->80u 4770 2589 | 6
SOM LD 21-Apr-98| OR | TDE LD TDE-E2-<80 4771 25| 49 | 4
SOM LD 21-Apr-98| OR | TDE LD TDE-BT1 4772 25 (113 6
SOM LD <80 1996 HF | hem HEM-A 2541 -25 | -11
SOM LD <80 1996 HF | hem HEM-AE 2542| -25 | -29
SOM LD <80 1996 HF | hem HEM-Bwl 2543| -25 | -39
SOM LD <80 1996 HF | hem HEM-Bw2a 2544| -25 | -95
SOM LD <80 1996 HF | hem HEM-Bw2b 2545| -25 [-130
SOM LD <80 1996 HF | nwn N1-A 2546| -25 | 48
SOM LD <80 1996 HF | nwn NI-AP 2547| 25| 3
SOM LD <80 1996 HF | nwn N1-Bwila 2548| -25 | -66
SOM LD <80 1996 HF | nwn N1-Bwlb 2549| -25 [-108
SOM LD <80 1996 HFE | swn S1-A 2550| -25 | 104
SOM LD <80 1996 HF | swn S1-Bgl 2551 -25 | -81
SOM LD <80 1996 HF | swn S1-Bg2 2552| -25 [-282
SOM LD >80 1996 HF | hem HEM>63-1 2607| -25 [ 153
SOM LD >80 1996 HF | hem HEM>63-4 2609| -25 | 69
SOM LD >80 1996 HF | hem HEM>63-5 2610| -25 [ 210
SOM LD >80 1996 HF | nwn NWN1LD>63-1 2604 -25 | 266
SOM LD >80 1996 HF | nwn NWNI1LD>63-2 2605 -25 [ 231
SOM LD >80 1996 HF | nwn NWNI1LD>63-4 2606 -25 [ 130
SOM LEAVES 01-Jun-96 | HF | NWN MOD-LEAV 2182 -25[ 92 [ 7
SOM LEAVES 14-Aug-98| HF | NWN Leaves: NWN: 8/14/98 5063| -28 [ 102 4
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Organic Matter Samples

Type SUB-TYPE DATE |SITE|AREA DESCRIPTION ucIT| Bc | ¥c | +-
SAMPLED %0 | %o | %o
SOM LEAVES 14-Aug-98| HF | NWN Live decid. leaves 8/14 5067|-31.3| 89 | 5
SOM LEAVES 16-Jul-99 | HF | NWN HFLVS-UNDER:7-16-99 4270|-27.1| 83 | 7
SOM LEAVES 17-Aug-99| HF | NWN HFLVS-UNDER:8-17-99 4272|-31.4| 89 | 6
SOM LEAVES 22-May-97| HF Leaves-GREEN FRESH 2540(-29.5| 105 | 6
SOM LEAVES 07-Jun-99 | HF Leaves HF-6/7/99-Upper canopy |4779|-27.5| 96 | 5
SOM LEAVES HF Leaves: Harvard Forest 5064(-29.1| 87 | 7
SOM LEAVES 02-Jun-98 | HF? Fresh leaves 6/2/98 3298| -25 | 89 | 7
SOM LEAVES 12-Jul-99 |HOW HOWLVS-UNDER:7-12-99 4268|-32.7| 97 | 5
SOM LEAVES 13-Aug-99 |[HOW HOWLVS-UNDER:8-13-99 4269|-31.3/ 109 | 6
SOM LEAVES 10-Jul-98 | OR P5 Fresh leaves:P5 OR:7/1 5068|-31.3| 105 | 5
SOM LEAVES 25-Aug-98| OR P5 Leaves OR Plot5: 8/25/9 5066|-30.3| 121 | 5
SOM LEAVES 06-Oct-98 | OR P5 Leaves ORP5-10/6/98understory |4777|-30.5| 118 | 6
SOM LEAVES 23-Jul-99 | OR P5 ORLVS-UNDER:7-23-99 42741-31.0| 173 | 7
SOM LEAVES 19-Aug-99| OR P5 ORLVS-UNDER:8-19-99 4275|-31.0| 198 | 6
SOM LEAVES 19-Jun-98| OR | TDE Leaves:TDE OR8 15?:6/1 5065|-31.9/ 104 | 7
SOM LEAVES 12-Jun-99| OR | TDE |Leaves ORTDE-6/12/99Understory|4778|-31.1| 117 | 6
SOM MUSHROOMS 1997 HF HF-HORN 2734| -25 | 97
SOM MUSHROOMS 1997 HF HF-YELSTK 2735| -25 | 99
SOM MUSHROOMS 1997 HF HF-FUNNEL 2736| -25 | 98
SOM MUSHROOMS 1997 HOW HOW-COINCAP 2737| -25 | 144
SOM MUSHROOMS 1997 HOW HOW-FALSEFUN 2738| -25 | 108
SOM MUSHROOMS 1997 HOW HOW-GBOLEK 2739 -25 | 103
SOM MUSHROOMS 1997 HOW HOW-MYRENA 2740| -25 | 131
SOM O horizon 1996 HF | hem Hem OM-top 2601| -25 | 232
SOM O horizon 1996 HF | hem Hem OM-mid 2602| -25 | 292
SOM O horizon 1996 HF | hem Hem OM-bot 2603| -25 | 80
SOM O horizon/leaves| 1997 HF | nwn NWNOI 2909| -25 | 113
SOM O horizon/leaves| 1997 HF nwn NWNZero 2910| -25 | 113
SOM O horizon/leaves| 1997 HF | nwn NWN>0-3.5 2911| -25 | 126
SOM O horizon/leaves 1997 HF nwn NWN3.5-6.6 2912 -25 | 132
SOM O horizon/leaves| 1997 HF | nwn NWN1FF OTH 2919| -25 | 220
SOM O horizon/leaves 1997 HF nwn NWN2OEA_OTH 2920| -25 | 182
SOM O horizon/leaves| 1997 HF | swn SWN+4-+2.9 2913| -25 | 105
SOM O horizon/leaves 1997 HF swn SWN+2.9-1.9 2914 | -25 | 103
SOM O horizon/leaves| 1997 HF | swn SWN+1.9-0 2915| -25 | 123
SOM O horizon/leaves| 1997 HF | swn SWNO0-3.1 2916| -25 | 158
SOM O horizon/leaves| 1997 HF | swn SWN3.1-5.2 2917| -25 | 148
SOM O horizon/leaves 1997 HF swn SWNBR#3_OTH 2918 -25 | 265
SOM ROOTS 1997 HF | hem HEM-1P 2730(-27.0| 398
SOM ROOTS 1997 HF hem HEM-1S 2731|-27.0| 169
SOM ROOTS 1997 HF | hem HEM OiHomo live 2565 |-27.0|-986
SOM ROOTS 1996 HF hem HemlockPit1BW?2 (live) 2815|-27.0| 180
SOM ROOTS 1996 HF | hem HEMAHomoLive 2567|-26.9| 271
SOM ROOTS 1996 HF | hem HEMAHomodead 2568|-26.9| 221
SOM ROOTS 1996 HF | hem HEMOE/splitlive 2569|-27.0| 201
SOM ROOTS 1996 HF | hem HEMOE/splitdead 2670(-27.0| 196
SOM ROOTS 1996 HF | hem HEMOE/alive 2571]-26.9| 244
SOM ROOTS 1996 HF | hem HEMOE/adead 2572 | -26 | 246
SOM ROOTS 1996 HF | hem HEM1BW21-homolive 2577|-27.0| 242
SOM ROOTS 1996 HF | hem HEM1BW1-homodead 2578|-27.0| 177
SOM ROOTS 1996 HF | nwn NWhnearForestfloor#2| 2563(-29.0| 157
SOM ROOTS 1996 HF nwn NWnearforestfloor#2D 2564 |-27.8| 188
SOM ROOTS 1997 HF nwn NWN-1P 2725(-27.0
SOM ROOTS 1997 HF nwn NWN-1S 2726|-27.0| 116
SOM ROOTS 1997 HF | nwn NW near#2 BW?2 live 2575(-28.4| 199
SOM ROOTS 1997 HF nwn NW core#2 live 2579 -27 | 186
SOM ROOTS 1997 HF | nwn NW core#2 dead 2580| -27 | 214
SOM ROOTS 1997 HF nwn NW2 of 2 BW3 live 2581 | -27 | 310
SOM ROOTS 1996 HF nwn PitlIFF#INWN (live) 2809| -27 | 156
SOM ROOTS 1996 HF nwn Pit20aeNWN (live) 2810| -27 | 148
SOM ROOTS 1996 HF nwn Pit2BW1NWN (live) 2811| -27 | 170
SOM ROOTS 1996 HF nwn Pit2BW2NWN (live) 2812 | -27 | 237
SOM ROOTS 1996 HF | nwn PitcoreINWN (live) 2813| -27 | 174
SOM ROOTS 1996 HF nwn Pit2ApNWN (live) 2814 | -27 | 188
SOM ROOTS 1997 HF |swamp SP-1P 2732| -27 | 177
SOM ROOTS 1997 HF |swamp SP-1S 2733 -27 | 116
SOM ROOTS 1996 HF | swn SWN#2Live 2557(-27.2| 100
SOM ROOTS 1996 HF swn SWN#2Dead 2558(-27.0| 291
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Organic Matter Samples

Type SUB-TYPE DATE |SITE|AREA DESCRIPTION ucIT| Bc | ¥c | +-
SAMPLED %0 | %o | %o
SOM ROOTS 1996 HF | swn SWN#1Live 2559(-28.3| 129
SOM ROOTS 1996 HF swn SWN#1Dead 2560|-27.2| 219
SOM ROOTS 1996 HF | swn SWN#3Live 2561(-27.6| 172
SOM ROOTS 1996 HF swn SWN#3Dead 2562|-27.0| 227
SOM ROOTS 1996 HF swn SWN1ALive 2573|-27.7| 191
SOM ROOTS 1996 HF swn SWN1ADead 2574 |-27.4| 244
SOM ROOTS 1997 HF swn SWN-1.5P 2727|-27.0| 113
SOM ROOTS 1997 HF swn SWN-1P 2728|-27.0| 115
SOM ROOTS 1997 HF | swn SWN-1S 2729(-27.0| 105
SOM ROOTS 1996 HF swn SWNPIit1BG1 (live) 2816|-27.0| 190
WOOD ALPHA-C Oct-99 OR | TDE 1999 TDE_Oakridge wood 4446| -26 | 426 | 7
WOOD ALPHA-C Oct-99 OR | TDE 1998 TDE_Oakridge wood 4447 -26 | 117 | 5
WOOD ALPHA-C Oct-99 OR | TDE 1997 TDE_Oakridge wood 4448| -26 | 119 | 6
WOOD ALPHA-C Oct-99 OR | TDE 1996 TDE_Oakridge wood 4449| -26 | 114 | 6
WOOD ALPHA-C Oct-99 OR | TDE 1995 TDE_Oakridge wood 4450| -26 | 107 | 5
WOOD ALPHA-C Oct-99 OR | TDE 1994 TDE_Oakridge wood 4451 -26 | 121 | 5
WOOD ALPHA-C Oct-99 OR | TDE 1993 TDE_Oakridge wood 4452| -26 | 125| 6
WOOD ALPHA-C Oct-99 OR | TDE 1992 TDE_Oakridge wood 4453| -26 | 124 | 6
WOOD ALPHA-C Oct-99 OR | TDE 1991 TDE_Oakridge wood 4454| -26 | 135 | 7
WOOD ALPHA-C Oct-99 OR | TDE 1990 TDE_Oakridge wood 4455| -26 | 126 | 6
WOOD ALPHA-C Oct-99 OR | TDE 1985 TDE_Oakridge wood 4456| -26 | 185 | 6
WOOD ALPHA-C Oct-99 OR | TDE 1975 TDE_Oakridge wood 4457 -26 | 389 | 7
WOOD ALPHA-C Oct-99 OR | TDE 1963 TDE_Oakridge wood 4458| -26 | 686 | 13
WOOD ALPHA-C Oct-99 OR | TDE 1960 TDE_Oakridge wood 4459| -26 | 170 | 7
WOOD ALPHA-C Oct-99 OR | TDE 1950 TDE_Oakridge wood 4460| -26 | -27 | 6
WOOD ALPHA-C Oct-99 OR 1999 Gap_Oakridge wood 4461 -26 | 454 | 8
WOOD ALPHA-C Oct-99 OR 1999 Yard Oakridge wood 4462| -26 |1068| 13
WOOD ALPHA-C Oct-99 OR 1999 TCSA Top_Oakridge 4463| -26 [1882| 16
WOOD ALPHA-C Oct-99 | OR 1999 TCSA Mid_Oakridge 4464| -26 (112312
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APPENDIX 4. Soil Respiration CO, data

Type DATE |[SITE|AREA|COLLAR|UCIT| ®C | ™C | +/-[*C (corrected) FLUX FLUX
SAMPLED %o | %o | %o %o mg Cm™ hr DATE

Surface | 03-Jun-98 [HOW| nc 5 3285|-23.9/ 135 | 6 138 132 27-May-98
Surface | 03-Jun-98 |[HOW| nc 3 3286(-23.4| 142 | 5 148 104 27-May-98
Surface | 01-Jul-98 [HOW| nc 3 3328|-25.0| 154 | 6 158 208 01-Jul-98
Surface | 01-Jul-98 |[HOW| nc 4 3329(-24.7/ 141 | 6 144 132 01-Jul-98
Surface | 01-Jul-98 [HOW| nc 5 3330/-24.9| 147 | 5 150 264 01-Jul-98
Surface |18-Aug-98 | HOW| nc 5 3478|-24.3] 105 | 5 105 192 19-Aug-98
Surface |21-Sep-98 | HOW| nc 3 3574|-23.6/ 101 | 5 104 169 23-Sep-98
Surface |21-Sep-98HOW| nc 2 3575|-24.0/ 88 | 5 89 109 23-Sep-98
Surface |21-Sep-98 | HOW| nc 5 3576|-23.9| 98 | 6 100 136 23-Sep-98
Surface | 19-Oct-98 |[HOW| nc 2 3625(-24.2| 102 | 6 103 54

Surface | 29-Apr-99 [HOW| nc 2 4628|-21.8| 113 | 5 125 36 28-Apr-99
Surface | 29-Apr-99 |[HOW| nc 3 4629(-21.8/ 129 | 6 146 43 28-Apr-99
Surface | 29-Apr-99 [HOW| nc 5 4630/-22.9| 116 | 5 124 30 28-Apr-99
Surface | 08-Jun-99 |[HOW| nc 3 4682(-24.6| 120 | 6 124 155 08-Jun-99
Surface | 08-Jun-99 [HOW| nc 2 4683 |-25.0| 102 | 6 103 112 08-Jun-99
Surface | 08-Jun-99 |[HOW| nc 5 4684(-24.8| 120 | 6 123 239 08-Jun-99
Surface | 12-Jul-99 [HOW| nc 2 4801(-25.4| 113 | 4 115 135 12-Jul-99
Surface | 12-Jul-99 |[HOW| nc 5 4802|-24.8| 117 | 4 121 201 12-Jul-99
Surface | 12-Jul-99 [HOW| nc 3 4803(-24.7| 116 | 4 120 184 12-Jul-99
Surface |13-Aug-99 /HOW| nc 5 4206(-24.6| 111 | 5 117 273 13-Aug-99
Surface |13-Aug-99 |HOW| nc 3 4208 |-24.4| 100 | 7 105 252 13-Aug-99
Surface |20-May-00|{HOW| nc 2 5429(-21.5| 93 | 6 99 NA 20-May-00
Surface |20-May-00/HOW| nc 3 5430(-23.1| 115 | 5 123 NA 20-May-00
Surface |20-May-00|{HOW| nc 5 5434|-23.4| 139 | 6 150 78 20-May-00
Surface |16-Aug-97 [HOW | tower 2 2658|-22.2| 136 | 6 145 160 16-Aug-97
Surface | 16-Aug-97 |HOW | tower 1 2660(-22.9| 117 | 6 120 136 16-Aug-97
Surface |16-Aug-97 [HOW | tower 7 2661|-22.8| 120 | 7 123 236 16-Aug-97
Surface | 16-Aug-97 |HOW | tower 6 2662|-23.0/ 121 | 6 124 177 16-Aug-97
Surface | 03-Jun-98 [HOW | tower 2 3283|-22.9| 117 | 7 118 64 27-May-98
Surface | 03-Jun-98 |HOW | tower 3 3284|-24.0/ 139 | 5 142 111 27-May-98
Surface | 01-Jul-98 [HOW | tower 7 3325|-25.4| 126 | 6 127 261 01-Jul-98
Surface | 01-Jul-98 |HOW | tower 6 3326|-25.8/ 129 | 6 130 324 01-Jul-98
Surface | 01-Jul-98 [HOW | tower 2 3327|-24.0| 116 | 6 118 152 01-Jul-98
Surface | 18-Aug-98 | HOW | tower 5 3479(-24.2] 99 | 4 99 140 19-Aug-98
Surface |18-Aug-98 [ HOW | tower 8 3480(-23.8/ 107 | 5 107 365 19-Aug-98
Surface | 18-Aug-98 | HOW | tower 3 3481|-23.9| 227 | 6 227 153 19-Aug-98
Surface |17-Sep-98 | HOW | tower 3 3571|-23.9/ 110 | 5 114 212 14-Sep-98
Surface |17-Sep-98 HOW | tower 5 3572|-23.9] 99 | 5 101 146 14-Sep-98
Surface |21-Sep-98 | HOW | tower 8 3570(-23.2| 121 | 6 129 201 23-Sep-98
Surface | 19-Oct-98 |[HOW | tower 8 3618|-24.2| 124 | 5 127 105 22-Oct-98
Surface | 19-Oct-98 [HOW | tower 5 3619|-24.0/ 120 | 7 123 63 22-Oct-98
Surface | 19-Oct-98 |[HOW | tower 3 3620(-24.3| 127 | 6 131 57 22-Oct-98
Surface | 29-Apr-99 [HOW | tower 3 4631 |-22.7| 126 | 5 138 36 28-Apr-99
Surface | 29-Apr-99 |HOW | tower 5 4632(-21.1| 112 | 5 126 44 28-Apr-99
Surface | 29-Apr-99 [HOW | tower 8 4633|-23.8| 132 | 6 140 61 28-Apr-99
Surface | 08-Jun-99 |HOW | tower 5 4686(-24.7| 107 | 6 110 166 08-Jun-99
Surface | 08-Jun-99 [HOW | tower 8 4687 |-25.3| 108 | 6 109 317 08-Jun-99
Surface | 08-Jun-99 |HOW | tower 3 4688(-25.0| 115 | 5 118 162 08-Jun-99
Surface | 12-Jul-99 [HOW | tower 3 4798(-24.8| 108 | 4 112 222 12-Jul-99
Surface | 12-Jul-99 |HOW | tower 5 4799(-25.0 96 | 5 98 182 12-Jul-99
Surface | 12-Jul-99 [HOW | tower 8 4800(-25.0/ 122 | 5 126 401 12-Jul-99
Surface | 13-Aug-99 |HOW | tower 8 4210(-24.5/ 105 | 7 110 277 13-Aug-99
Surface |13-Aug-99 |[HOW | tower 3 4211/-24.5| 105 | 6 111 218 13-Aug-99
Surface | 13-Aug-99 |HOW | tower 5 4212(-24.7| 106 | 7 111 182 13-Aug-99
Surface | 01-Oct-99 [HOW | tower 8 4371/-25.1| 123 | 6 125 342 29-Sep-99
Surface | 01-Oct-99 |HOW | tower 5 4372(-24.4| 110 | 6 113 153 29-Sep-99
Surface | 01-Oct-99 [HOW | tower 3 4373|-24.9| 130 | 6 133 167 29-Sep-99
Surface |19-May-00|HOW | tower 3 5425(-23.1| 124 | 6 134 44 19-May-00
Surface |19-May-00/HOW | tower 5 5426|-23.7| 117 | 6 123 38 19-May-00
Surface |20-May-00|HOW | tower 8 5427|-23.7/ 125 | 5 133 77 20-May-00
Surface |15-May-96| HF | nwn 5 1820|-15.7| 116 | 7 120 32 13-May-96
Surface |15-May-96| HF | nwn 2 1823/-20.3| 116 | 7 118 71 13-May-96
Surface |15-May-96| HF | nwn 4 1824|-19.3| 129 | 7 140 46 13-May-96
Surface |15-May-96| HF | nwn 2 1825/-17.8| 141 | 7 167 71 13-May-96
Surface | 11-Jul-96 | HF | nwn 3 1887(-23.8| 136 | 7 141 273 10-Jul-96
Surface | 11-Jul-96 | HF | nwn 4 1888|-22.7| 126 | 7 132 169 10-Jul-96
Surface | 11-Jul-96 | HF | nwn 6 1889(-24.5| 137 | 10 140 182 10-Jul-96
Surface |29-Sep-96| HF | nwn 3 1945/-23.6) 117 | 6 117 225 21-Sep-96
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APPENDIX 4. Soil Respiration CO, data

Type DATE |[SITE|AREA|COLLAR|UCIT| ®C | ™C | +/-[*C (corrected) FLUX FLUX
SAMPLED %o | %o | %o %o mg Cm?hr*| DATE

Surface |29-Sep-96| HF | nwn 5 1946(-22.9| 103 | 7 103 92 21-Sep-96
Surface |29-Sep-96| HF | nwn 6 1947|-22.7) 107 | 7 107 261 21-Sep-96
Surface |02-Dec-96| HF | nwn 6 2076|-22.0/ 116 | 6 139 50 03-Dec-96
Surface | 06-Feb-97| HF | nwn 1 2234/-13.9/ 103 | 7 118 4 06-Feb-97
Surface |06-Feb-97| HF | nwn 3 2243|-15.6| 104 | 9 114 16 06-Feb-97
Surface |22-May-97| HF | nwn 6 2527(-22.9/ 131 | 6 140 64 22-May-97
Surface |[22-May-97| HF | nwn 5 2529|-21.9|/ 117 | 6 125 31 22-May-97
Surface |22-May-97| HF | nwn 3 2531(-21.4| 124 | 6 136 45 22-May-97
Surface |04-Sep-97| HF | nwn 5 2674|-22.6/ 120 | 6 120 147 08-Sep-97
Surface |05-Sep-97| HF | nwn 4 2669|-22.0/ 140 | 6 140 105 08-Sep-97
Surface |02-Nov-97| HF | nwn 5 2840(-20.0/ 145 | 5 176 38 12-Nov-97
Surface |02-Nov-97| HF | nwn 6 2841/-20.3| 117 | 5 133 30 12-Nov-97
Surface | 12-Apr-98 | HF | nwn 6 3111|-20.6/ 100 | 6 107 41 13-Apr-98
Surface | 12-Apr-98 | HF | nwn 4 3112|-20.0/ 113 | 6 127 32 13-Apr-98
Surface | 12-Apr-98 | HF | nwn 5 3114|-19.2| 134 | 6 166 33 13-Apr-98
Surface | 12-Apr-98 | HF | nwn 2 3115/-19.1] 82 | 6 79 49 13-Apr-98
Surface | 02-Jun-98 | HF | nwn 6 3278|-24.4| 99 | 5 100 103 03-Jun-98
Surface | 02-Jun-98| HF | nwn 4 3279|-23.5/ 104 | 5 108 98 03-Jun-98
Surface | 03-Jul-98 | HF | nwn J1 3652(-26.2| 110 | 5 110 222 03-Jul-98
Surface | 03-Jul-98 | HF | nwn J2 3653|-24.4| 186 | 5 197 237 03-Jul-98
Surface | 03-Jul-98 | HF | nwn J3 3654|-25.7| 130 | 5 131 208 03-Jul-98
Surface | 03-Jul-98 | HF | nwn J5 3655|-25.5| 68 | 5 67 191 03-Jul-98
Surface | 03-Jul-98 | HF | nwn J6 3656/-25.7| 118 | 6 118 216 03-Jul-98
Surface | 03-Jul-98 | HF | nwn 6 3657|-25.7| 117 | 6 118 296 03-Jul-98
Surface | 03-Jul-98 | HF | nwn 4 3336 123 | 5 123 499 03-Jul-98
Surface |13-Aug-98| HF | nwn 5 3471|-25.4/ 113 | 5 113 466 13-Aug-99
Surface |13-Aug-98| HF | nwn 4 3476|-24.1/ 170 | 5 179 514 13-Aug-99
Surface |13-Aug-98| HF | nwn 6 3665(-24.8/ 111 | 5 113 176 13-Aug-99
Surface |08-Sep-98| HF | nwn 4 3567(-21.9/ 114 | 5 123 249 08-Sep-98
Surface |08-Sep-98| HF | nwn 5 3568|-25.3] 101 | 5 101 226 08-Sep-98
Surface |08-Sep-98| HF | nwn 6 3529|-24.3/ 105 | 5 108 185 08-Sep-98
Surface | 23-Oct-98 | HF | nwn 4 3634(-19.8/ 111 | 5 118 68 23-Oct-99
Surface | 23-Oct-98 | HF | nwn 5 3637|-14.6/ 103 | 5 111 89 23-Oct-99
Surface | 23-Oct-98 | HF | nwn 6 3636/-23.7/ 101 | 4 101 57 23-Oct-99
Surface |28-Mar-99| HF | nwn 4 4542 |-17.2| 106 | 6 113 5 28-Mar-99
Surface |28-Mar-99| HF | nwn 6 4543(-22.3| 114 | 4 118 23 28-Mar-99
Surface |29-Mar-99| HF | nwn 5 4544 |-22.6| 117 | 6 122 21 29-Mar-99
Surface | 29-Mar-99| HF | nwn 6 4545(-23.1| 119 | 6 124 22 29-Mar-99
Surface |[12-May-99| HF | nwn 4 4646 /-19.5| 109 | 5 121 32 11-May-99
Surface |12-May-99| HF | nwn 5 4647(-23.3| 108 | 5 111 18 11-May-99
Surface |[12-May-99| HF | nwn 6 4648|-23.9| 116 | 5 119 37 11-May-99
Surface | 05-Jun-99| HF | nwn 4 4667(-21.1| 110 | 6 118 71 05-Jun-99
Surface | 05-Jun-99| HF | nwn 5 4666 -24.4| 110 | 6 112 129 05-Jun-99
Surface | 05-Jun-99| HF | nwn 6 4665(-23.3| 109 | 7 113 100 05-Jun-99
Surface | 10-Jul-99 | HF | nwn 6 4787(-26.0 97 | 5 97 246 10-Jul-99
Surface |16-Aug-99| HF | nwn 4 4197(-24.2| 104 | 5 105 224 16-Aug-99
Surface |16-Aug-99| HF | nwn 5 4193|-25.7| 105 | 6 105 433 16-Aug-99
Surface |16-Aug-99| HF | nwn 6 4199(-25.1| 102 | 7 103 235 16-Aug-99
Surface |24-Sep-99| HF | nwn 6 4880/-25.9| 96 | 5 96 91 23-Sep-99
Surface |24-Sep-99| HF | nwn 5 4882(-26.5| 90 | 5 90 69 23-Sep-99
Surface |24-Sep-99| HF | nwn 4 4883|-24.11 102 | 4 105 92 23-Sep-99
Surface |13-Aug-98| HF | nwn J1 3474|-25.2| 104 | 6 104 128 13-Aug-99
Surface |08-Sep-98| HF | nwn J1 3523|-28.5| 117 | 6 117 115 08-Sep-98
Surface |13-Aug-98| HF | nwn J2 3666|-24.8| 108 | 5 109 244 13-Aug-99
Surface |08-Sep-98| HF | nwn J2 3531|-23.6/ 115 | 4 119 151 08-Sep-98
Surface |13-Aug-98| HF | nwn J3 3475|-25.0/ 114 | 4 115 246 13-Aug-99
Surface |08-Sep-98| HF | nwn J3 3532|-24.1 105 08-Sep-98
Surface |08-Sep-98| HF | nwn J4 3526(-22.9/ 107 | 5 112 79 08-Sep-98
Surface | 28-Oct-98 | HF | nwn J4 3630(-21.0/ 100 | 4 100 46 27-Oct-98
Surface |16-Aug-99| HF | nwn 4 4198(-24.2| 98 | 5 98 126 16-Aug-99
Surface |24-Sep-99| HF | nwn 4 4881 /-25.2| 103 | 5 105 23-Sep-99
Surface |13-Aug-98| HF | nwn J5 3669|-24.0| 169 | 6 180 87 13-Aug-99
Surface |08-Sep-98| HF | nwn J5 3521|-20.8/ 114 | 5 126 57 08-Sep-98
Surface | 28-Oct-98 | HF | nwn J5 3631(-21.1] 109 | 5 113 36 27-Oct-98
Surface |16-Aug-99| HF | nwn 5 4196/-24.1| 109 | 6 111 112 16-Aug-99
Surface |24-Sep-99| HF | nwn 5 4878(-25.3| 106 | 5 107 55 23-Sep-99
Surface |13-Aug-98| HF | nwn J6 3668|-24.0/ 103 | 4 105 136 13-Aug-99
Surface |08-Sep-98| HF | nwn J6 3528[-21.2 61 08-Sep-98
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APPENDIX 4. Soil Respiration CO, data

Type DATE |[SITE|AREA|COLLAR|UCIT| ®C | ™C | +/-[*C (corrected) FLUX FLUX
SAMPLED %o | %o | %o %o mg Cm?hr*| DATE

Surface |16-Aug-99| HF | nwn 6 4194|-24.1| 82 | 6 80 111 16-Aug-99
Surface |24-Sep-99| HF | nwn 6 4879(-23.9/ 100 | 5 103 43 23-Sep-99
Surface | 12-Apr-98| OR | P5 1 3117|-18.7/ 136 | 5 136

Surface | 20-Jun-98| OR | P5 2 3313|-25.4| 110 | 6 111 178 20-Jun-99
Surface | 20-Jun-98| OR P5 3 3314|-25.7| 137 | 6 138 276 20-Jun-99
Surface | 10-Jul-98 | OR | P5 1 3464|-24.0/ 111 | 5 115 313 10-Jul-98
Surface | 10-Jul-98 | OR | P5 1 3468|-23.8| 128 | 6 135 313 10-Jul-98
Surface |24-Aug-98| OR | P5 2 3485|-21.2| 123 | 6 139 88 24-Aug-98
Surface |25-Aug-98| OR | P5 3 3489|-21.0/ 137 | 6 160 98 25-Aug-98
Surface | 06-Oct-98| OR | P5 2 3581|-23.2/ 124 | 5 136 159 06-Oct-98
Surface | 06-Oct-98| OR | P5 1 3615(-23.6/ 120 | 5 129 06-Oct-98
Surface | 06-Oct-98| OR | P5 3 3616(-23.7/ 133 | 5 143 159 06-Oct-98
Surface | 30-Oct-98| OR | P5 2 3639(-17.11 224 | 6 44 30-Oct-98
Surface |09-Dec-98| OR | P5 1 3647|-24.2| 144 | 5 155 79 09-Dec-98
Surface |09-Dec-98| OR P5 2 3648|-24.1/ 133 | 5 143 77 09-Dec-98
Surface |09-Dec-98| OR | P5 3 3649|-25.2| 125 | 5 128 65 09-Dec-98
Surface | 02-Apr-99| OR | P5 1 4554 -23.3| 146 | 6 160 78 02-Apr-99
Surface | 02-Apr-99| OR | P5 2 4555(-23.4| 141 | 6 154 59 02-Apr-99
Surface | 02-Apr-99| OR | P5 3 4556 -24.8| 145 | 6 151 91 02-Apr-99
Surface |07-May-99| OR | P5 1 4619(-25.5| 124 | 5 126

Surface |07-May-99| OR | P5 2 4620/-25.3| 137 | 5 139

Surface |07-May-99| OR | P5 3 4621(-25.8/ 131 | 5 132

Surface | 11-Jun-99| OR P5 1 4677 |-23.6| 104 | 5 107 138 11-Jun-99
Surface |11-Jun-99| OR | P5 3 4678(-23.6| 106 | 6 110 102 11-Jun-99
Surface | 22-Jul-99 | OR | P5 3 4180(-27.3| 775 | 8 749 612 22-Jul-99
Surface | 22-Jul-99 | OR | P5 2 4181(-26.2| 616 | 6 614 406 22-Jul-99
Surface | 22-Jul-99 | OR | P5 1 4182(-26.2| 712 | 7 708 484 22-Jul-99
Surface |19-Aug-99| OR | P5 1 4220(-23.6| 915 | 10 1052 218 19-Aug-99
Surface |19-Aug-99| OR | P5 3 4222-23.6/1017| 10 1171 114 19-Aug-99
Surface | 23-Oct-99| OR | P5 1 4377(-21.2| 218 | 6 271 55 23-Oct-99
Surface | 23-Oct-99| OR | P5 2 4378(-20.1| 167 | 7 213 52 23-Oct-99
Surface | 23-Oct-99| OR | P5 3 4379(-21.4| 233 | 8 290 40 23-Oct-99
Surface | 12-Apr-98 | OR | TDE 3173|-19.5/ 119 | 7 119

Surface | 18-Jun-98| OR | TDE 2 3310(-24.8/ 151 | 7 155 133 18-Jun-99
Surface | 18-Jun-98| OR | TDE 3 3311|-24.9/122 | 5 124 182 18-Jun-99
Surface | 18-Jun-98| OR | TDE 3 3312|-25.3| 138 | 6 140 182 18-Jun-99
Surface | 09-Jul-98 | OR | TDE 2 3462|-245/ 123 | 5 127 236 09-Jul-98
Surface | 09-Jul-98 | OR | TDE 1 3465|-23.8| 97 | 6 100 198 09-Jul-98
Surface | 09-Jul-98 | OR | TDE 3 3466|-25.1] 103 | 6 105 272 09-Jul-98
Surface |24-Aug-98| OR | TDE 1 3486(-20.1 112 | 4 129 75 24-Aug-98
Surface |24-Aug-98| OR | TDE 2 3488|-20.6| 123 | 6 143 69 24-Aug-98
Surface | 06-Oct-98 | OR | TDE 2 3586(-20.3| 118 | 6 145 122 06-Oct-98
Surface | 06-Oct-98 | OR | TDE 3 3589(-22.7/ 124 | 5 138 180 06-Oct-98
Surface | 06-Oct-98 | OR | TDE 1 3613|-22.9/ 123 | 6 136 123 06-Oct-98
Surface | 30-Oct-98 | OR | TDE 1 3641[-17.0/ 113 | 5 125 46 30-Oct-98
Surface | 30-Oct-98 | OR | TDE 3 3643|-17.6/ 123 | 5 143 48 30-Oct-98
Surface |10-Dec-98| OR | TDE 1 3644|-23.0/ 119 | 4 132 58 10-Dec-98
Surface |10-Dec-98| OR | TDE 2 3645|-22.0/ 115 | 5 134 50 10-Dec-98
Surface |10-Dec-98| OR | TDE 3 3646|-22.7/ 131 | 5 150 69 10-Dec-98
Surface | 01-Apr-99 | OR | TDE 1 4551(-23.6| 120 | 6 127 61 01-Apr-99
Surface | 01-Apr-99| OR | TDE 2 4552|-24.1| 124 | 6 130 52 01-Apr-99
Surface | 01-Apr-99 | OR | TDE 3 4553(-22.9| 116 | 6 126 60 01-Apr-99
Surface |07-May-99| OR | TDE 1 4623|-24.9| 140 | 5 143

Surface |07-May-99| OR | TDE 2 4624(-24.6| 132 | 5 136

Surface |07-May-99| OR | TDE 3 4625|-25.1| 147 | 5 149

Surface | 12-Jun-99| OR | TDE 1 4671(-24.4| 97 | 5 100 144 12-Jun-99
Surface | 12-Jun-99| OR | TDE 2 4672|-24.6| 110 | 5 113 169 12-Jun-99
Surface | 12-Jun-99| OR | TDE 3 4674(-24.6| 113 | 5 117 181 12-Jun-99
Surface | 22-Jul-99 | OR | TDE 3 4184(-26.1| 875 | 8 874 249 22-Jul-99
Surface | 22-Jul-99 | OR | TDE 2 4185(-25.9| 710 | 9 713 198 22-Jul-99
Surface | 22-Jul-99 | OR | TDE 1 4186(-26.1| 752 | 9 751 264 22-Jul-99
Surface |19-Aug-99| OR | TDE 1 4217(-24.5/ 853 | 9 925 294 19-Aug-99
Surface |19-Aug-99| OR | TDE 3 4218-25.1/2009| 21 2117 509 19-Aug-99
Surface |19-Aug-99| OR | TDE 2 4219(-23.4/1109| 11 1295 122 19-Aug-99
Surface | 24-Oct-99 | OR | TDE 2 4381(-20.4| 570 | 8 810 29 24-Oct-99
Surface | 24-Oct-99 | OR | TDE 1 4382(-22.8| 472 | 6 565 83 24-Oct-99
Surface | 24-Oct-99| OR | TDE 3 4383[-20.8| 420 | 7 570 56 24-Oct-99
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APPENDIX 5. Soil Profile CO, data

TYPE DATE | SITE | AREA | DEPTH | UCIT| “C | *C | co, DATE
SAMPLED cm %o | %o | % CO,

Profile | 01-Jul-98 | HOW | tower 6 3699 |-20.34] 115 | 0.22 | 30-Jun-98
Profile | 18-Aug-98 | HOW | tower 6 3697 |-19.81] 108 | 0.15 | 21-Aug-98
Profile | 19-Oct-98 | HOW | tower 6 3598 |-15.96] 111 | 0.09 | 20-Oct-98
Profile | 08-Jun-99 | HOW | tower 6 4717 |-20.21] 112 [ 0.17 | 09-Jun-99
Profile 12-Jul-99 | HOW | tower 6 4818 |-20.46| 117 | 0.21| 13-Jul-99
Profile | 13-Aug-99 | HOW | tower 6 4228 |-19.45 112 | 0.07 | 12-Aug-99
Profile | 01-Oct-99 | HOW | tower 6 4392 |-19.52| 109 | 0.14 | 05-Oct-99
Profile | 20-May-00 | HOW | tower 6 5445 |-23.98| 109 | 0.09 | 16-May-00
Profile | 03-Jun-98 | HOW | tower 10 | 3295 |-18.36] 98 | 0.15 | 09-Jun-98
Profile | 16-Aug-97 | HOW | tower 15 | 2642 |-21.02] 104 | 0.33 | 12-Aug-96
Profile | 01-Jul-98 | HOW | tower 15 | 4151 |-21.00] 117 | 0.35 | 30-Jun-98
Profile | 17-Sep-98 | HOW | tower 15 | 3593 |-10.80 96 | 0.20 | 15-Sep-98
Profile | 19-Oct-98 | HOW | tower 15 | 3681 [-20.19] 98 | 0.19 | 20-Oct-98
Profile | 29-Apr-99 | HOW | tower 15 | 4626 |-19.46 115 | 0.14 | 27-Apr-99
Profile | 08-Jun-99 | HOW | tower 15 | 4718 |-20.30] 104 | 0.32 | 09-Jun-99
Profile 12-Jul-99 | HOW | tower 15 | 4819 |-21.45 117 | 0.32 | 13-Jul-99
Profile | 13-Aug-99 | HOW | tower 15 | 4230 |-20.63] 97 | 0.10 | 12-Aug-99
Profile | 01-Oct-99 | HOW | tower 15 | 4391 [-21.30] 94 | 0.26 | 05-Oct-99
Profile | 16-Aug-97 | HOW | tower 32 | 2641 |-20.73| 90 | 0.45 | 12-Aug-96
Profile | 03-Jun-98 | HOW | tower 32 | 3296 |-21.11] 119 | 0.38 | 09-Jun-98
Profile | 01-Jul-98 | HOW | tower 32 | 3700 |-21.98] 122 | 0.72 | 30-Jun-98
Profile | 03-Jun-98 | HOW | tower 50 | 3297 |-21.87| 99 | 0.56 | 09-Jun-98
Profile | 19-Oct-98 | HOW | tower 51 | 3682 |-21.86] 96 | 0.52 | 20-Oct-98
Profile | 29-Apr-99 | HOW | tower 51 | 4627 |-21.55| 121 | 0.32 | 27-Apr-99
Profile | 08-Jun-99 | HOW | tower 51 | 4719 |-21.10] 109 | 0.34 | 09-Jun-99
Profile 12-Jul-99 | HOW | tower 51 | 4820 |-21.88| 119 | 0.67 | 13-Jul-99
Profile | 13-Aug-99 | HOW | tower 51 | 4229 |-21.07| 103 | 0.22 | 12-Aug-99
Profile | 01-Oct-99 | HOW | tower 51 | 4394 |-22.28| 113 | 0.64 | 05-Oct-99
Profile | 15-May-96 | HF | nwn 6 1826 141 0.09 | 14-May-96
Profile 11-Jul-96 | HF | nwn 6 1902 |-21.80| 130 | 0.23 | 08-Jul-96
Profile | 29-Sep-96 | HF | nwn 6 1977 |-21.00| 142 | 0.12 | 22-Sep-96
Profle | 11-Apr-98 | HF | nwn 6 3097 |-16.76| 128 | 0.07 | 13-Apr-98
Profle | 03-Jul-98 | HF | nwn 6 3689 |-22.83| 117 | 0.39 | 30-Jun-98
Profile | 13-Aug-98 | HF | nwn 6 3693 |-21.84| 115 | 0.27 | 12-Aug-98
Profile | 08-Sep-98 | HF | nwn 6 3580 141 0.14 | 09-Sep-98
Profile | 23-Oct-98 | HF | nwn 6 3596 |-15.39| 122 | 0.12 | 19-Oct-98
Profle | 29-Mar-99 | HF | nwn 6 4558 |-18.31] 106 | 0.14 | 16-Mar-99
Profile | 12-May-99 | HF | nwn 6 4652 |-19.68| 106 | 0.10 | 11-May-99
Profile | 05-Jun-99 | HF | nwn 6 4704 |-20.85| 123 | 0.18 | 04-Jun-99
Profile 10-Jul-99 | HF | nwn 6 4812 |-22.89| 124 | 0.33 | 09-Jul-99
Profile | 13-Aug-99 | HF | nwn 6 4232 |-21.72| 124 | 0.10 | 10-Aug-99
Profile | 24-Sep-99 | HF | nwn 6 4390 |-22.18| 121 | 0.27 | 22-Sep-99
Profile | 05-Sep-97 | HF | nwn 9 2678 |-21.22| 106 | 0.23 | 09-Sep-97
Profle | 11-Apr-98 | HF | nwn 8 3100 |-18.60] 121 | 0.09 | 13-Apr-98
Profile | 02-Jun-98 | HF | nwn 8 3534 |-22.17| 114 | 0.26 | 02-Jun-98
Profle | 03-Jul-98 | HF | nwn 9 3691 |-23.24] 116 | 0.66 | 30-Jun-98
Profile | 13-Aug-98 | HF | nwn 9 3674 |-21.98] 92 | 0.41 | 12-Aug-98
Profile | 08-Sep-98 | HF | nwn 9 3578 |-20.77| 102 | 0.14 | 09-Sep-98
Profle | 30-Mar-99 | HF | nwn 9 4561 |-19.84] 140 | 0.13 | 16-Mar-99
Profile | 12-May-99 | HF | nwn 9 4655 |-21.17| 111 | 0.17 | 11-May-99
Profle | 05-Jun-99 | HF | nwn 9 4701 |-21.55| 128 | 0.27 | 04-Jun-99
Profile 10-Jul-99 | HF | nwn 9 4815 |-23.28| 111 | 0.60 | 09-Jul-99
Profle | 16-Aug-99 | HF | nwn 9 4237 |-20.98| 103 | 0.25 | 17-Aug-99
Profile | 24-Sep-99 | HF | nwn 9 4385 |-21.79| 111 | 0.23 | 22-Sep-99
Profile 11-Jul-96 | HF | nwn 10 | 1903 |-21.30] 113 | 0.37 | 08-Jul-96
Profile | 29-Sep-96 | HF | nwn 10 | 1978 |-21.00] 161 | 0.19 | 22-Sep-96
Profile | 02-Dec-96 | HF | nwn 10 | 2090 |-19.10/ 137 | 0.11 | 02-Dec-96
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APPENDIX 5. Soil Profile CO, data

TYPE DATE | SITE | AREA | DEPTH | UCIT| “C | *C | co, DATE
SAMPLED cm %o | %o | % CO,

Profile | 02-Nov-97 | HF | nwn 10 | 2837 |-21.00] 130 | 0.12 | 11-Nov-97
Profile | 13-Aug-98 | HF | nwn 10 | 3694 |-21.72) 126 | 0.33 | 12-Aug-98
Profle | 29-Mar-99 | HF | nwn 10 | 4559 |-19.96] 120 | nd | 16-Mar-99
Profle | 11-Apr-98 | HF | nwn 26 | 3101 |-19.80] 137 | 0.14 | 13-Apr-98
Profile | 02-Jun-98 | HF | nwn 26 | 3291 |-22.48] 90 | 0.44 | 02-Jun-98
Profle | 03-Jul-98 | HF | nwn 26 | 3535 |-23.16| 117 | 0.77 | 30-Jun-98
Profle | 03-Ju-98 | HF | nwn 26 | 3690 |-23.15| 115 | 0.77 | 30-Jun-98
Profile | 13-Aug-98 | HF | nwn 26 | 3676 |-21.64] 106 | 0.43 | 12-Aug-98
Profile | 08-Sep-98 | HF | nwn 26 | 3582 |-21.22| 115 | 0.22 | 09-Sep-98
Profile | 27-Oct-98 | HF | nwn 26 | 3686 |-21.14] 101 | 0.24 | 19-Oct-98
Profile | 30-Mar-99 | HF | nwn 26 | 4563 |-21.26| 121 | 0.18 | 16-Mar-99
Profle | 12-May-99 | HF | nwn 26 | 4656 |-22.02| 117 | 0.21 | 11-May-99
Profle | 05-Jun-99 | HF | nwn 26 | 4702 |-22.02| 119 | 0.21 | 04-Jun-99
Profile 10-Jul-99 | HF | nwn 26 | 4816 |-23.03| 117 | 0.67 | 09-Jul-99
Profle | 16-Aug-99 | HF | nwn 26 | 4239 |-21.63| 92 | 0.38 | 17-Aug-99
Profile | 24-Sep-99 | HF | nwn 26 | 4387 |-22.59| 105 | 0.44 | 22-Sep-99
Profile | 15-May-96 | HF | nwn 33 | 1827 145 | 0.24 | 14-May-96
Profile 11-Jul-96 | HF | nwn 33 | 1904 |-21.10] 127 | 0.58 | 08-Jul-96
Profile | 29-Sep-96 | HF | nwn 33 | 1979 |-21.12| 128 | 0.32 | 22-Sep-96
Profile | 02-Dec-96 | HF | nwn 33 | 2091 |-20.60] 134 | 0.20 | 02-Dec-96
Profile | 06-Feb-97 | HF | nwn 30 | 2245 |-23.44] 131 | 0.37 | 05-Feb-97
Profile | 22-May-97 | HF | nwn 33 | 2522 |-20.23| 131 | 0.91 | 21-May-97
Profile | 02-Nov-97 | HF | nwn 33 | 2838 |-20.44| 124 | 0.28 | 11-Nov-97
Profle | 11-Apr-98 | HF | nwn 33 | 3098 |-18.87| 133 | 0.14 | 13-Apr-98
Profile | 13-Aug-98 | HF | nwn 33 | 3695 |-22.25| 116 | 0.45 | 12-Aug-98
Profile | 08-Sep-98 | HF | nwn 33 | 3520 |-21.48] 131 | 0.25 | 09-Sep-98
Profile | 23-Oct-98 | HF | nwn 33 | 3683 |-20.16] 101 | 0.29 | 19-Oct-98
Profile | 28-Mar-99 | HF | nwn 33 | 4560 |-21.65| 125 | 0.30 | 16-Mar-99
Profile | 28-Mar-99 | HF | nwn 33 | 4560* |-21.00] 111 | 0.30 | 16-Mar-99
Profile | 12-May-99 | HF | nwn 33 | 4653 |-21.17| 115 | 0.21 | 11-May-99
Profle | 05-Jun-99 | HF | nwn 33 | 4705 |-21.64| 127 | 0.35 | 04-Jun-99
Profile 10-Jul-99 | HF | nwn 33 | 4813 |-22.84] 130 | 0.46 | 09-Jul-99
Profile | 13-Aug-99 | HF | nwn 33 | 4233 |-21.72] 109 | 0.20 | 10-Aug-99
Profile | 24-Sep-99 | HF | nwn 33 | 4389 |-22.63| 116 | 0.60 | 22-Sep-99
Profile | 06-Feb-97 | HF | nwn 55 | 2240 |-24.07| 112 | 0.40 | 05-Feb-97
Profle | 05-Sep-97 | HF | nwn 55 | 2676 |-21.84] 109 | 0.43 | 09-Sep-97
Profle | 11-Apr-98 | HF | nwn 55 | 3099 |-19.02] 94 | 0.19 | 13-Apr-98
Profile | 29-Mar-99 | HF | nwn 55 | 4564 |-21.43| 111 | 0.22 | 16-Mar-99
Profile | 16-Aug-99 | HF | nwn 55 | 4240 |-21.96] 102 | 0.48 | 17-Aug-99
Profile | 15-May-96 | HF | nwn 60 | 1828 135 | 0.31 | 14-May-96
Profile 11-Jul-96 | HF | nwn 60 | 1905 |-21.90| 132 | 0.72 | 08-Jul-96
Profile | 29-Sep-96 | HF | nwn 60 | 1980 |-22.60| 115 | 0.49 | 22-Sep-96
Profile | 02-Dec-96 | HF | nwn 60 | 2092 |-21.60] 135 | 0.25 | 02-Dec-96
Profile | 06-Feb-97 | HF | nwn 60 | 2246 |-23.49] 120 | 0.40 | 05-Feb-97
Profile | 22-May-97 | HF | nwn 60 | 2523 |-21.12| 139 | 1.22 | 21-May-97
Profile | 02-Nov-97 | HF | nwn 60 | 2836 |-22.00] 112 | 0.30 | 11-Nov-97
Profile | 02-Jun-98 | HF | nwn 60 | 3294 |-20.79| 112 | 0.52 | 02-Jun-98
Profile | 13-Aug-98 | HF | nwn 60 | 3696 |-22.78| 110 | 0.57 | 12-Aug-98
Profile | 08-Sep-98 | HF | nwn 60 | 3522 |-23.27| 124 | 0.37 | 09-Sep-98
Profile | 23-Oct-98 | HF | nwn 60 | 3684 |-21.38| 104 | 0.40 | 19-Oct-98
Profile | 28-Mar-99 | HF | nwn 60 | 4562 |-22.70| 125 | 0.35 | 16-Mar-99
Profile | 12-May-99 | HF | nwn 60 | 4654 |-20.00 119 | 0.26 | 11-May-99
Profle | 05-Jun-99 | HF | nwn 60 | 4706 |-21.79| 118 | 0.48 | 04-Jun-99
Profile 10-Jul-99 | HF | nwn 60 | 4814 |-22.76| 114 | 0.57 | 09-Jul-99
Profile | 13-Aug-99 | HF | nwn 60 | 4231 |-22.24] 105 | 0.29 | 10-Aug-99
Profile | 24-Sep-99 | HF | nwn 60 | 4388 |-22.73| 121 | 1.18 | 22-Sep-99
Profile | 11-Apr-98 | HF | nwn 85 | 3103 |-19.02] 103 | 0.22 | 13-Apr-98
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APPENDIX 5. Soil Profile CO, data

TYPE DATE | SITE | AREA | DEPTH | UCIT| “C | *C | co, DATE
SAMPLED cm %o | %o | % CO,

Profle | 02-Jun-98 | HF | nwn 85 | 3292 |-22.92| 115 | 0.50 | 02-Jun-98
Profile | 13-Aug-98 | HF | nwn 85 | 3677 |-21.93| 89 | 0.55 | 12-Aug-98
Profile | 08-Sep-98 | HF | nwn 85 | 3585 |-21.30] 102 | 0.36 | 09-Sep-98
Profile | 27-Oct-98 | HF | nwn 85 | 4162 |-22.19] 115 | 0.41 | 19-Oct-98
Profle | 29-Mar-99 | HF | nwn 85 | 4565 |-22.67| 123 | 0.29 | 16-Mar-99
Profile | 12-May-99 | HF | nwn 85 | 4657 |-21.71] 116 | 0.28 | 11-May-99
Profle | 05-Jun-99 | HF | nwn 85 | 4703 |-21.98| 133 | 0.51 | 04-Jun-99
Profile 10-Jul-99 | HF | nwn 85 | 4817 |-23.63| 111 | 0.73 | 09-Jul-99
Profile | 16-Aug-99 | HF | nwn 85 | 4238 |-22.19] 99 | 0.56 | 17-Aug-99
Profile | 24-Sep-99 | HF | nwn 85 | 4386 |-23.15| 105 | 0.70 | 22-Sep-99
Profle | 25-Aug-98 | OR | P5 61 | 3533 |-22.16] 149 | 0.66 | 25-Aug-98
Profle | 06-Oct-98 | OR | P5 61 | 3587 |-22.60] 145 | 0.59 | 06-Oct-98
Profle | 29-Oct-98 | OR | P5 61 | 3679 |-21.01] 130 | 0.29 | 29-Oct-98
Profile | 09-Dec-98 | OR | P5 61 | 4158 |-24.27| 172 | 0.59 | 09-Dec-98
Profle | 02-Apr-99 | OR | P5 61 | 4571 |-23.75| 93 | 0.49 | 01-Apr-99
Profle | 07-May-99 | OR | P5 61 | 4614 |-24.39] 144 | 0.97 | 07-May-99
Profle | 11-Jun-99 | OR | P5 61 | 4716 |-23.37| 143 | 0.97 | 11-Jun-99
Profle | 22-Ju-99 | OR | P5 61 | 4190 |-24.33| 569 | 2.04 | 22-Jul-99
Profle | 19-Aug-99 | OR | P5 61 | 4221 |-23.42| 830 | 1.12 | 19-Aug-99
Profle | 23-Oct-99 | OR | P5 61 | 4396 |-23.46| 325 | 0.34 | 23-Oct-99
Profle | 29-Apr-00 | OR | P5 61 | 5407 |-25.38| 382 | 0.96 | 28-Apr-00
Profle | 09-Jun-00 | OR | P5 61 | 5500 |-24.71| 258 | 1.31 | 09-Jun-00
Profle | 18-Jun-98 | OR | TDE 3 3316 |-20.02| 120 | 0.20 | 19-Jun-98
Profle | 18-Jun-98 | OR | TDE 8 3317 130 | 0.59 | 19-Jun-98
Profle | 09-Ju-98 | OR | TDE 8 4154 |-20.88| 130 | 0.31| 09-Jul-98
Profile | 24-Aug-98 | OR | TDE 8 3514 |-18.24| 148 | 0.14 | 25-Aug-98
Profile | 10-Dec-98 | OR | TDE 8 4161 |-20.96| 140 | 0.14 | 10-Dec-98
Profle | 01-Apr-99 | OR | TDE 8 4566 |-20.12| 132 | 0.10 | 01-Apr-99
Profile | 07-May-99 | OR | TDE 8 4615 |-22.53] 152 | 0.23 | 07-May-99
Profile | 12-Jun-99 | OR | TDE 8 4711 |-21.95 141 | 0.23| 11-Jun-99
Profle | 22-Jul-99 | OR | TDE 8 4188 |-24.16| 977 | 1.39 | 22-Jul-99
Profile | 19-Aug-99 | OR | TDE 8 4224 |-20.78/1279] 0.20 | 19-Aug-99
Profile | 23-Oct-99 | OR | TDE 8 4400 |-17.83] 268 | 0.07 | 23-Oct-99
Profle | 18-Jun-98 | OR | TDE 14 | 3318 |-23.33) 120 | 0.70 | 19-Jun-98
Profle | 09-Ju-98 | OR | TDE 14 | 4155 |-21.87, 142 | 0.42 | 09-Jul-98
Profle | 06-Oct-98 | OR | TDE 14 | 3591 |-20.60| 163 | 0.18 | 06-Oct-98
Profile | 30-Oct-98 | OR | TDE 14 | 3678 |-17.90| 129 | 0.10 | 29-Oct-98
Profile | 10-Dec-98 | OR | TDE 14 | 3688 |-25.00) 158 | 0.23 | 10-Dec-98
Profle | 01-Apr-99 | OR | TDE 14 | 4567 |-22.23] 135 | 0.29 | 01-Apr-99
Profile | 18-Jun-98 | OR | TDE 21 | 3319 |-23.50] 122 | 1.21 | 19-Jun-98
Profile | 07-May-99 | OR | TDE 21 | 4616 |-23.00] 160 | 0.50 | 07-May-99
Profle | 12-Jun-99 | OR | TDE 21 | 4712 |-22.27| 131 | 0.50 | 11-Jun-99
Profle | 22-Jul-99 | OR | TDE 21 | 4192 |-24.49] 942 | 1.80 | 22-Jul-99
Profile | 19-Aug-99 | OR | TDE 21 | 4226 |-21.47|1577| 0.49 | 19-Aug-99
Profile | 23-Oct-99 | OR | TDE 21 | 4398 |-20.62| 322 | 0.13 | 23-Oct-99
Profle | 18-Jun-98 | OR | TDE 68 | 3320 |-24.11| 132 | 1.58 | 19-Jun-98
Profle | 09-Jul-98 | OR | TDE 68 | 4156 |-23.52| 148 | 1.11 | 09-Jul-98
Profile | 24-Aug-98 | OR | TDE 68 | 3524 |-21.37| 149 | 0.59 | 25-Aug-98
Profle | 06-Oct-98 | OR | TDE 68 | 4163 159 | 0.57 | 06-Oct-98
Profile | 30-Oct-98 | OR | TDE 68 | 3675 |-21.01] 141 | 0.28 | 29-Oct-98
Profile | 10-Dec-98 | OR | TDE 68 | 3687 154 | 0.71 | 10-Dec-98
Profle | 01-Apr-99 | OR | TDE 68 | 4568 |-22.85 89 | 0.74 | 01-Apr-99
Profile | 07-May-99 | OR | TDE 68 | 4617 |-23.47| 137 | 1.00 | 07-May-99
Profile | 12-Jun-99 | OR | TDE 68 | 4713 |-23.19] 136 | 0.99 | 11-Jun-99
Profle | 22-Jul-99 | OR | TDE 68 | 4189 |-24.69| 678 | 2.02 | 22-Jul-99
Profile | 19-Aug-99 | OR | TDE 68 | 4227 |-22.67|1113] 0.91 | 19-Aug-99
Profile | 23-Oct-99 | OR | TDE 68 | 4399 |-22.04| 349 | 0.34 | 23-Oct-99
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APPENDIX 6. Soil incubation data

TYPE DATE |SITE| AREA Horizon uciT| *c | *c| +/- [Total Flux|LENGTH
SAMPLED %o | %o | %o DAYS
INCUB | 17-Jul-99 | HF | NWN-1 Oi +Oe 5483[-27.3/123| 5 | 3.055 5
INCUB | 17-Jul-99 | HEF | NWN-1 Oe + Oa |5484[-26.9/123| 5 | 0.253 5
INCUB | 17-Jul-99 | HF | NWN-1 Oi +Oe 5485(-27.6/121| 5 | 14.638 37
INCUB | 17-Jul-99 | HEF | NWN-1 Oe + Oa |5486|-27.5/144] 5 | 1.143 37
INCUB | 17-Jul-99 | HF | NWN-1 Oi +Oe 5454[-27.6/120| 6 | 5.328 12
INCUB | 17-Jul-99 | HE | NWN-2 Oi +Oe 5455[-27.5/117| 5 | 5.748 12
INCUB | 17-Jul-99 | HF | NWN-1 Oea+ A 5456|-26.8/154| 5 | 0.797 12
INCUB | 17-Jul-99 | HEF | NWN-1 Oea+ A 5457[-27.8/143] 5 | 0.821 12
INCUB | 17-Jul-99 | HF | NWN-2 Oea+ A 5458(-26.4/108| 6 | 2.506 12
INCUB | 17-Jul-99 | HE | NWN-2 Ap 5459(-26.5/125| 5 | 0.217 12
INCUB | 17-Jul-99 | HF | NWN-1 Ap 5460(-26.9/116| 5 | 0.129 12
INCUB | 17-Jul-99 | HEF | NWN-1 Bwl 5461[-23.7/ 76 | 5 | 0.018 12
INCUB | 17-Jul-99 | HF | NWN-2 Bwl 5462[-23.9/ 73| 5 | 0.035 12
INCUB | 17-Jul-99 | HF | NWN-2 |Bwl+dark layer|5463|-27.2|/139| 5 | 0.048 12
INCUB | 13-Jul-99 [HOW| NC Oe 5466|-26.0/108| 5 | 1.103 12
INCUB | 13-Jul-99 [HOW|TOWER| Oe + Oa |5467|-26.4/140| 5 | 0.878 12
INCUB | 13-Jul-99 |[HOW|TOWER| Oe+Oa |5468/-26.1/116| 5 | 1.932 12
INCUB | 13-Jul-99 [HOW| NC Bh 5469(-26.1/ 87| 5 | 0.074 12
INCUB | 13-Jul-99 |[HOW|TOWER| Bhs+ Bh |5470/-26.8/117| 5 | 0.211 12
INCUB | 13-Jul-99 |[HOW|TOWER| Bhs+Bh |5471/-26.8/ 87| 4 | 0.077 12
INCUB | 13-Jul-99 [HOW | TOWER E 5472[-26.5/119| 4 | 0.109 12
INCUB | 13-Jul-99 [HOW| NC Bsl 5474-25.6| 75| 5 | 0.034 12
INCUB | 13-Jul-99 [HOW| NC Bs2 5475(-24.2/ 69| 5 | 0.018 12
INCUB | 13-Jul-99 [HOW| NC Oe 5479(-26.4/ 99| 4 | 1.918 6
INCUB | 13-Jul-99 [HOW| NC Oi +Oe 5480(-26.6/159| 5 | 0.458 6
INCUB | 13-Jul-99 [HOW| NC Oe 5481[-26.4| 72| 5 | 2.091 37
INCUB | 13-Jul-99 [HOW| NC Oi +Oe 5482[-26.5/157| 5 | 9.825 37
INCUB | 13-Jul-99 [HOW| NC E 5810[-25.8/136/ 4 | 0.03 12
INCUB | 13-Jul-99 [HOW | TOWER Oi +Oe 5464|-26.4/153| 5 | 3.182 12
INCUB | 13-Jul-99 [HOW| NC Oi +Oe 5465[-27.2/130| 5 | 5.525 12
INCUB | 23-Jul-99 | OR P5 A 5476|-27.0/355| 7 | 0.139 11
INCUB | 23-Jul-99 | OR P5 A (?) 5477(-26.8/354| 6 | 0.127 11
INCUB | 23-Jul-99 | OR P5 B1 5478(-26.7|257| 6 | 0.01 11
INCUB | 23-Jul-99 | OR P5 o) 5487[-28.5/330| 6 | 2.072 4
INCUB | 23-Jul-99 | OR P5 o) 5488(-27.9/177| 5 | 18.77 42
INCUB | 7/23/99 | OR P5 Bt 4355(-27.1/204] 4 | 0.007 11
INCUB | 7/23/99 | OR | TDE o) 4356|-28.4/188] 6 | 3.576 11
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