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Introduction 1

1 Introduction

Fossil fuel burning, cement production and land-use change have caused an increase of
atmospheric CO; mixing ratios from approximately 280 ppm at pre-industrial level to
approximately 370 ppm today. This rise in atmospheric CO, is believed to be one of the
major causes for global warming (IPCC 2001). Independent atmospheric and land-based
approaches estimate that the terrestrial biosphere sequesters carbon and thereby reduces the
amount of CO; in the atmosphere. However, the uncertainties are large. E.g., it is unclear
whether Europe’s terrestrial ecosystems are a net carbon sink or source (Janssens et al.
2003a).

Soil organic carbon (SOC) is the largest carbon pool in terrestrial ecosystems that is in close
exchange with the atmosphere. At least twice as much carbon is stored in SOC as in the
atmosphere (Jobbagy and Jackson 2000, Schlesinger 1997). Changes in the amounts of SOC
can therefore significantly alter mixing ratios of atmospheric CO,. Carbon enters the SOC
pool as litter (above- and below-ground) and is returned to the atmosphere by decomposition
(heterotrophic respiration). There is an ongoing debate, if carbon inputs into SOC exceed
carbon losses through heterotrophic respiration, resulting in growing SOC pools and net soil
carbon sequestration (e.g., Gill et al. 2002, Hagedorn et al. 2003, Poulton et al. 2003,
Schlesinger and Lichter 2001, Schulze et al. 2000, Sleutel et al. 2003, Telles et al. 2003). Key
variables for assessing carbon sequestration potential of soils are the amounts of SOC and the
rates at which this SOC is turned over. Of particular interest are the environmental factors
controlling amount and turnover of SOC and the potential effects of changes in climate or

management on soil carbon sequestration.

For modeling SOC turnover, carbon isotopes have proven a useful tool. The shift in the °C
content of SOC after a C3/C4 vegetation change has been frequently used to model SOC
turnover (e.g., Gleixner et al. 2002, Krull and Skjemstad 2003, Magid et al. 2002, Powers and
Schlesinger 2002). Where no vegetation change occurred, *C (radiocarbon) is an alternative
tracer. '*C is continuously produced in the atmosphere by the reaction of secondary neutrons
(naturally produced by the interaction of cosmic radiation and atomic nuclei) and '*N. The
freshly produced '*C is subsequently oxidized to '"*CO and '*CO,. The "C content of
atmospheric CO, remained at a fairly stable level, before it rapidly increased after nuclear
bomb tests in the fifties and sixties (Figure 1). As a result of the treaty against such tests, the
C content of atmospheric CO, is continuously decreasing since 1963, due to fossil fuel

burning and carbon exchange with oceanic and terrestrial ecosystems. Through photo-
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synthesis and litter, the '*C enriched atmospheric carbon (“bomb carbon”) has entered and
labeled SOC. '*C models make use of annually changing '*C contents of litter to calculate the
turnover of SOC fractions (e.g., Gaudinski et al. 2000, Harkness et al. 1986, Harrison et al.
2000, Hsieh 1993, O'Brien and Stout 1978, Trumbore et al. 1989, Trumbore et al. 1996,
Wang et al. 1996). However, all available "*C turnover models have major deficiencies in
constraining the true '*C content of carbon entering and leaving the respective fractions of
SOC. Thus, in this study, a new '*C model was developed that overcomes these major
deficiencies. This so called “two-pool model” is presented in chapter 2. The new model can
be used to calculate the turnover time of a model-defined active carbon pool and additionally
yields the amount of carbon in this pool. Applying the new model, the first major challenge
of this study was addressed, namely to determine turnover times and amounts of active soil
carbon for a variety of forest stands in Europe and to assess the potential of soils for carbon
sequestration. Additionally, I aimed at constraining potential factors controlling amounts and
turnover of active soil carbon, such as climate and stand age, and to assess potential effects of

environmental changes on soil carbon dynamics.
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Figure 1. pM (percent Modern) of atmospheric CO, during the
last 500 years. pM is a relative measure of the "*C content.

Soil respiration is one of the most important processes causing carbon loss from soils (SOC
and roots) and controlling ecosystem carbon sequestration (Schlesinger 1997). A major
uncertainty in our understanding of the terrestrial carbon cycle is how soil respiration is
divided between heterotrophic respiration (respiration by saprotrophic fungi, microbes and
animals) on the one hand and autotrophic respiration (respiration by plant roots and their
associated mycorrhiza) on the other hand. The separation of these two fluxes is essential for

assessing the individual responses of both processes to environmental factors and to potential
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changes in climate or management. However, available methods for the partitioning of
autotrophic and heterotrophic respiration are either destructive or only applicable to a small

number of ecosystems (Hanson et al. 2000).

Heterotrophically respired CO, has been reported to be enriched in '*C compared to
autotrophically respired CO; (Certini et al. 2003, Wang et al. 2000). Therefore, heterotrophic
and autotrophic soil respiration could be separated, if the '*C contents of CO, originating
from the two processes could be determined. Since roots respire recently assimilated carbon
(Ekblad and Hogberg 2001, Hogberg et al. 2001, Horwath et al. 1994), autotrophically
respired CO, should have the same '*C content as current atmospheric CO, (Dérr and
Miinnich 1986, Wang et al. 2000), which can be measured. Furthermore, the ¢ content of
total heterotrophically respired CO, could be estimated using *C models like the two-pool
model presented in chapter 2. Until now, models have not been used in such a way. Thus, the
second major challenge of this study was to develop and validate a new approach for
partitioning heterotrophic and autotrophic soil respiration using '*C models (chapter 3) and to
determine heterotrophic and autotrophic respiration rates for a variety of European forest
stands (chapter 4).

In addition to these major challenges, spatial and temporal patterns of the "*C, '*C and '*O
contents of soil CO, and soil respired CO, were investigated for a selection of European
forests stands along a latitudinal gradient and two age gradients (chapter 4). The aim was to

elucidate factors controlling the isotopic composition of soil CO; and soil respired CO,.

In chapter 5, the major results of chapters 2 to 4 are resumed and discussed, and the
achievements of this study for carbon cycle research are evaluated. Finally, a perspective is
provided for potential future research activities, using the newly developed model and the
new partitioning approach, for further improvement of our understanding of soil and

ecosystem carbon dynamics.
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2 Modeling the amount and turnover of
active soil organic carbon

2.1 Introduction

One of the key variables to assess current and future potential of soils to sequester and store

carbon is the turnover of soil organic carbon.

Scientists have developed and applied models that use bomb carbon (**C enrichment) as a
tracer to calculate the turnover of SOC (e.g., Gaudinski et al. 2000, Harkness et al. 1986,
Harrison et al. 2000, Hsieh 1993, O'Brien and Stout 1978, Trumbore et al. 1989, Trumbore et
al. 1996, Wang et al. 1996). The high potential of these *C models to calculate SOC turnover
rates has been reviewed recently by Wang and Hsieh (2002). But '*C models still have two
major deficiencies: (1) In most models, the input of carbon into different soil depths or SOC
fractions has a '*C content that corresponds to current atmospheric '*C. However, this is not
always true, as also old carbon (having a very different '*C content) is transferred within the
soil profile into new depths or new SOC fractions. (2) The models assume that respired CO,
has the same '*C content as the SOC or SOC fraction it originates from. Especially if
unfractionated soil is used for '*C determinations, this seems unrealistic, as particularly the
mineral soil has accumulated recalcitrant, “background” carbon over time, which hardly

contributes to soil respiration (Trumbore and Zheng 1996, Wang and Hsieh 2002).

Here, a new '“C model for calculating the turnover time of active soil organic carbon is
presented. Additionally, the model calculates the amount and '*C content of this active
carbon pool. The aim was to overcome the major deficiencies of older '*C models and to
validate the model performance. The model was applied to 25 European forest stands. |
determined relationships of active carbon amount and turnover time with environmental and
stand variables, such as climate and stand age. Finally, the carbon sequestration potential of

soils is assessed.
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2.2 Methods

2.2.1 Model explanation

For this new model, the top soil SOC pool is divided into two subpools, the passive pool (PP)
and the active pool (AP). Therefore, the model is called the “two-pool model”. The passive

pool is assigned a pM (percent Modern) value of

PM,, = 97.5%, (D)
with
2
Ax(loogﬁa”cj
pM = N ha x 100 %, )
ON

where A is the '*C activity of the sample, Aoy is the 4¢c activity of the standard normalized
for "*C fractionation, and 8"C is the 8"°C value of the sample (Rom et al. 2000). This
definition of pM is used by several AMS laboratories (Vienna, Kiel, Oxford) and corresponds
to '*ax as defined by Mook and van der Plicht (1999). Note that the pM value of an individual
substance, e.g., a sample of SOC or leaves, does not change with time, as both sample and
standard are subject to the same radioactive decay. pM also accounts for kinetic fractionation

and remains thus unchanged by photosynthesis.

The assigned value of pMpp equals the mean pM value of atmospheric CO, from 1500 to
1950 (Figure 1). Note that during these 450 years, pM of atmospheric CO, stayed very
constant. In the two-pool model, it is assumed that carbon contributions to the passive pool
from before 1500 (pM < 97.5%) and from after 1950 (pM > 97.5%) are minor and can

therefore be neglected.

The mixture of both the passive pool and the active pool forms the top soil carbon pool. Here,
top soil is defined as all SOC with pM > 97.5%, i.e., SOC containing bomb carbon. The size
of the passive pool is defined as

top - CAP > (3)

with Cpp, Ciop and Cap representing the carbon pool sizes (int C ha'l) of the passive pool, the

Cp =C

top soil and the active pool, respectively. Size (Cap) and pM (pMap) of the active pool are

calculated numerically: In the two-pool model, every year a specific amount of carbon
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input (I) with a specific pM value (pMiirer) enters the active pool as leaf and fine root litter.
For the calculations presented here, litter input was assigned the pM value of atmospheric
CO; of the respective year for deciduous leaf and fine root inputs (Equation 4). For needle
input, a time lag of five years accounted for the time between carbon assimilation by the plant

and needle fall (Equation 5).

M. (t)=pM,,. (t) for deciduous leaf and fine root input 4)
M, (t)=pM,, (t—5) for needle input, (5)
where the subscript atmo refers to atmospheric COs,.

Litter that has entered the active pool is subject to an exponential decay (Figure 2).
Depending on the amount of carbon input (I) and the decay rate constant (k), the active pool

reaches a defined pool size (Cap) at a given time (Equation 6).

C(t)=1(t)+ C (£ = 1) x exp(~ k) (6)
The amount of carbon input, its pM value and the decay rate constant also determine pM of

the active pool carbon (pMap) at a given time (Equation 7).

PM 4 (t) X Crp (t) = PMjer (t) X I(t) +PpM p (t - 1) X Crp (t - 1) X eXp(_ k) (7
Thus, pMap corresponds to the mixture of remaining litter from past years, each year’s litter

having a different pM value. Consequently, pMap changes continuously with time (Figure 3).

The decay rate constant (k) of the active pool (Equation 7) is adjusted, so that the numerically
calculated mixture of passive pool and active pool carbon exactly matches the measured pM

value of the top soil (pMp) in the year of sampling (Equation 8).

C C
pPM,,, =pMAPXC_AP+pMPP X[l_ APJ (8)

top top

The reciprocal of k is the turnover time (TTsp) or mean residence time of the active pool
(Equation 9). For steady state conditions, the turnover time equals the mean age of the active

pool.

TT,, = 9)

1
k
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Figure 2. Development of active pool carbon from 1950 to 1996 according to the model,
exemplary for the forest stand Collelongo. New litter is incorporated into the active pool every
year. The litter decay follows an exponential function. The sum of all remaining litter forms the
active pool.
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Figure 3. Modeled pM (percent Modern) value of active pool carbon under steady state
conditions, exemplary for the forest stand Collelongo (solid line). The dashed line represents the
pM value of atmospheric CO,.
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2.2.2 Site descriptions

Model calculations were performed for 25 European forest stands (Table 1). Nine of these
stands were extensively investigated within the European research project CANIF (Persson et
al. 2000). Another thirteen stands were investigated within FORCAST, the follow-up project
of CANIF (both Fifth Framework Programme of the European Commission). Additionally,
model calculations were performed for three forest stands that were experimentally

manipulated in a girdling experiment (see chapter 3).

Table 1. Characteristics of investigated European forest stands.

Mean Annual Total soil
. Main tree Stand age . annual Amgal nitrogen organic . .
Site name (country) . Latitude precip. e Soil type (FAO) Research project
species (yrs) temp. (mm) dePos‘,?“,. carbop1
(°C) (kgNha'yr')  (tCha)
Flakaliden (SE) Picea abies 38" 64°07'N 1.0 567 2.7 67 Podzol FORCAST
Sore (DK) Fagus sylv. 60" 55°29N 8.1 510 11.8 196 Stagnic Phaeozem FORCAST
Loobos (NL) Pinus sylv. 80" 52°10'N 9.8 786 20.7 78 Dystric Cambisol FORCAST
Hainich (DE) Fagus sylv. 250" 51°05°N 7.0 750 26.2 83 Calcaric Cambisol FORCAST
Hesse (FR) Fagus sylv. 344 48°40N 9.2 885 14.9 61 Stagnic Luvisol FORCAST
Leinefelde 30 (DE) Fagus sylv. 30" 51°20N 7.0 700 26.2 82 Rendzic Leptosol FORCAST
Leinefelde 62 (DE) Fagus sylv. 62* 51°20N 7.0 700 26.2 64 Stagnic Luvisol FORCAST
Leinefelde 111 (DE) Fagus sylv. s 51°20'N 7.0 700 26.2 62 Haplic Luvisol FORCAST
Leinefelde 153+15 (DE) ~ Fagus sylv. 153 & 15*  51°20N 7.0 700 26.2 68 Stagnic Luvisol FORCAST
Tharandt 5 (DE) Picea abies 5t 50°58'N 7.5 824 22.0 262 Podzol FORCAST
Tharandt 24 (DE) Picea abies 244 50°58'N 7.5 824 22.0 191 Podzol FORCAST
Tharandt 42 (DE) Picea abies 42 50°58'N 7.5 824 22.0 154 Podzol FORCAST
Tharandt 97 (DE) Picea abies 974 50°58'N 7.5 824 22.0 191 Podzol FORCAST
AhedenPicea (SE) Picea abies 180° 64°13’N 1.0 588 1.7 55 Regosol CANIF
Skogaby (SE) Picea abies 318 56°33’'N 7.6 1237 16.4 132 Haplic Podzol CANIF
Nacetin (CZ) Picea abies 58" 50°35’N 59 935 18.6 170 Spododystric Cambisol CANIF
Waldstein (DE) Picea abies 1428 50°12’N 5.5 890 20.1 202 Cambic Podzol CANIF
Schacht (DE) Fagus sylv. 120® 50°04'N 5.5 890 20.1 164 Dystric Cambisol CANIF
AuburePicea (FR) Picea abies 928 48°12’N 54 1192 14.7 54 Dystric Cambisol CANIF
AubureFagus (FR) Fagus sylv. 161% 48°12'N 5.4 1192 14.7 94 Haplic Podzol CANIF
Collelongo (IT) Fagus sylv. 108" 41°52’N 64 1109 10.8 228 Humic Alfisol CANIF
Monte di Mezzo (IT) Picea abies 378 41°45'N 8.5 1032 na. 175 n.a. CANIF
AhedenPinus (SE) Pinus sylv. 50° 64°13N 1.0 588 1.7 na. Podzol Girdling
Wetzstein 35 (DE) Picea abies 358 50°27'N 5.6 880 209 n.a. Podzol Girdling
Wetzstein 114 (DE) Picea abies 114* 5027N 5.6 880 20.9 177 Podzol Girdling / FORCAST
A in year 2000,
B in year 1996

n.a. = not available
223 Model input

The two-pool model requires the amount and pM value of the top soil (Ciop, pMiop) as well as
the annual carbon input by above- and below-ground litter (I, pMiier) as model input
variables (Table 2). Most of these data were collected within the projects CANIF and
FORCAST, some additional data (for the three girdled stands) were collected for this study.

To estimate amount and pM value of the top soil carbon, soil samples were taken by coring
technique. Each core was separated into the L+F+H, 0-5 cm, 5-10 cm and 10-20 c¢m layers.
After removing all roots, the soil samples were analyzed for Ci,p and pM,,p. For further details

on sampling and sample preparation, refer to Harrison et al. (2000). Data for the CANIF
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Table 2. Model input.
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stands were provided by Doug Harkness (NERC Radiocarbon Laboratory, East Kilbride,

UK), data for the FORCAST stands by Phil Rowland (CEH Merlewood, Grange over Sands,
samples from the two Wetzstein stands were taken by myself. For details about sampling,

UK). Samples from AhedenPinus were provided by Anders Nordren (SLU, Ume3, Sweden),
sample preparations and analyses at AhedenPinus and the two Wetzstein stands, refer to

chapter 3.
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Above-ground litter input was measured using litter traps at all thirteen FORCAST stands
and the two Wetzstein stands. For the Hainich and the Leinefelde stands, data were provided
by Martina Mund (Max Planck Institute for Biogeochemistry, Jena, Germany, personal
communication), for all other FORCAST stands, data were provided by Francesca Cotrufo
(University of Naples II, Italy). Litter fall at the Wetzstein stands was measured by myself
(for details see chapter 3). For the CANIF stands, above-ground litter input via foliage was
estimated by a full foliage biomass inventory, including tree felling, at seven of the ten
CANIF stands (Scarascia-Mugnozza et al. 2000). Here, annual leaf litter input was estimated
to be the same as annual leaf production. At AhedenPicea and Schacht, estimates of above-
ground production were derived from volume and yield tables, after conversion of volumetric
data into dry weights (Scarascia-Mugnozza et al. 2000). Note that above-ground litter fall
data provided by Francesca Cotrufo and from the CANIF stands only include leaf or needle

litter; for these stands, no litter fall data of twigs or buds could be obtained.

Below-ground litter input via fine roots was assessed by repeated soil core extractions at
Collelongo, Monte di Mezzo, AubureFagus and AuburePicea. For the remaining stands, fine
root litter production was estimated assuming annual turnover of fine roots to equal fine root
standing biomass. For a more detailed description of below-ground litter input estimates,
refer to Scarascia-Mugnozza et al. (2000). Fine root data for the CANIF stands were taken
from Scarascia-Mugnozza et al. (2000), data for the FORCAST stands were provided by
Annelies Claus (Humboldt University Berlin, Germany, personal communication). At the
Wetzstein stands, no below-ground litter input was measured; instead, values measured at

two similar spruce stands were used (see chapter 3).

pM values of atmospheric CO, (pMamo) Were taken from published data. I used data from
Stuiver and Quay (1981) for the period from 1890 to 1955, data from Tans (1981) for 1955 to
1959 and data from Levin et al. (1985) for 1959 to 1984. For the years 1985 to 2002, pM
values measured at the meteorological station Jungfraujoch (Swiss Alps) were provided by
Ingeborg Levin (University of Heidelberg, Germany, personal communication). "*C data of

atmospheric CO, are listed in the Appendix.

224 Controlling factors

The relationships of modeled amounts and turnover times of active pool carbon with several

environmental and stand variables were tested: latitude, mean annual temperature, annual
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precipitation, annual nitrogen deposition, total soil organic carbon and stand age (Table 1).

Linear regressions were calculated for the different combinations of variables.

2.2.5 Model sensitivity and soil carbon sequestration potential

Three tests were performed to assess the model’s sensitivity for calculating active pool
turnover times and the potential of soils to sequester carbon. (1) Values of litter input were
varied (from 70% to 130% of measured litter input), keeping all other variables constant. (2)
The model was run for different values of pMpp (from 85% to 100%), keeping litter input and
all other variables constant. (3) The model’s reaction to a gradual increase of litter input by
50% and to a gradual increase of the active pool turnover time by 50% was tested, using 5%
steps over 10 years. All three sensitivity tests were performed for the spruce stands Waldstein
and AuburePicea, and for the beech stand Collelongo. These three stands cover a wide range

of calculated turnover times.

2.2.6 Experimental model validation

In addition to the turnover time, the model also calculates the pM value of the active pool
carbon (pMap). Since the active pool - by definition - dominates SOC turnover, the CO,
released by heterotrophic soil respiration should have a similar pM value as the active pool

carbon. For the Hainich stand, this hypothesis was tested in order to validate the new model.

On April 21, 2001, mineral soil samples from 0-5 cm, 5-10 cm, 10-20 cm and 20-30 cm
depth were collected from a fresh soil profile as well as additional samples from 10-20 cm
soil depth at two replicate locations at the Hainich stand. After removing all roots, 155 to
635 g (depending on the carbon concentration) of the fresh soil material was incubated in
exsiccators at 20 °C and 100% relative humidity. After 49 to 51 days, all exsiccators were
flushed with CO,-free air, and left for additional 10 to 15 days to accumulate new CO,. The
exsiccator head space air was then collected into pre-evacuated 2.3 1 flasks. The CO, samples
were isolated from other air constituents using a cryogenic vacuum line as described in
Buchmann et al. (1997). The isolated CO, samples were quantitatively reduced to graphite
and analyzed for pM. Measured pM values of respired CO, were compared to the pM values
of the incubated SOC samples and to modeled pM values of the active pool at the Hainich

stand. For details about CO, sampling, graphitization and analyses see chapter 3.
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2.3 Results

2.3.1 Model results

Turnover times of the active pool (TTap) were calculated for 25 European forest stands.
Turnover times varied by a factor of 4.1 among the different stands, ranging from 4.5 years at
the German spruce stand Waldstein to 18.3 years at the German spruce stand Tharandt-5
(Table 3). The mean turnover time was 9.7 years. Turnover times varied relatively little
among the respective stands of the two chronosequences (Tharandt and Leinefelde).

Nevertheless, modeled values tended to decrease with stand age.

The modeled amounts of active carbon (Cap) varied by a factor of 4.8 and ranged from 11.6
t C ha™ at AhedenPicea to 55.7 t C ha™' at Loobos (Table 3). The mean was 31.2 t C ha™".

Table 3. Model output.

. Year of Active pool  Active pool percent Active pool Active pool /
Site name (country) sampling Turnover time Modern (pM,p) carbon (gAP) top soil carbon ratio
(yrs) (o) (tCha’) (Car/ Ciop)

Flakaliden (SE) 2001 7.0 115.0 223 0.46
Sorg (DK) 2000 9.6 116.5 45.5 0.63
Loobos (NL) 2000 15.0 121.7 55.7 0.81
Hainich (DE) 2000 7.8 115.0 33.1 0.50
Hesse (FR) 2000 7.9 115.1 28.2 0.78
Leinefelde 30 (DE) 2000 8.8 1159 429 0.71
Leinefelde 62 (DE) 2000 6.9 114.1 23.5 0.44
Leinefelde 111 (DE) 2000 6.1 113.4 223 0.47
Leinefelde 153+15 (DE) 2000 7.3 114.6 33.9 0.54
Tharandt 5 (DE) 2000 18.3 122.2 50.4 0.51
Tharandt 24 (DE) 2000 12.1 120.2 46.9 0.37
Tharandt 42 (DE) 2000 11.0 119.7 41.9 0.55
Tharandt 97 (DE) 2000 11.5 120.2 39.7 0.35
AhedenPicea (SE) 1996 7.5 118.5 11.6 0.58
Skogaby (SE) 1996 4.6 115.0 22.7 0.43
Nacetin (CZ) 1996 8.8 120.5 23.7 0.47
Waldstein (DE) 1996 4.5 1153 19.8 0.42
Schacht (DE) 1996 6.0 116.3 21.5 0.57
AuburePicea (FR) 1996 16.2 123.2 24.9 0.54
AubureFagus (FR) 1996 9.3 119.5 22.3 0.55
Collelongo (IT) 1996 8.2 118.5 30.5 0.57
Monte di Mezzo (IT) 1996 12.0 122.1 37.2 0.48
AhedenPinus (SE) 2001 15.4 120.1 17.7 0.50
Wetzstein 35 (DE) 2002 10.5 117.0 29.0 0.38

Wetzstein 114 (DE) 2002 9.8 117.3 32.0 0.50
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pM values of the active pool carbon (pMap) were much higher than those of atmospheric CO,
at the time of sampling. Due to the decline of pM of atmospheric CO,, calculated values of
pMp were usually higher for the CANIF stands, which were sampled some years earlier than
the other stands. Furthermore, pM values were usually high for the stands with low turnover
and — due to the 5-year time lag before above-ground litter input — relatively high for conifer
stands. Where pMap was high, the active pool contained a higher proportion of older carbon

from the time when atmospheric CO, was more enriched in .

The ratio of active pool to top soil carbon (Cap/Ciop) varied considerably among stands, with

values ranging from 0.35 at Tharandt-97 to 0.81 at Loobos.

2.3.2 Controlling factors

The relationships of modeled active pool turnover times (TTap) with potential factors
controlling these turnover times, i.e., latitude, mean annual temperature, annual precipitation,

annual nitrogen deposition, total soil organic carbon and stand age were tested (Table 1). N

However, no significant relationship was found for any of these variables. The best
relationship was found for stand age, indicating a slight decrease in turnover time with

increasing stand age (P = 0.08) (Figure 4).

The size of the active pool (Cap) increased highly significantly with mean annual temperature
(P < 0.001) (Figure 5). Like Cap, also litter input increased highly significantly with mean
annual temperature (P = 0.001) (Figure 6). Contrary, total soil organic carbon was not

significantly related to mean annual temperature (not shown).



14

Modeling the amount and turnover of active soil organic carbon

20
9
2]
_§ 16-— PY ..
22 42
o o
o E
2%
§ 4
o L L L L | L L L L | L L L
0 100 200

Stand age (years)

Figure 4. Modeled active pool carbon turnover time in relation to stand age. The
solid line represents the linear regression (y = -0.022x + 11.5, R* = 0.129, P = 0.08).
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Figure 5. Modeled amount of active pool carbon (C,p) in relation to mean annual
temperature. The solid line represents the linear regression (y = 3.36x + 10.1, R =
0.469, P <0.001).
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Figure 6. Measured above- plus below-ground litter input in relation to mean annual
temperature. The solid line represents the linear regression (y = 0.27x + 1.6, R? =
0.394, P=0.001).
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233 Model sensitivity

For three forest stands, the model sensitivity against possible error sources for calculating the
active pool turnover time was tested. First, the litter input was changed from 70% to 130% of
measured litter input. For all stands, underestimating the litter input had a stronger effect on
calculated turnover times than overestimating the litter input (Figure 7). For the two stands
Waldstein and Collelongo, reducing litter input by 30% led to an increase of modeled
turnover time by 31% (Waldstein) and 32% (Collelongo). However, for AuburePicea, the
same change in litter input resulted in an increase of turnover time by 54%. Increasing the
litter input rate by 30% leads to comparatively small decreases in turnover times of 18%
(Collelongo), 19% (Waldstein) and 23% (AuburePicea).
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Figure 7. Modeled active pool turnover time in Figure 8. Modeled active pool turnover times in
relation to litter input. Litter input was varied from relation to pM and '*C conventional age of the passive
70% to 130% of measured litter input (see Table 2). pool. For values >500 years, the '“C conventional age
Exemplary calculations for AuburePicea (dashed line), corresponds + to the time when atmospheric CO, had
Collelongo (solid line) and Waldstein (dotted line). the pM value shown on the bottom x axis. pMpp was

varied from 85% to 100%. Exemplary calculations for
AuburePicea (dashed line), Collelongo (solid line) and
Waldstein (dotted line). The crosses indicate the pM
value used in the model (pMpp = 97.5%).

Secondly, the sensitivity of modeled turnover times against the assumption that the passive
pool has a pM value of 97.5% was tested (Figure 8). If the passive pool contained much
carbon older than 500 years, this carbon would decrease pMpp to values below 97.5%. For
PMpp = 90%, which corresponds to a '*C conventional age of 846 years, calculated turnover
times would increase by 17% (Collelongo), 24% (AuburePicea) and 38% (Waldstein). A

pMpp value of 85% (**C conventional age = 1306 years) would increase turnover times by
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26% (Collelongo), 35% (AuburePicea) and 55% (Waldstein), respectively. The Waldstein
stand is more sensitive to a change in pMpp than the other two stands because of its lower

active pool to top soil carbon ratio (Cap/Ciop, Table 3).

234 Experimental model validation

To validate the model, heterotrophically respired CO, was collected and its pM value was

compared with the modeled pM value of the active pool carbon (pMap) at the Hainich stand.

Large differences were found between the pM values of the incubated mineral soil samples
(carbonate free) from the Hainich stand and the pM values of CO, respired from the same soil
samples (Table 4). pM values of respired CO, was 3.2% to 12.8% higher (ApM) than pM
values of the corresponding SOC, with a mean difference of 9.6%. This clearly shows that the
assumption made in most C turnover models, i.e., that the carbon lost from a soil fraction by

respiration has the same '*C content as the soil material it originates from, is incorrect.

Table 4. Laboratory incubations of soil from the Hainich stand.

Mean CO, respiration rate

Soil depth Soil profile # orIg):r/{igfcz(r){)lon pM ofreip ired CO, during first IQ days of igﬁtgrrl%ﬁltchgatri?l)g
(cm) o (%) incubation R
(%) (mg C g C day™) (tCha™)

0-5 1 107.6 119.1 1.20 253

5-10 1 109.5 117.2 0.86 18.6
10-20 1 104.6 107.8 0.37 254
10-20 2 95.9 106.0 0.28 254
10-20 3 98.0 110.8 0.30 254
20-30 1 929 » 104.9 . 0.21 ) 12.3

The weighted mean pM value of respired CO,, accounting for respiration rates and carbon
contents of the different soil depths, was 116.4%. This value agrees considerably well with
pMap calculated for the Hainich stand (pMap = 115.0%).

235 Soil carbon sequestration potential

Using the new model, the potential of soils to sequester carbon was tested by simulating

gradually increasing litter inputs as well as increasing turnover times.

Increasing the litter input by 50% caused an increase in the active pool size by also 50% after
30 to 40 years (Figure 9). Annual carbon sequestration showed maximum values of 0.8
(Waldstein), 1.0 (Collelongo) and 0.6 t C ha™' yr'' (AuburePicea), but decreased sharply once

litter input remained at a high but constant level. Increasing the turnover time by 50% caused
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an increase in the active pool size by 45% (Waldstein), 47% (Collelongo) and 48%

(AuburePicea) after 40 to 50 years (Figure 10). Annual carbon sequestration showed
maximum values of 0.6 (Waldstein), 0.7 (Collelongo) and 0.4 t C ha™ yr' (AuburePicea).

Thus, the response of the active carbon pool was quite similar to that after a comparable

increase of litter input.

C sequestration (t C ha™' yr') Litter input (t C ha' yr')

Pool size (t C ha')

Year

Figure 9. Modeled changes in (b) active pool carbon
sequestration and (c) active pool size following a 50%
increase in (a) litter input. Exemplary calculations for
AuburePicea (dashed line), Collelongo (solid line) and
Waldstein (dotted line).

C sequestration (t C ha'yr')  Turnover time (yrs)

Pool size (t C ha™')
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Figure 10. Modeled changes in (b) active pool carbon
sequestration and (c) active pool size following a 50%
increase in (a) active pool turnover time. Exemplary
(dashed line),
Collelongo (solid line) and Waldstein (dotted line).

calculations for  AuburePicea
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2.4 Discussion

I developed and tested a new model for calculating the turnover time of active soil organic

carbon using bomb carbon as a tracer.

The new model was designed to overcome the two major deficiencies of older '*C models,
where (1) the current atmospheric '*C content is used for carbon input into all soil depths and
soil fractions and (2) the "*C content of CO, respired from SOC or SOC fractions has the
same '*C content as the SOC (fraction) itself. Contrary, in the new model, litter originating
from living biomass is incorporated directly into an active carbon pool that spreads over the
entire profile of the top soil. The advantage of this new approach is that pM of litter input
from living biomass is relatively easy to measure or estimate. Furthermore, in the new model,
SOC of the top soil consists of two pools (active and passive), and carbon lost from the top
soil carbon has the '*C content of the active pool carbon, not that of total SOC. Therefore, the
model accounts for the presence of recalcitrant carbon that may not contribute to SOC
respiration. This new approach is confirmed by the results of the soil incubation experiments,
which clearly showed that CO; respired from SOC has a much higher pM value than the SOC
itself (Table 4).

The model was validated by comparing the calculated pM values of the active pool to pM
values of CO, respired from root free soil during incubation. Good agreement was found,

which confirms the new model approach.

The model sensitivity against possible errors in estimating (1) the amount of litter input (1),
and (2) the pM value of the passive pool (pMpp) was tested. (1) Litter input was shown to be
an important input variable for the model. Errors in estimating the amount of litter input can
alter modeled turnover times, especially if the litter input is underestimated (Figure 7). This is
particularly critical since the below-ground litter input by roots is difficult to measure. '*C
measurements of fine roots suggested lower fine root turnover than other methods like root-
viewing cameras (Gaudinski et al. 2001). Tierney and Fahey (2002) have reconciled the
discrepancies in these different measurement techniques of root turnover. They propose that a
skewed distribution of root age leads to an overestimation of root turnover by visual
techniques and an underestimation by the *C technique. Further progress in estimating

below-ground litter input will also increase the precision of the presented model.

(2) In the new model, it is assumed that pMpp = 97.5%, which corresponds to the mean pM
value of atmospheric CO; from 1500 to 1950 (Figure 1). But in fact, the passive pool could
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have a pM value lower than 97.5%, if the top soil contained much carbon older than 500
years. For example, the calculated turnover time of the active pool would be 17 to 38% too
high, if pMpp had a real value of 90% instead of 97.5% (Figure 8). However, such a low pM
value seems unlikely as this would correspond to a mean (1) '*C conventional age of 846
years. Archived soil samples suggest that SOC had a mean pM value close to 97.5% in depths
to 20 cm before bomb carbon was incorporated (O'Brien and Stout 1978, Torn et al. 2002,
Wang et al. 1999). Trumbore and Zheng (1996) applied physical and chemical fractionations
to a variety of soil samples. Their data suggest that soil samples with a mean pM value higher
than 97.5% contained only little carbon with pM < 97.5%. Accordingly, they also found little
carbon with pM > 97.5% in soil samples with a mean pM value < 97.5%. It should be
possible to further increase the precision of the new model by fractionating soil samples
before 'C analysis and only account for those carbon fractions that contain bomb carbon
(i.e., fractions with pM > 97.5%).

Using the new model is easy and the number of necessary '*C measurements is comparatively
low. Once it is known, at what depth the top soil ends, i.e., where active carbon is present
(PMiop > 97.5%), only one soil sample is needed for C and "C content analyses. No soil
fractionation is necessary (although desirable). However, annual litter input must be
available, since it is a critical model input variable (Figure 7). Another prerequisite is that no

major of erosion of in-situ soil carbon or accumulation of ex-situ carbon occurred since 1950.

The model was applied to calculate active pool turnover times for 25 European forest stands.
Large differences were found among the stands with turnover times varying by a factor of
4.1. The best linear regression of turnover times with different environmental and stand
variables was found for stand age, indicating decreasing turnover times with stand age
(Figure 4). Similarly, turnover times of the chronosequence stands tended to decrease with
age (Table 3). At young stands, tree harvest occurred only a few years ago. Harvest can
involve a high one-time input of "*C rich woody debris into SOC. This input may be the main
reason for higher modeled turnover times. Ideally, litter input and its '*C content should be
measured or assessed individually for every single year, especially for recent years and years

of thinning or harvest. Unfortunately, this was not feasible within the scope of this study.

In addition to turnover times, the model also calculates the amount of the active pool carbon
(Cap). Cap increased highly significantly with mean annual temperature (3.4 t C ha™ °C™).

This suggests that climatic changes involving increasing temperatures may increase SOC
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stocks and cause net carbon sequestration. Potential mechanisms will be discussed in more

detail in chapter 5.

Soils are believed to potentially sequester large amounts of carbon under changing climatic
conditions. E.g., Schulze et al. (2000) suggest current mean soil carbon sequestration rates of
1.4t C ha' yr' for 11 investigated European forest stands. Based on my results, I consider
the potential of soils to sequester carbon much smaller. High carbon sequestration cannot
occur in the recalcitrant carbon pool, which has accumulated over thousands of years and
turns over very slowly. Annual carbon inputs into this recalcitrant pool must have been very
small, or otherwise, the recalcitrant carbon pools would be much larger than they are today.
E.g., assuming a recalcitrant carbon pool size of 100 t C ha™ today, a build-up time of 10,000
years since the last glacial and a turnover time of 1,000 years, the annual carbon input into
the recalcitrant pool would have to be 0.1 t C ha™ yr' (for a mean European forest soil).
However, SOC with such small annual carbon inputs cannot be accountable for high carbon
sequestration, as the SOC pool cannot sequester more carbon than it receives by carbon
inputs. Only the active carbon pool, which receives high annual carbon inputs by leaf and
root litter, can potentially sequester large amounts of carbon. Because of its fast turnover, the
active carbon pool reaches a steady state relatively fast, i.e., within decades (Figure 2).
Carbon sequestration can only be achieved if either (1) the input of litter carbon increases or
(2) the carbon turnover time increases. However, model calculations for three forest stands
showed that even an increase of litter input or turnover time by unexpected 50% under
changing climatic conditions does not result in high carbon sequestration over long time
periods (Figures 9 and 10). In contrast, carbon sequestration diminished quickly, once litter
input or turnover time stopped increasing. Therefore, if soils sequester carbon, it is the result
of a transitory disequilibrium. Soils cannot be accountable for long-term and persistent high

ecosystem carbon sequestration under future climatic conditions.
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3 Separating heterotrophic and auto-
trophic soil respiration

3.1 Introduction

One of the largest uncertainties in our understanding of the terrestrial carbon cycle is the
partitioning between heterotrophic and autotrophic soil respiration. A variety of methods has
been developed and was reviewed by Hanson et al. (2000). Techniques include component
integration [extrapolation of individual SOC and root CO, production measurements
(Edwards and Sollins 1973, Ewel et al. 1987, Gansert 1994, Thierron and Laudelout 1996)],
root exclusion [e.g., trenching (Boone et al. 1998, Bowden et al. 1993, Epron et al. 1999,
Janssens et al. 2003b)], and isotopic methods [natural and pulse labeling (Hogberg and
Ekblad 1996, Kuzyakov and Cheng 2001, Lin et al. 1999, Swinnen et al. 1994)].

Probably the most robust method to experimentally separate autotrophic and heterotrophic
respiration is tree girdling. Girdling involves stripping the stem phloem to the depth of the
xylem, thus terminating the supply of photosynthates to the roots and their mycorrhizal fungi.
As a result, tree-girdling reduces autotrophic respiration to a minimum, leaving heterotrophic
respiration as the dominant CO, source. Hogberg et al. (2001) measured flux rates of soil
respired CO; in girdled and control plots in order to calculate contributions of heterotrophic
and autotrophic respiration to total soil respiration. However, tree girdling is labor-intensive
and destructive. For obvious reasons, the method can only be applied to a small selection of

forest stands, especially in regions where the forested area is small or protected.

Another equally promising tool that is non-destructive and that can also be applied to non-
forest soils is the use of the "*C content of CO,. Heterotrophically respired CO, has been
shown to be enriched in "*C compared to current atmospheric CO, (Certini et al. 2003,
Gaudinski et al. 2000, Koarashi et al. 2002, Tegen and Dérr 1996, Wang et al. 2000). The “C
content of autotrophically respired CO,, in turn, corresponds to that of atmospheric CO,
(Dérr and Miinnich 1986, Wang et al. 2000). Therefore, '*C of soil respired CO, bears

potential for separating heterotrophic and autotrophic soil respiration.

Different approaches how to use '*C for estimating hetero- vs. autotrophic soil respiration can
be found. Wang et al. (2000) assumed that autotrophic respiration is relatively low in autumn

due to physiological changes during dormancy. Therefore, they argued, heterotrophic
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respiration dominates, and thus the '*C content of heterotrophically respired CO, should
correspond to the *C content of total soil respired CO; in autumn. This assumption is rather
questionable and has not been verified. Furthermore, it seems invalid in areas, where plant
activity is continuously high. Thus, other approaches to determine the '*C content of

heterotrophically respired CO; are needed.

In various models, '*C has been used to calculate turnover times of SOC. Although all of
these models can potentially be used to calculate the '*C content of heterotrophically respired
CO,, this has rarely been done so far. E.g., Gaudinski et al. (2000) calculated the '*C content
of CO; respired from “Reservoir-C”, which did not include soil organic carbon cycling on

time-scales of less than one year.

The most frequently used '*C turnover model is the box model (e.g., Gaudinski et al. 2000,
Harkness et al. 1986, Hsieh 1993, O'Brien and Stout 1978, Trumbore et al. 1989, Trumbore et
al. 1996, Wang et al. 1996). The box model assumes an annual input and output of carbon (of
the same magnitude) into and out of different SOC compartments (“boxes”). These boxes can
be soil horizons, depths, physical or chemical fractions. The *C content of the input carbon
into the plant box equals the '*C content of atmospheric CO,, but in the model one has to
account for the residence time of carbon in the plant before it can be incorporated into the
soil. The "C content of the output carbon equals that of any given box in the respective year.
The turnover is adjusted for each box, so that the calculated '*C content of the box matches
that measured in the year of sampling. Accounting for turnover rates and box sizes, the output
carbon flux from each box can be calculated. This output carbon flux is a purely respiratory
flux. By weighting the '*C content of CO, respired from each of the different soil boxes by

their output fluxes, the mean "*C content of heterotrophically respired CO, can be calculated.

The cascade model was developed based on the box model (Harrison et al. 2000). But other
than the box model, the cascade model assumes a downward transfer of SOC from one box to
the next (“cascade”™). Therefore, the '“C content of the input carbon equals that of the
overlying box. Turnover rates and output carbon fluxes are calculated as for the box model.
The output carbon flux from a soil box is divided into a respiratory flux and a transfer flux to
the underlying box, with the respiratory carbon flux being calculated as the difference of

carbon flux through this box and its underlying box.

The two-pool model was presented in chapter 2. This model calculates the '*C content of the
active carbon pool. Since the active pool, by definition, dominates heterotrophic soil

respiration, heterotrophically respired CO, has the same '*C content as the active pool.
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In this study, the potential of '*C for partitioning heterotrophic and autotrophic soil
respiration was evaluated for three girdled forest stands in Sweden and Germany. My
objectives were (1) to measure and assess the differences in the '*C contents of hetero- and
autotrophically respired CO,, (2) to quantify the contributions of heterotrophic respiration to
total soil respiration using two different experimental approaches and (3) to compare
measured and modeled '*C contents of heterotrophically respired CO, and the thereby

calculated contributions of heterotrophic respiration to total soil respiration.

3.2 Methods

3.2.1 Sites

For this study, 3 of the 25 forest stands of chapter 2 were investigated in more detail.
AhedenPinus is a 50-year-old Scots pine (Pinus sylvestris L.) forest in Northern Sweden
(64°13'N, 19°46E, 175 m asl). The soil is a weakly podzolized sandy silt. Wetzstein is a
Norway spruce (Picea abies (L.) Karst.) forest area in Southern Thuringia, Germany
(50°27°N, 11727°E, 750 m asl). Soils are podzolized sandy loam. The bedrock is quarzite. At
Wetzstein, a 35-year-old (Wetzstein 35) and a 114-year-old (Wetzstein 114) stand were
investigated. The old stand has understory vegetation of grasses and bilberry (Vaccinium

myrtillus L.), while the young stand has no understory.

3.2.2 Girdling

Trees at AhedenPinus were girdled in June (early girdled) or August (late girdled) 2000
(Hogberg et al. 2001). Six girdled and three control plots of 900 m* each were established.
Trees at the two Wetzstein stands were girdled in April 2001, each stand consisting of three
girdled and three control plots. In the young stand, the plot size was 400 m?, in the old stand
900 m”.

3.23 CO; sampling and flux measurements

At AhedenPinus, CO, flux measurements and sampling were performed at four girdled (three
early girdled and one late girdled) and three control plots on August 13, 2001, i.e., roughly 12
months after the late girdling and 14 months after the early girdling in 2000. All twelve plots
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at the Wetzstein (six in Wetzstein 35 and Wetzstein 114, respectively) were measured and

sampled on July 24 and July 25, 2002, respectively.

Soil respired CO, was sampled using stainless steel chambers, which form a static headspace
above the soil surface (Figure 11). Stainless steel rings (300 mm in diameter, 100 mm height)
were placed on the soil floor several months before sampling. For sampling, a stainless steel
lid connected to a stainless steel capillary (ID 1.0 mm) was placed on top of the ring to form a
closed chamber. A pre-evacuated flask (2.3 1) was connected to the capillary, with a
Mg(ClQ4), tube placed between flask and capillary to free the sampled air from H,O. Lids
were left on the chamber rings for 30 minutes to let soil respired CO, accumulate in the
chamber. The long sampling time was necessary to collect sufficient CO, for the '*C
analyses. Afterwards, the flask valve was opened to draw the chamber air into the flask. One
(AhedenPinus) or three (Wetzstein) samples were collected per plot. For each of the
Wetzstein stands, one additional free air sample was collected from approximately 5 cm
above the forest floor, using a 2.3 1 flask connected to a Mg(ClO,), tube and a stainless steel
capillary (ID 1.0 mm) with an open end.
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Figure 11. Sampling techniques for soil respired CO; (this chapter) and soil CO, (for
details see next chapter).

Flux rates of soil respired CO, were measured approximately 30 minutes prior to CO;
sampling, using a Licor 6400-9 infra red gas analyzer (Licor, Nebraska, USA). Two plastic
rings (100 mm diameter, 80 mm height) that were placed inside the stainless steel chamber
rings were used for measurements (three cycles per plastic ring). These plastic rings were

inserted into the soil several months before sampling.
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3.24 Isotopic units

13 . .
C content is given as

13 Rsample

0°C=|—————1| x1000 %o, (10)
standard

where Rgample 15 the molar BC/12C ratio of the sample and Rgandarg 18 the molar BC/'2C ratio of

the international VPDB standard [based on the CG99 scale (CSIRO-AR)]. The '*C content is

given in pM (Equation 2).

3.2.5 Analyses

Mixing ratios of CO, ([CO,]) and N>O (needed for a correction of 8'°C) were measured using
a gas chromatograph equipped with a flame ionization detector and an electron capture
detector (Agilent 6890, Palo Alto, CA, USA) (Jordan and Brand 2001).

8'"°C values of atmospheric CO, were measured using an isotope ratio mass spectrometer
(Finnigan MAT 252, Bremen, Germany) coupled to an automated cryogenic CO; extraction
line (Werner and Brand 2001). For air samples with [CO,] >400 ppm (i.e., all chamber
samples), the sampling time at the extraction line was reduced proportionally in order to

obtain similar signal strengths for sample and reference gas ([CO;] ~ 360 ppm).

After [CO;] and 8°C measurements were completed, the sample CO, was isolated,

graphitized and analyzed for pM as described in chapter 2.

3.2.6 Corrections

Measured isotopic values had to be corrected in order to account for atmospheric CO, that
was already in the chamber when the lid was placed for sampling, using a simple isotope

mixing-model:

_ 613)C:chamber X [COZ ]
respired [CO2 ]

- 613C:free air
- [Coz]

chamber X [CO 2 ]

613C free air (11)

chamber free air

The same correction was applied to A, which is the '*C activity of the sample. pM of soil

respired CO, was obtained by combining the corrected values of A and 8"°C (Equation 2).
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3.2.7 Modeling pM of heterotrophically respired CO,

Three different models were applied to calculate pM of heterotrophically respired CO; in the

three stands: box model, cascade model and two-pool model.

The same residence times of carbon in the plant and the same pM values of atmospheric CO;

were used as described in chapter 2.

For both box and cascade model, carbon output fluxes of CO; respired from each box were

calculated as
PG (12)

where Foy is the output flux (amount carbon area” time™), C is the box pool size (amount

carbon area™) and TT is the calculated turnover time.

For the cascade model, respiratory carbon fluxes were calculated as

Fi = Fouti - Fouti+1 > (13)
where the subscript i indicates the different soil boxes, counting from top to bottom. Negative
values of F; were changed to zero. For the bottom soil box in the cascade model and for all
boxes in the box model, respiratory fluxes equal output fluxes:

(14)

i outi

The mean pM value of heterotrophically respired CO; is calculated as

n

Z(pMi XFi)

M,y = (15)
SF
1
where 1 indicates the different SOC boxes. For the two-pool model, the pM value of
heterotrophically respired CO; equals that of the active pool.

3.2.8 Model input

Model input values were carbon amounts and pM values of the different soil layers and the
annual carbon input by above- and below-ground litter (Table 5). Eight soil cores were

randomly sampled at each stand (only control plots) using corers of 42 or 48 mm diameter.
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AhedenPinus was sampled on September 10, 2002, whereas the two Wetzstein stands were
sampled on October 29 and 30, 2002. The samples were divided into four soil layers: L+F+H
(organic layer), 0-5 cm, 5-10 cm and 10-20 cm. Sample 1 to 4 and 5 to 8 were mixed for each
soil layer, leaving two composite samples per layer and stand. Roots were extracted from all
samples by hand. After drying (70 °C, 72 h), the soil samples were weighed, and subsamples
were analyzed for carbon concentrations to calculate carbon pool sizes for all soil boxes

(mass carbon area). A second subsample was analyzed for pM.

Table 5. Input values used for modeling pM values of heterotrophically respired CO,.

AhedenPinus Wetzstein 114 Wetzstein 35
pM (%) Pool (tC ha‘l) pPM (%) Pool (tC ha'l) PM (%) Pool (tC ha'l)
L+F+H 117.7 11.0 1121 40.2 109.7 37.8
0-5cm 107.6 10.8 99.5 23.5 100.8 27.0
5-10cm 102.4 6.5 94.9 20.5 99.0 12.4
10 -20 cm 101.3 7.2 86.2 333 96.3 19.8
Litter input (t C ha™! yr'l)
Above-ground 0.45" 1.80 0.97
Below-ground 0.70 1.41° 1.77°

A measured at the adjacent spruce stand AhedenPicea,
5 measured at a 97-year-old (for Wetzstein 114) and a 42-year-old (for Wetzstein 35) stand of a comparable spruce site in Tharandt, Germany

Above-ground litter input was measured at the Wetzstein control plots from May 27, 2002 to
June 11, 2003 using 18 litter traps (0.5 m” each) per stand. For AhedenPinus, above-ground
litter input data of the adjacent conifer site AhedenPicea was used (Scarascia-Mugnozza et al.
2000). For the Wetzstein stands, data of fine root standing biomass were taken from two
stands (42- and 97-year-old) at the similar Norway spruce site Tharandt (Table 1) (Annelies
Claus, Humboldt-University Berlin, personal communication). For AhedenPinus, fine root
standing biomass data were taken from Plamboeck et al. (1999). The annual below-ground

litter input was set to equal the fine root standing biomass.

3.2.9 Fractions of soil respiration components

The contributions of heterotrophic respiration to total soil respiration were calculated using
two approaches, with flux rates and with pM values of respired CO,. Based on flux rates, the
fraction of heterotrophic soil respiration (hg,x) was calculated as:

h

flux

F
:F_leoo%, (16)

C
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where Fg is the flux rate (amount carbon area™ time™) of soil respired CO; in the girdled

plots and F¢ is the flux rate in the control plots.

Based on *C, the fraction of heterotrophic soil respiration (hgyy) was calculated as:

M. - pM
hpM: p C p auto XIOO%, (17)

p M hetero pM auto

where the subscript C denotes CO, respired in the control plots and the subscript hetero
denotes heterotrophically respired CO,, either measured in the girdled plots or calculated by
one of the three models. The subscript auto denotes autotrophically respired CO,. Since plant
roots respire mainly recently assimilated carbon (Ekblad and Hogberg 2001, Hogberg et al.
2001, Horwath et al. 1994), pM,u, can be assumed to equal pM of current atmospheric CO;
(Dorr and Miinnich 1986, Wang et al. 2000):

auto = pM atmo (1 8)

For AhedenPinus, PMamo Was taken from measurements at the atmospheric observation

pM

station Jungfraujoch, Swiss Alps (Ingeborg Levin, University of Heidelberg, personal
communication). For the Wetzstein stands, pMam, equals pM of the free air samples taken on

the day of sampling.

Standard errors of ha,x and hpy were calculated as

~|(SE,, * (SE. Y
SE, = + x hy, (19)
flux FG FC

and

SE ’ SE ’
SEh o= [ pMg ] + [ pM¢ j % hpM , (20)
’ pMG - pM auto pMC - pM auto

where SEr and SE,u are the standard errors of measured flux rates or pM values in girdled

and control plots, respectively.
The autotrophic fraction of soil respiration (a) was calculated as:
a=100% —h (21)

For the Wetzstein stands, two-way ANOV As were performed to compare pM values and flux
rates of soil respired CO,. Stand age and treatment (girdled vs. control plots) were tested as

independent and interactive sources of variance. When the interaction term was not
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significant, a Tukey’s post-hoc test was performed to separate between the means. For the
AhedenPinus stand, one-way ANOVAs were performed to compare pM values and flux

rates. Here, treatment was the single source of variance.

3.3 Results

Flux rates of soil respired CO, were measured in both girdled and control plots. Flux rates
were always higher in the control plots compared to the girdled plots (Figure 12). While soil
respiration in the control plots varied strongly from stand to stand, flux rates in the girdled
plots were similar. Even the AhedenPinus stand, measured one year earlier, showed similar
flux rates in the girdled plots as the Wetzstein stands. While treatment (i.e., girdling or
control) was a significant (P < 0.05) source of variation for the Wetzstein stands, it was not
significant for the AhedenPinus stand. Stand age (i.e., Wetzstein 35 or 114) was not
significant for the Wetzstein stands (Table 6).

At all three stands, pM of soil respired CO, was higher in the girdled plots (Figure 13).
Girdling leaves heterotrophic respiration as the major source of soil respired CO,. Therefore,
the results agree with several studies, which have shown that heterotrophically respired CO,
is enriched in '*C compared to autotrophically respired CO, (Certini et al. 2003, Koarashi et
al. 2002, Tegen and Dorr 1996, Wang et al. 2000). For both girdled and control plots, pM
decreased in the order AhedenPinus > Wetzstein 114 > Wetzstein 35, ranging from 116.9%
in girdled plots at AhedenPinus to 110.4% in control plots at Wetzstein 35. Treatment was a
significant source of variation for AhedenPinus (P < 0.05), but not for the Wetzstein stands.
Stand age was not significant for the Wetzstein stands (Table 6).

Table 6. Results of a one-way Anova (AhedenPinus) and a two-way Anova

(Wetzstein) for both pM values and flux rates of soil respired CO,. The

source of variance in the one-way Anovas is treatment (girdled or control).

The sources of variance in the two-way Anovas are treatment and stand
age. Levels of significance are P < 0.05 (*) and P < 0.01 (¥*).

AhedenPinus Wetzstein
pM Flux pM Flux
Source of variation F F F F
Treatment 9.6% 4.6 1.1 8.2%
Stand age n.a. n.a. 2.6 0.0
Interaction n.a. n.a. 0.6 0.9

n.a. = not applicable
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The contributions of heterotrophic respiration to total soil respiration were calculated using
(1) flux rates and (2) pM of soil respired CO, (Figure 14). Values ranged from 53%
(AhedenPinus, flux approach) to 87% (Wetzstein 35, pM approach) heterotrophic respiration
and tended to be higher for the Wetzstein stands than for the AhedenPinus stand. Differences
in the calculated fractions of heterotrophic respiration between 10 and 27% were not
statistically significant for any of the different stands or approaches. Standard errors ranged
from 10% (AhedenPinus, pM approach) to 51% (Wetzstein 35, pM approach). At the
Wetzstein stands, standard errors were smaller for the flux approach (13% < SE < 14%) than
for the pM approach (34% < SE < 51%). On the contrary, at AhedenPinus, the standard error
was smaller for the pM approach (10%) compared to the flux approach (15%). For each
stand, the standard deviation of pM was higher in the control plots than in the girdled plots,
especially at Wetzstein 114.

Furthermore, I compared pM values of heterotrophically respired CO; using three indepen-
dent models (Table 4). pM values calculated by the cascade model were on average 9.5%
(ApM) lower than measured in the girdled plots and even lower than pM of atmospheric CO,.
The box model also resulted in lower pM values than measured in the girdled plots (ApM
3.4% on average). For the AhedenPinus stand, the modeled pM value of heterotrophically
respired CO; almost equaled the mean pM value measured on the control plots. For the
Wetzstein stands, modeled pM values were lower than those measured on the control plots or
even lower than those of atmospheric CO,. In contrast, pM values calculated by the two-pool
model were higher than measured in the girdled plots (ApM 4.7% on average) and therefore
also higher than pM of CO, respired in the control plots. The differences between modeled
and measured values (ApM) were 3.2% for the AhedenPinus stand, 4.6% for Wetzstein 114
and 6.4% for Wetzstein 35.

Finally, the modeled pM values of heterotrophically respired CO, were used to calculate the
fractions of heterotrophic respiration relative to total soil respiration (Table 7). For both box
and cascade models, calculated values were outside of the defined range (i.e., above 100% or
below 0%). The two-pool model resulted in values within the defined range, with lower
values than when pM values measured in the girdled plots were used for the calculations.
While modeled and measured values differed by 67% (ApM) for the Wetzstein 35 stand,
fairly good agreement was achieved for the AhedenPinus and the Wetzstein 114 stand, where

modeled and measured values differed by 18% and 32% (ApM), respectively.
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Figure 12. Measured flux rates of soil respired CO, (= soil respiration). Dark
columns are girdled plots, light columns are control plots. Bars represent standard
errors (n=3; n=4 for AhedenPinus girdled). Letters indicate statistically
significant differences (separately for the AhedenPinus and the Wetzstein stands,
P <0.05). AhedenPinus was measured in 2001, Wetzstein in 2002.
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Figure 13. Measured pM (percent Modern) values of soil respired CO,. Dark
columns are girdled plots, light columns are control plots. Bars represent standard
errors (n=3; n=4 for AhedenPinus girdled). Letters indicate statistically
significant differences (separately for the AhedenPinus and the Wetzstein stands,
P <0.05). AhedenPinus samples were collected in 2001, Wetzstein samples in
2002. The base line corresponds + to pM of atmospheric CO, (pM = ~108.7%).
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Figure 14. Contributions of heterotrophic soil respiration to total soil respiration calculated by two
approaches: (1) Flux rates (dark) and (2) pM values (light) of soil respired CO, on girdled and
control plots. Bars represent standard errors.

Table 7. Comparison of pM values measured in the girdled plots as well as pM values of hetero-
trophically respired CO, calculated by three models. pM values of autotrophically respired CO, and
measured pM values of total soil respired CO, are given. The fractions of heterotrophic soil respiration
relative to total soil respiration were calculated using equation 17 (for more details see text).

AhedenPinus Wetzstein 114 Wetzstein 35
pM of heterotrophically respired CO> (%)

Girdled plots 116.9 112.8 110.7
Box model 113.9 109.3 106.8
Cascade model 102.8 108.0 101.1
Two-pool model 120.1 117.3 117.0
pM of autotrophically respired CO2 (%)
108.8" 108.6° 108.7°
pM of total soil respired CO» (%)§
113.9 111.2 110.4
Fraction of heterotrophic soil respiration (%)
Girdled plots 63 62 87
Box model 101 348 -88
Cascade model -85 -420 -22
Two-pool model 45 30 20

* measured at atmospheric observation station Jungfraujoch, Swiss Alps, in 2001
$ measured in-situ on the day of sampling, ' measured in control plots
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3.4 Discussion

Flux rates of soil respired CO; in the girdled plots were similar among stands (Figure 12),
suggesting that also the flux rates of heterotrophic respiration varied little from stand to stand.
On the contrary, flux rates were highly variable among the control plots, in which both
autotrophic and heterotrophic respiration contributed to total soil respiration. Therefore, the
high variability must have been due to variability in the autotrophic fraction of soil

respiration.

The opposite is true for pM of soil respired CO,. Autotrophically respired CO, can be
assumed to have a similar pM value at all three stands. Since roots respire recently
assimilated carbon (Ekblad and Hogberg 2001, Hogberg et al. 2001, Horwath et al. 1994),
autotrophically respired CO; should have a similar pM value as current atmospheric CO,
(Dorr and Miinnich 1986, Wang et al. 2000). pM of atmospheric CO,, in turn, varies
relatively little within Europe (Kromer et al. 2001, Levin and Hesshaimer 2000). In contrast,
the pM value of CO, respired in the girdled plots varied considerably from stand to stand
(Figure 13). These results also suggest that the pM value of heterotrophically respired CO,

was highly variable among stands.

pM values of soil respired CO, were always higher in the girdled plots than in the control
plots. The high pM values of CO; released from the girdled plots were derived from bomb
carbon. The higher the residence time (= turnover time) of active SOC in the soil (up to 20
years), the more '*C enriched is the carbon released by SOC decomposition. This suggests
that the residence time of active SOC was highest at AhedenPinus, followed by
Wetzstein 114 and Wetzstein 35. These between-stand differences in residence times of
active soil organic carbon are only reflected in the pM values of soil respired CO, and not in

the flux rates.

For several reasons, CO, respired in the girdled plots may in fact contain younger (**C
depleted) carbon than true heterotrophically respired CO, in undisturbed plots. This is
because (1) roots of girdled trees may continue to live and respire young starch reserves
(Hogberg et al. 2001), (2) fine roots may die and feed young carbon to heterotrophs.
Moreover, (3) decreased root activity may also decrease the decomposition of relatively old
SOC as a result of loss of a positive effect of root exudates on decomposition, so called
priming (Kuzyakov et al. 2000). A priming effect was suggested in another study in the
Wetzstein 35 stand by Subke et al. (in review). Thus, pM of true heterotrophically respired

CO; may actually be higher than measurements in the girdled plots suggest, as modeled with
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the two-pool model (Table 7). This hypothesis is supported by the soil incubations presented
in chapter 2, which suggest that modeled pM values of heterotrophically respired CO, rather
underestimate pM of true heterotrophically respired CO,. Obviously, the above-mentioned
effects also affect flux rates, although in opposite directions, e.g., root respiration resulting
from accelerated use of soluble carbohydrates and starch in roots of girdled trees is
erroneously interpreted as heterotrophic respiration. Although some uncertainty remains,
girdling seems to be the most appropriate method for the experimental separation of
heterotrophic and autotrophic respiration at the scale needed in studies of forest ecosystem

carbon dynamics.

The fractions of heterotrophic respiration to total soil respiration were calculated using both
(1) measured flux rates and (2) pM values of soil respired CO, measured in girdled and
control plots (Figure 14). Values calculated by both methods agreed well, although standard
errors were sometimes large. The standard error of the heterotrophic respiration fraction
calculated via pM depends on two variables. First, the differences in pM between girdled and
autotrophic as well as between control and autotrophic are critical (Equation 20). These
differences were highest for AhedenPinus, which resulted in a low standard error of the
heterotrophic respiration fraction. Second, the individual standard errors of pM of soil
respired CO; in the girdled and control plots are important. For each stand, the standard
deviation of pM was higher for the control plots than for the girdled plots. This was probably
due to an uneven distribution of active roots in the control plots. The standard error of pM
was particularly high for the control plots in the old Wetzstein stand. The reason could be the
patchy understory vegetation, which leads to variable proportions of understory autotrophic
respiration. In the future, more samples should be taken, especially in the control plots, to

minimize the standard error term for the pM approach.

Three different models to calculate pM values of heterotrophically respired CO, were tested
(Table 7). Both box and cascade models did yield lower pM values than measured in the
girdled plots. I believe that this is because both models do not account for the heterogeneity
of carbon ages within the soil layers. In fact, each soil layer is composed of carbon with
different resident times. Very old pre-bomb carbon, which is low in '*C, has accumulated
over time, but hardly contributes to heterotrophic soil respiration. However, in the box and
cascade models, all these carbon fractions contribute equally to soil respiration. Physical or
chemical fractionations of soil layers are necessary to account for the variable contributions
of carbon fractions to heterotrophic soil respiration (Gaudinski et al. 2000, Trumbore and

Zheng 1996). Contrary to the box and cascade models, the two-pool model did yield higher
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pM values than measured in the girdled plots. Assuming that measurements in the girdled
plots underestimate pM, as explained above, pM values calculated by the two-pool model

may in fact be a good estimate of true heterotrophically respired CO,.

Finally, pM values of heterotrophically respired CO, calculated by the three models were
used to estimate the fractions of heterotrophic soil respiration relative to total soil respiration
(Table 7). Both box and cascade models did yield undefined values of either below 0% or
above 100%. The reason is that modeled pM values of heterotrophically respired CO, were
either lower than pM values of autotrophically respired CO, or lower than those of CO,
respired in the control plots. The use of pM values calculated by the two-pool model did yield
fractions of heterotrophic soil respiration ranging from 20% (Wetzstein 35) to 45%
(AhedenPinus). Although these values were lower than values calculated with pM values
measured in the girdled plots, they may be good estimates of the true fractions of

heterotrophic respiration in undisturbed plots.

The results show that "*C can be developed to a powerful method to separate the
contributions of heterotrophic and autotrophic respiration to total soil respiration. The two-
pool model is a promising tool for calculating pM values of heterotrophically respired CO,
especially where girdling cannot be performed (e.g., non-forest ecosystems or in nature

reserves).



36 Isotopic composition of soil CO, and soil respired CO,

4 Isotopic composition of soil CO, and soil
respired CO; in European forests along
a latitudinal and two age gradients

4.1 Introduction

Isotopes haven proven to be a useful tool for studying carbon cycling, from the cell to the
global level. Carbon and oxygen isotopic compositions (°C, '*C and '®O) of different
ecosystem components can be used to quantify the contributions of these components to total
ecosystem fluxes (Yakir and Sternberg 2000). The isotopic composition of CO,-C is strongly
determined by its sources. The main sources of soil derived CO, are autotrophic respiration,
soil organic matter decomposition, and carbonate dissolution. If the isotopic compositions of
CO; derived from these sources differ, their contributions to soil CO; or soil respired CO; can
be estimated. Note that the term “soil CO,” denotes CO, present in a certain soil depth, while
the term “soil respired CO,” represents CO; leaving the soil system at its surface (Amundson
et al. 1998).

8'"°C of organic matter and of CO, respired from this organic matter (e.g., from litter or roots)
varies in time (Buchmann et al. 1997, Schweizer et al. 1999). Variable 8"°C values of
assimilated carbon result from changes in source CO, for photosynthesis (“Suess effect”;
Randerson et al. 2002) and from variations in isotopic discrimination caused by varying ratios
of internal (mesophyll airspace) to external (ambient) CO, concentrations (Farquhar et al.
1989). These variations are caused by abiotic factors, such as water availability, light supply
and nutritional status (Buchmann et al. 1996). The assimilated carbon is transferred to roots
and litter. Therefore, changes in 8'"°C of soil (respired) CO, not only reflect changes in the

contributions of CO; sources, but also changes in environmental conditions.

Mixing ratios and §'3C values of soil CO, have been combined to calculate 83C of soil
respired CO; using Keeling plots and correcting for a constant diffusive fractionation of
4.4%0 (Cerling and Wang 1996). However, since CO, produced in the soil is not evenly(!)
enriched in "*C by diffusive fractionation throughout the soil profile, it is questionable
whether the Keeling plot approach, which requires two constant endmembers, can be applied
to soil CO,. So far, it has not been tested whether 8"°C values determined by the Keeling plot

approach agree with values obtained by other approaches.
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As shown in chapter 3, '*C is a valuable tool for partitioning heterotrophic and autotrophic
respiration. On sites with limestone bedrock, the dissolution of geogenic (*C free) carbonates
may additionally contribute to soil (respired) CO, and significantly lower its '*C content.
However, the contributions of limestone derived CO, to soil (respired) CO, have seldom been
assessed (Li et al. 2002).

8'%0 of ecosystem respired CO, can be used to quantify the contributions of soil derived CO,
(typically low 8'O values) and above-ground plant derived CO, (typically higher 8'°O
values) (Langendorfer et al. 2002, Yakir and Sternberg 2000, Yakir and Wang 1996). CO,-O
in soils is in isotopic exchange with soil H;O-O (Amundson et al. 1998, Hesterberg and
Siegenthaler 1991). The oxygen isotopic composition of soil water, in turn, is influenced by
8'%0 of rainwater and in-situ fractionation processes, mainly evapotranspiration (Craig 1961).
CO; is thought to diffuse out of the soil faster than it can equilibrate with soil water; due to
kinetic isotopic fractionation, CO, remaining in the soil (i.e., soil CO,) would become
enriched in 'O, relative to its equilibrium value with soil water (Miller et al. 1999, Yakir and
Sternberg 2000). Soil CO,-8'®0 may furthermore be influenced by the invasion of
atmospheric CO; into the top soil (Stern et al. 2001, Tans 1998). The magnitudes of these
different effects, which may all influence soil CO,-8"%0 values, are still under debate (Riley
et al. 2002, Stern et al. 2001).

Although the usefulness of isotopes for studying soil and ecosystem processes has been
recognized, data on the isotopic composition of soil respired CO, and especially soil CO,

collected from field studies are still scarce (Amundson et al. 1998).

Thus, the aims of this study were (1) to investigate the spatial and temporal variability of the
isotopic composition of both soil CO, and soil respired CO, in different forest ecosystems
throughout Europe, (2) to quantify the different components contributing to soil respiration,
(3) to determine the factors (e.g., stand conditions, time of year or stand age) controlling the
isotopic composition of soil CO,, soil respired CO, and respiration components, and (3) to
compare the Keeling plot approach for determining 8"°C of soil respired CO, with a simple

chamber method.
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4.2 Methods

4.2.1 Sites

Samples of soil CO, and soil respired CO, were collected from a transect of eight European
forest stands from Northern Sweden to Central Italy, and from two chronosequences in
Germany, a beech (Leinefelde) and a spruce (Wetzstein) chronosequence, each consisting of
four or five stands of different ages. The Wetzstein chronosequence consisted of three stands
additional to those listed in Table 1. These additional stands were aged 9, 66 and 67 years,
respectively. The stands” characteristics were the same as for Wetzstein 35 and 114. For the
Keeling plot calculations, the alpine Norway spruce stand Renon (46°35'N, 11°26'E,
1720 m asl) was included. All stands were part of the European research project FORCAST;

most stands were included in the modeling exercise presented in chapter 2.

4.2.2 Sampling

Gas samples of soil CO, were collected via stainless steel tubes (800 mm length, one end
(300 mm) perforated, 25.4 mm outer diameter) that were installed in the soil of all stands in
autumn 2000 (Figure 11). A soil pit was dug and the tubes were carefully drilled into the soil,
keeping the inclination of the tubes parallel to the soil surface. Typically, tubes were installed
at 7 and 25 cm soil depth. A stainless steel capillary (ID 0.13 mm) was connected to each
tube end. After refilling the soil pit, the capillaries ran from the tube ends to the soil surface.
At each stand, tubes were installed and sampled in three replicates. For sampling, pre-
evacuated flasks (1 1) were connected to the capillary ends at the soil surface via tubes filled
with of Mg(ClOy); (60 mm length, ID 9 mm). The dead volume between flask, Mg(ClO4),
and capillary was evacuated with a hand pump prior to sampling. Afterwards, the flask valve
was opened for 7 hours to draw in sufficient soil air (approximately 800 mbar 1). The small
inner diameter (0.13 mm) of the capillary served as a flow restrictor to limit disturbance of

the soil air system, but allow mass flow.

Soil respired CO, was sampled using the chamber method as described in chapter 3
(Figure 11).
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4.2.3 Isotopic units

In this chapter, '*C contents are given as

2
A x 975
1000 + §"C

abs

A"C = —1] x 1000 %o,

(22)

where A is the '*C activity of the sample, A, is the absolute e activity of the international
standard (NBS oxalic acid), and 8"°C is the 8'"°C value of the sample (Stuiver and Polach
1977). AM™C was used instead of pM, because ¢ contents of soil CO; and soil respired CO,
are generally given in A'*C. In this way, the data can be directly compared to literature
values. Note that, contrary to pM, A"™C of an individual substance does change with time.
Here, A'*C values are given for the year of sampling. A conversion table can be found in the

Appendix.
80 contents are given as

Rsam le (23)
80 =| —"= —1|x 1000 %o,

standard
where Rgample 15 the molar 80/'°0 ratio of the sample and Rgandarqg 1S the molar 30/'°0 ratio of
the international VPDB standard [based on the CG99 scale (CSIRO-AR)].

4.2.4 Analyses, corrections, calculations

Mixing ratios, 8°C and A"C values of CO, were measured as described in chapter 3. The
same corrections for the contribution of atmospheric CO; to total CO, sampled with the

chamber method were applied as described in chapter 3.
8'80 values of CO, in equilibrium with rainwater at soil temperature were calculated using
the equation given by Yakir and Sternberg (2000):

800, =8"0, 40 +

water

(@] -17.93, (24)
T
where T is the temperature in Kelvin. The soil temperature at 5-10 cm soil depth was

measured with a Licor 6400 temperature probe. Rainwater 8'°0 values of the respective areas
were taken from IAEA/WMO (2001).
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4.2.5 Partitioning of soil respiration

The contributions of heterotrophic respiration to total soil respiration were calculated for
those non-limestone stands, where the necessary input data was available. C contents of
heterotrophically respired CO; correspond to modeled pM values of the active pool carbon as
described in chapters 2 and 3 (Two-pool model). Fractions of heterotrophic respiration were
calculated by the '*C approach as explained in chapter 3. Atmospheric air for A'*C analyses
was sampled in-situ as explained in chapter 3. Where no atmospheric air samples were taken,
either A'C values from the atmospheric observation station Jungfraujoch, Swiss Alps
(Ingeborg Levin, University of Heidelberg, personal communication) were used or A"C
values were derived from the A'*C values of the in-situ air sampled in the following year
assuming an annual decline of atmospheric A'*C by 8%o as reported by Levin and Kromer
(1997):

AMC(t)=A"C(t+1)+ 8 %o, (25)

Flux rates of soil respired CO, were measured using a LICOR 6400-9 as described in

chapter 3.

4.2.6 Keeling plot approach

Using mixing ratios and 8'"°C values of soil CO,, Keeling plots as described by Keeling
(1958) were calculated for all stands by geometric mean regression. To account for diffusive
fractionation, a constant value of 4.4%o was subtracted from the intercept to obtain 8"°C of
soil respired CO; as described by Cerling and Wang (1996):

3"°C =35"C, — 4.4 %o (26)

respired intercept

4.3 Results

4.3.1 Spatial variability

Mixing ratios of soil CO, increased with depth at all stands of the European transect during
summer 2001 (July 29 to September 1) (Figure 15). While some stands showed a more
pronounced increase of CO, mixing ratios within the top 10 cm (Flakaliden, Sorg), other
stands showed an almost linear increase of CO, mixing ratios throughout the whole

(measured) soil profile (Hesse, Collelongo and Hainich), assuming that the CO, mixing ratio
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at the soil surface is close to the mixing ratio of atmospheric CO,. Maximum [CO;] values
were close to 1.1% at Flakaliden (25 cm depth) and Hainich (40 cm depth). Generally, the
lowest soil CO, mixing ratios were observed at Loobos and Collelongo. CO, mixing ratios at

similar soil depths varied only little among the three replicates within one stand.

8"°C values of soil CO, ranged from -23.1%o to -16.7%o at the European transect stands in
summer 2001 (Figure 15). Values typically decreased with soil depth and were negatively
correlated with the corresponding CO, mixing ratios (see below). 8'°C values of soil respired
CO, were always lower than those of soil CO,. Values of soil respired CO, ranged from
-27.3%0 (Loobos) to -23.0%o (Collelongo), with standard errors between 0.1%o0 and 0.5%o
(Figure 15 and Table 8). The 8"°C value of soil respired CO, at Collelongo in summer was at

least 2.5%o higher than at any other stand.
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Figure 15. Soil CO, and soil respired CO, of European forest stands in summer 2001. The symbols triangle,
square and circle represent the three sampling locations per site. Symbols combined with an arrow represent soil
respired CO,. Big symbols denote soil respired CO, sampled directly above the soil CO, tubes, while small
symbols indicate soil respired CO, sampled approximately 2 m away from the tubes. Filled diamonds represent
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free air samples. 8"°C values of atmospheric CO, were between -11.0%o and -7.8%o (not shown).
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Table 8. Isotopic signatures of soil respired CO, (chamber method).
Standard errors (SE) are given.

Site Date S3C (%0) SE (%0) n | AMC (%0) SE (%0) n
Flakaliden 14.08.01 -26.7 0.1 3 129.8 5.6 3
Flakaliden 18.-20.10.00 -27.7 0.2 3 76.3 9.8 3

Sorg 20.08.01 -27.0 0.4 3 96.1 13.6 3

Sorg 26.-27.10.00 -28.1 0.1 3 719 2.1 3

Loobos 27.08.01 -27.3 0.3 3 85.9 14.5 3
Loobos 31.10.-02.11.00 | -27.8 04 3 78.8 8.6 3
Hainich 25.03.02 -27.5 0.1 3 81.4 9.0 3
Hainich 07.08.02 -26.1 0.3 3 96.2 10.6 3
Hainich 01.09.01 -25.5 0.2 3 71.9 114 3
Hainich 12.-14.12.00 n.a. n.a. 0 n.a. n.a. 0
Hesse 29.08.01 -25.6 0.5 3 126.0 0.8 2
Hesse 22.11.00 -28.5 0.4 2 110.1 - 1
Renon 10.-12.11.00 -24.4 04 3 130.9 - 1
Collelongo 29.07.01 -23.0 0.3 3 70.8 11.1 3
Collelongo 14.-16.11.00 -25.6 - 1 na. n.a. 0
Leinefelde 30 06.06.01 -26.2 0.6 3 100.5 4.7 3
Leinefelde 62 05.06.01 -26.7 0.5 3 93.5 6.9 3
Leinefelde 111 07.06.01 -27.1 0.2 3 98.6 10.7 2
Leinefelde 153+15 08.06.01 -26.9 04 3 87.0 4.9 3
Wetzstein 9 13.06.01 -26.2 0.2 3 87.7 2.9 2
Wetzstein 35 24.07.02 -25.8 0.2 3 97.2 8.2 3
Wetzstein 66 12.07.01 -25.5 0.5 3 110.1 8.1 3
Wetzstein 67 12.06.01 -25.5 04 3 110.0 4.7 2
Wetzstein 114 15.06.01 -26.2 0.3 3 124.0 - 1
Wetzstein 114 25.07.02 -26.1 0.2 3 104.8 13.9 3
AhedenPinus 13.08.01 -26.4 0.3 3 132.2 7.5 3

n.a. = not available

AM™C values of free air CO, in summer 2001 ranged from 56.6%o (Hainich) to 108.1%o (Sorg)
(Figure 15). Except for Sore, all free air A'*C values were below 82%o, which was the mean
AMC value of atmospheric CO, measured at the observation station Jungfraujoch, Swiss Alps,
in 2001 (Ingeborg Levin, University of Heidelberg, personal communication). A"C values of
soil CO; ranged from 15.1%0 to 118.9%0 and were usually higher at non-limestone stands
(i.e., Flakaliden, Loobos and Hesse). Values tended to decrease with soil depth, except at
Flakaliden and Sore. Soil respired CO, had higher mean AM™C values than free air CO; at all
stands except at Sore. A'*C values of soil respired CO, were generally higher than those of
soil CO; from larger depths, while they were closer to those of soil CO, near the soil surface
(exceptions: Flakaliden, Sorg). Mean values of A'*C of soil respired CO, ranged from 70.8%o
(Collelongo) to 129.8%0 (Flakaliden) and tended to be higher at non-limestone stands
(Table 8).

For six non-limestone stands, the contributions of heterotrophic respiration to total soil

respiration were calculated using the two-pool model (Table 9). Values ranged from only 6%
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heterotrophic respiration at Loobos in autumn to a maximum number of 82% at Flakaliden in
summer. The mean value across all sites and sampling times was 42%. Fractions of
heterotrophic respiration tended to decrease from spring to summer and from summer to
autumn. At Loobos and Wetzstein 114, absolute values of autotrophic soil respiration were
highest during summer. This agrees with flux rate measurements from the girdling
experiments (chapter 3) (Buchmann et al., in preparation). High flux rates of autotrophic CO,
were calculated for the two pine stands, Loobos and AhedenPinus. The two northern stands
Flakaliden and AhedenPinus, but also Hesse, the only beech stand, showed high

heterotrophic respiration fluxes.

880 values of soil CO, ranged from -7.8%o (Flakaliden) to -1.0%0 (Hesse) (Figure 15). They
showed continuous trends with soil depth. Either values decreased with depth (Loobos,
Hainich, Hesse, Collelongo) or they remained constant with depth (Flakaliden, Sore). 8'*0
values of soil CO; at 5-10 cm depth were compared with those of CO, in equilibrium with
rainwater at soil temperature (Figure 16). Rainwater 8'°0 values were taken from
IAEA/WMO (2001). Soil CO, was enriched in '®0 compared to those of rainwater CO, by on
average 0.4%o (A3'°0). These enrichments were most pronounced in samples taken in

October/November.
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Table 9. Shown are A'*C values of heterotrophically respired CO, calculated with the two-pool

model, A"C values of autotrophically respired CO, and A"C values of total soil respired CO,.

The fractions of heterotrophic soil respiration relative to total soil respiration were calculated by

combination of the shown A'C values (equation 17, chapter 3). Absolute flux rates of hetero- and

autotrophic respiration were calculated by multiplying respiration fractions and total measured

flux rates. The precision of A"C is about 7%o.
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Figure 16. Relationship between 8'%0 of soil CO, in 5-10 cm soil
depth and 8'80 of CO, in equilibrium with rainwater at soil
temperature. Filled symbols represent soil CO, samples taken in
October and November, while open symbols represent samples taken
in March, June, July or August. Rainwater data was taken from
IAEA/WMO (2001). Bars indicate standard errors.

4.3.2 Seasonal variability

At the Hainich stand, mixing ratios as well as "°C values of soil CO, showed similar patterns
with depth throughout the year (Figure 17). In December, the spatial variability of [CO,] and
8"°C among the three replicates within one stand was much larger than at any other sampling
date. 8"°C values of soil respired CO, increased at the Hainich stand from -27.5%o in March
to -26.1%o in August and -25.5%o in September (Figure 18A). A'*C values of soil respired
CO; at the Hainich stand increased from March (81.4%0) to August (96.2%0) and sharply
decreased from August to September (71.9%o) (Figure 18B). 8'%0 values of soil CO, at the
Hainich stand showed quite variable patterns throughout the year (Figure 17). While 8'*0 did
not change with depth in March and December, it decreased with depth in August and
September.
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Figure 17. Seasonal change of soil CO, and soil respired CO, at the Hainich stand. The symbols triangle,

square and circle represent the three sampling locations per stand. Symbols combined with an arrow represent

soil respired CO,. Big symbols denote soil respired CO, sampled directly above the soil CO, tubes, while

small symbols indicate soil respired CO, sampled approximately 2 m away from the tubes. Filled diamonds

represent free air samples. 5'°C values of free air CO, were between -11.1%o and -8.7%o (not shown).
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At Wetzstein 114, 8"°C values of soil respired CO, were quite constant from June to July
(-26.1%o; Figure 18A). All other stands showed decreasing 8'°C values from July/August to
October/November. A'“C values decreased from June (124.0%0) to July (105.0%0) at
Wetzstein  114. At all other stands, A'*C values decreased from July/August to

October/November.
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Figure 18. Seasonal course of 8"°C (A) and A'*C (B) of soil respired CO, from
March 2002 to December 2000. Bars indicate standard errors. Stands on limestone
have open symbols. Flakaliden (filled triangles), Sore (open triangles), Loobos (filled

§13C of soil respired CO, (%o)
R
»
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AN

o
[

A'4C of soil respired CO, (%o)

squares), Hainich (open squares), Hesse (filled circles), Collelongo (open circles) and
Wetzstein 114 (filled diamonds).
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4.3.3 Age effects

Comparing mean soil CO, mixing ratios, similar trends of increasing [CO,] with depth were
observed at all four stands of the beech chronosequence in Leinefelde, independent of stand
age (Figure 19). Mean 8'°C values of soil CO, ranged from -23.3%o to -21.6%o at all depths in
Leinefelde. I found similar trends of soil CO, §'%0 values, which decreased with depth at all

Leinefelde chronosequence stands (Figure 19).

8"°C values of soil respired CO, decreased from Leinefelde 30 (-26.2%o) to Leinefelde 111
(-27.1%0), and slightly increased from Leinefelde 111 to Leinefelde 153+15 (-26.9%o)
(Figure 20A). Such a trend could not be found for the Wetzstein spruce chronosequence
(Figure 20B). A'™C values of soil respired CO, increased linearly with stand age at the
Wetzstein chronosequence (R = 0.991, P =0.005), while no consistent trend of A'*C with
stand age was found for the Leinefelde chronosequence.

4.3.4 Keeling plot approach

Mixing ratios and 8"°C values of soil CO, were used to calculate 8"°C of soil respired CO,
with the Keeling plot approach as described by Keeling (1958). To account for diffusive
fractionation in the soil, a constant value of 4.4%o (A8'°C) was subtracted from the calculated
intercept (Cerling and Wang 1996). The results showed that in 18 out of 22 cases, the Keeling
plot approach underestimated 8"°C of soil respired CO, as compared to the chamber method
(Table 10). In three of the four cases, where the Keeling plot approach yielded higher values,

R* was clearly below 0.9.

Leinefelde stands June 5-8, 2001
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%. 10 i > 1L v oo 1 & i
g 7 i
S 201 \Y T \Y T Vv ]
U) 7I | (IJIIOI | 1 | | | | 1 <> 1 1 | @ | 1
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CO, mixing ratio (%) 813C (%o) A™C (%o) 8180 (%o)

Figure 19. Soil CO, and soil respired CO, of the Leinefelde beech chronosequence stands. Triangle =
Leinefelde 30, square = Leinefelde 62, circle = Leinefelde 111, diamond = Leinefelde 153+15. Symbols
combined with an arrow represent soil respired CO,. Filled diamonds represent free air samples. 8'°C values of

free air CO, were between -11.0%o and -8.3%o (not shown).
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Figure 20. Relationships of 8"°C (circles) and A'*C (triangles) of soil respired CO, and
stand age for the Leinefelde beech (A) and Wetzstein spruce (B) chronosequences in
June/July 2001. Bars indicate standard errors. Note that the oldest stand at Leinefelde
had an understory of approximately 15-year-old beech trees. The 66-year-old spruce
stand at Wetzstein was sampled approximately 40 days after the other stands. At the
Wetzstein, A'*C of soil respired CO, increased linearly with stand age (y = 0.35x + 85.7,
R*=0.991, P=0.005)

A4C of soil respired CO, (%o)
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Table 10. Comparison of 8"°C values of soil respired CO, calculated by two different approaches. Standard
deviations (SD) are given. For the Keeling plot approach, n is the number of soil CO, data points (from all
three sampling locations); for the chamber method, n is the number of sampling locations within one stand.
A8"C is the difference between the 5'°C values from the two approaches.

Site Date R? 89C (%) SD (%) n | 85C (%) SD (%) n | ASMC (%)
Keeling plot method Chamber method

Flakaliden 14.08.01 1.000 -27.8 0.0 6 -26.7 0.2 3 -1.1
Flakaliden 18.-20.10.00 0.986 -27.2 0.2 6 -27.7 0.4 3 0.5
Sore 20.08.01 0.999 -28.0 0.1 4 -27.0 0.7 3 -1.0
Sorg 26.-27.10.00 0.865 -27.9 0.2 6 -28.1 0.2 3 0.2
Loobos 27.08.01 0.998 -28.4 0.1 8 -27.3 0.5 3 -1.1
Loobos 31.10.-02.11.00 | 0.663 -27.5 1.6 6 -27.8 0.8 3 0.3
Hainich 25.03.02 0.996 -28.4 0.2 11 -27.4 0.2 3 -0.9
Hainich 07.08.02 0.998 -27.0 0.1 13 -26.1 0.5 3 -0.9
Hainich 01.09.01 0.998 -26.4 0.1 12 -25.5 0.3 3 -0.9
Hainich 12.-14.12.00 0.964 -28.2 0.2 11 n.a. n.a. 0 n.a.
Hesse 29.08.01 0.984 -27.9 0.3 8 -25.6 0.8 3 2.3
Hesse 22.11.00 0.978 -29.9 0.4 4 -28.5 0.6 2 -1.4
Renon 10.-12.11.00 0.542 -26.4 0.5 6 -24.4 0.8 3 -2.0
Collelongo 29.07.01 0.988 -25.3 0.2 7 -23.0 0.5 3 -2.3
Collelongo 14.-16.11.00 0.525 -25.5 0.7 6 -25.6 - 1 0.1
Leinefelde 30 06.06.01 0.995 -27.5 0.2 7 -26.2 1.0 3 -1.3
Leinefelde 62 05.06.01 0.997 -28.1 0.1 7 -26.7 0.8 3 -1.4
Leinefelde 111 07.06.01 0.997 -27.2 0.1 8 -27.1 0.3 3 -0.1
Leinefelde 153+15 08.06.01 0.988 -28.4 0.3 7 -26.9 0.7 3 -1.5
Wetzstein 9 13.06.01 0.997 -28.0 0.1 8 -26.2 0.3 3 -1.8
Wetzstein 66 12.07.01 0.998 -26.6 0.1 7 -25.5 0.9 3 -1.1
Wetzstein 67 12.06.01 0.952 -26.6 0.2 6 -25.5 0.7 3 -1.1
Wetzstein 114 15.06.01 0.791 -27.4 0.3 6 -26.2 0.6 3 -1.2
Wetzstein 114 25.07.02 n.a. n.a. n.a. 0 -26.1 0.3 3 n.a.

n.a. = not available
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4.4 Discussion

4.4.1 Spatial variability

Mixing ratios of soil CO; reflect both CO, production and gas diffusivity in the soil. The two
stands Collelongo and Loobos showed particularly low soil CO, mixing ratios throughout the
profiles (Figure 15). Soils at both stands probably have a high gas diffusivity due to near-
surface limestone at Collelongo and coarse sand in Loobos. Contrary, Flakaliden and Hainich
showed the highest CO, mixing ratios. The soil at the Hainich site is rich in clay and probably
less diffusive for gases. Since the sandy soil at the Flakaliden site should have a good gas
diffusivity, high soil CO, mixing ratios are probably the result of high CO, production in the
soil. The almost linear relationship of CO, mixing ratio with depth (as observed at most
stands) indicates decreasing soil diffusivity with depth. This may be have been due to several
causes, e.g., less perturbations by soil fauna, less aggregates, less root canals or increased soil
moisture in deeper depths. Linear profiles may also indicate high CO, production in larger
soil depths. Contrary, the non-linear profiles (Flakaliden and Sore) indicate that soil
diffusivity did not decrease with depth or that proportionally more CO, was produced closer
to the soil surface. The latter appears to be an appropriate explanation for the Flakaliden
stand, which is nitrogen limited and where, presumably, most roots grow and respire in the

top centimeters of the soil, where most nitrogen is available.

Soil CO; is a mixture of CO, produced in the soil and atmospheric CO.. 8'3C values and
mixing ratios of soil CO, were negatively correlated, mainly due to an increasing proportion
of (isotopically light) CO, produced in the soil with increasing CO, mixing ratio. Later in this
discussion, the possibility is assessed to use this fact for calculating 8'°C of soil respired CO,
by applying a Keeling plot to mixing ratios and §"°C values of soil CO,. In summer, 8"°C
values of soil respired CO, were much higher at Collelongo (-23.0%o) than at all other stands.
The plants at Collelongo obviously suffer from water stress in summer. Water stress causes
stomatal closure, which reduces isotopic discrimination during photosynthesis (Farquhar et
al. 1989). Since recently assimilated photosynthates are the major source for autotrophic
respiration (Horwath et al. 1994, Hogberg et al. 2001), high §"°C values of soil respired CO,
reflect the low water availability at Collelongo in summer. A close relationship between
moisture conditions and 8'"°C of soil respired CO, was also found by Ekblad and Hogberg
(2001).
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AM™C values of free air CO, varied from stand to stand and tended to be lower than the mean
value measured at the atmospheric observation station in Jungfraujoch, Swiss Alps (Ingeborg
Levin, University of Heidelberg, personal communication). The low values can partly be
explained by mixing of fossil fuel derived CO,, but it appears questionable, whether this can
completely explain the low values observed, especially for sites far away from industrial
regions (e.g., Flakaliden). A second reason for the descrepancies may be that atmospheric
observation stations integrate day- and night-time CO,. However, night-time CO, might be
enriched in '*C due to a higher proportion CO, derived from soil respiration (Susan E.
Trumbore, University of California, Irvine, USA, personal communication). In the future,
more attention should be paid to local and temporal deviations from mean atmospheric '*C

contents.

A"™C values of soil CO, were lowest at Sore, Hainich and Collelongo. All these stands have
limestone bedrock. Probably, CO, from the dissolution of geogenic carbonate contributed to
soil CO,. Geogenic carbonate is MC free and has a A'C value of —1000%o. Therefore, a small
proportion of only 1% carbonate derived CO, would lead to a decrease of mean CO»-A'*C by
10 to 12%o (AA'C), depending on the '*C content of CO, from heterotrophic plus autotrophic
respiration. A contribution of carbonate derived CO, to soil CO, is also indicated by
decreasing A'*C values with depth, as carbonate dissolution is assumed to occur mainly in
larger soil depths. However, also non-carbonate soils tended to have decreasing A'*C values
of soil CO, with depth. This must have been due to a higher proportion of old, pre-bomb
CO,-C in larger soil depths. This agrees with many studies that have found decreasing A'"*C
values of soil organic carbon with depth (e.g., Baisden et al. 2002, Chen et al. 2002, O'Brien
and Stout 1978, Pessenda et al. 2001, Torn et al. 2002, Trumbore 2000, Wang et al. 1999).
Similar to soil CO,, also soil respired CO, seemed to contain proportions of carbonate
derived CO, on limestone sites, indicated by low A'*C values. On average, soil respired CO,
on the three limestone sites was depleted in '*C by 34%o (AA'C) compared to non-limestone
sites. This corresponds to a contribution of carbonate derived CO; to total soil respired CO,
of approximately 3%. While few such numbers can be found in the literature (L1 et al. 2002),

these estimates can help to assess weathering rates and nutrient release from bedrock.

A™C values of soil respired CO, were usually closer to soil CO, nearer to the surface than to
those at large depths, suggesting that most CO, was produced in the upper centimeters of the

soil.
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At all non-limestone sites, A'*C values of soil respired CO, were higher than A'*C values of
atmospheric CO,. This agrees with the results of chapter 2 and 3 and confirms that CO,
produced by heterotrophic respiration is enriched in "*C compared to autotrophically respired
CO,. Fractions and flux rates of heterotrophic and autotrophic respiration calculated using the
two-pool model tended to depend on latitude and tree species. While heterotrophic respiration
was high for the northern stands and the beech stand, autotrophic respiration was high for the

pine stands. However, more forest stands need to be investigated to confirm these trends.

Soil CO,-0 is in isotopic exchange with soil H,O-O. Rainwater is believed to be the most
important environmental control on the oxygen isotopic composition of soil CO, (Amundson
et al. 1998, Miller et al. 1999, Mortazavi and Chanton 2002, Riley et al. 2002, Stern et al.
2001, Yakir and Sternberg 2000). Besides rainwater, three main factors determine the oxygen
isotopic composition of soil CO»: (1) Soil water can become enriched in '*O compared to
rainwater by evapotranspiration, which, in turn, also increases 8'°O of soil CO, (Craig 1961).
(2) If CO; diffuses out of the soil faster than it can equilibrate with soil water, soil CO,
becomes isotopically enriched by diffusive kinetic fractionation (Miller et al. 1999, Yakir and
Sternberg 2000). (3) Invasion of atmospheric CO, into the soil can change 'O of soil CO,
(Stern et al. 2001, Tans 1998). Since atmospheric CO; is usually enriched in '*O compared to
soil CO,, this process increases 8'°O of soil CO,. Therefore, all three processes increase '°0
of soil CO, in relation to 80 of CO, in equilibrium with rainwater. However, the results
suggest that in some cases, 8'°O of soil water closer to the soil surface was depleted in '*O
compared to 'O of rainwater (Figure 16). Rainwater 8'°0 data were taken from
IAEA/WMO (2001) and represent averages over large areas. Therefore, in specific cases,
data taken from these maps may under- or overestimate 8'80 values of rainwater at any
specific stand. On average, soil CO, in 5 to 10 cm depth was enriched in "*O compared to
CO, in equilibrium with rainwater by a mean value of 0.4%o (A8'°0). Furthermore, the
enrichments in '*0 were most pronounced in October/November. This indicates that invasion
of atmospheric CO, is the major process responsible for the '*O enrichments. Both evapo-
transpiration and diffusive fractionation are expected to be more pronounced in the summer,
when the soil is drier and more CO, is produced in the soil. Contrary, the invasion effect is
expected to be highest in winter, when (1) atmospheric CO, mixes with lower mixing ratios
of CO; produced in the soil, and (2) the oxygen isotopic difference between atmospheric CO;

and CO; in equilibrium with rainwater is highest.

However, oxygen isotopic enrichment by evapotranspiration may at some stands have played

an important role during summer. This is indicated by decreasing values of soil CO,-8'0
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with depth at Loobos, Hesse and Collelongo (Figure 15). Also at the Hainich stand, de-
creasing summer values of soil CO,-8'%0 with depth indicate isotopic fractionation of top soil
water due to evapotranspiration (Figure 17). This trend was not observed in March and
December, when soil C02—8180 values were constant with depth. Also at Flakaliden and
Sore, soil CO»-8'0 values were constant with depth, indicating that no isotopic fractionation

of soil water did occur.

4.4.2 Seasonal variability

At all stands, 3"°C values of soil respired CO, were highest in summer (Figure 18A). This
was probably due to decreased water availability during summer. Dry conditions lead to
decreasing discrimination against the heavy isotope C during photosynthesis, which is
reflected in higher 8"°C values of soil respired CO, (Ekblad and Hogberg 2001, Farquhar et
al. 1989). Changes in time of soil respired CO,-A"*C may have different causes. Low A'*C
values of soil respired CO; in October/November at Sorg and Collelongo may have been
caused by a higher fraction of CO, derived from geogenic carbonates. Also, the contributions
of heterotrophically and autotrophically respired CO; to total soil respired CO, may vary in
time (Janssens et al 2003b, Wang et al. 2000). My model calculations suggest that the
proportions of heterotrophically respired CO, decreased from August/September to
October/November at the stands Flakaliden, Loobos and Hesse. This contradicts results from
a girdling experiment at AhedenPinus, where the fractions of heterotrophic respiration were
lowest in summer (Hogberg et al. 2001). At Wetzstein 114, the contribution of
heterotrophically respired CO, decreased from June to July. This agrees well with flux data
from the girdling experiment, which showed that the proportion of heterotrophic respiration
is lowest in summer (Buchmann et al., in preparation, Subke et al., in review). Another
explanation could be that the microbial community decomposes substrates of different ages
and '"C contents in summer and autumn. This would cause changing A'*C values of

heterotrophically respired CO, a hypothesis that would need to be tested.

4.4.3 Age effects

At the Leinefelde chronosequence, 8"°C values of soil respired CO, decreased with stand age
from Leinefelde 30 to Leinefelde 111 (Figure 20A). This corresponds to an observed increase
of understory vegetation leaf area indices from Leinefelde 30 to Leinefelde 111 (Gerhard

Gebauer, University of Bayreuth, personal communication). Generally, understory vegetation
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has low 8"°C values, which should be reflected in their mycorrhizal root respiration and this
could explain the differences in 8"°C of soil respired CO, with stand age at the Leinefelde
chronosequence. At Leinefelde, the stands with different ages showed very similar §'°0
values of soil CO,, indicating similar soil hydrological conditions across all stand ages
(Figure 19).

While A"C values of soil respired CO, showed no consistent trend at Leinefelde, A'*C values
clearly increased with stand age at the Wetzstein chronosequence (Figure 20B). This was
probably due to an increasing fraction of heterotrophic respiration with stand age and agrees

with modeled respiration fractions at the two girdling stands (Table 9).

4.4.4 Keeling plot approach

Keeling plots seem to systematically underestimate 8'°C of soil respired CO, (Table 10). The
Keeling plot approach requires two constant endmembers. In the case of soil CO,, the two
endmembers are atmospheric CO, and CO, produced in the soil. However, CO, produced in
the soil is not constant, but - due to diffusive fractionation - is increasingly(!) enriched in °C
with soil depth. Therefore, the relation of 8"°C to the inverse of the respective mixing ratio is
not linear, violating the Keeling plot assumptions. As a result, the Keeling plot intercept is
less than the predicted 4.4%o higher than the 8"°C value of soil respired CO,, due to the
inclusion of soil CO, from the upper soil, which is less than 4.4%o enriched in "*C by
diffusive fractionation. Thus, subtracting 4.4%o from the intercept will lead to underestimates
in 8"C of soil respired CO,. In addition, "°C of CO, produced in the soil may decrease with
depth due to a higher fraction of CO, respired from old SOC, which is depleted in "*C, but

contributes little to total soil respiration (“Suess effect”; Randerson et al. 2002).
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5 Concluding discussion

In this study, I tackled two major challenges of carbon cycle research. The first challenge was
to elucidate the amounts and turnover times of active soil organic carbon and to use this
information for answering the question to what extent soils can sequester carbon and thereby
buffer the accumulation of CO, in the atmosphere (chapter 2). The second major challenge
was to partition soil respiration into its heterotrophic and autotrophic components (chapters 3
and 4). An additional task was to elucidate and explain patterns of the isotopic composition
(*C, C and '0) of soil CO, and soil respired CO, (chapter 4). Investigations were
performed for a variety of European forests across a latitudinal gradient, including two

chronosequences.

Major uncertainties exist about the potential of soils for carbon sequestration. On short to
intermediate time scales, only the active fraction of SOC can sequester significant amounts of
carbon. Consequently, within this study, a new model (“two-pool model”) was developed for
calculating the turnover time of the active soil organic carbon pool (chapter 2). In addition to
the turnover time, the two-pool model also yields the amount of this active carbon, which is
distributed throughout the soil profile and which cannot be determined by older models. The
amount of active soil carbon can provide important information about soil carbon dynamics
and soil carbon sequestration potential (see below). The two-pool model overcomes major
deficiencies of older models, particularly in constraining the '*C content of carbon entering
and leaving SOC. Using soil incubation experiments, the new model was successfully
validated. While the two-pool model offers major advantages over older models, it does

require the amount of litter production as an additional input variable.

The model calculations of chapter 2 clearly demonstrate that soils can sequester carbon and
thereby increase the amount of organic carbon stored in soils. However, the potential
magnitude of soil carbon sequestration is much lower than some of the numbers discussed in
the prevailing literature, i.e., clearly below 1 t C ha™ yr. Provided that carbon is not eroded
from the soil or imported from other soils, soil carbon sequestration depends on two variables
only: (1) The amount of carbon input into SOC and (2) the rate at which this SOC turns over.
There is a large uncertainty about how SOC turnover may change under shifting climatic
conditions. Using the new two-pool model, patterns of active pool turnover were identified
for a large number of European forest soils. Turnover times varied by a factor of more than
four, but no clear relationship with climatic or geographic variables such as mean annual

temperature (MAT), rainfall, nitrogen deposition, soil carbon stocks or latitude could be
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found. This contradicts other studies, which revealed decreasing SOC turnover times with
increasing mean annual temperatures over a wider range of temperatures (Giardina and Ryan
2000, Raich and Schlesinger 1992, Sanderman et al. 2003, Trumbore et al. 1996). In contrast,
soil respiration rates did not increase in a boreal forest after the soil temperature was
experimentally increased by a constant offset of 5 °C compared to the control (Stromgren
2001). Possibly, daily and seasonal patterns of temperature and moisture are more important
for determining SOC turnover times than mean annual values. Furthermore, it remains
unclear whether other variables like soil biodiversity also influence SOC turnover. However,
MAT did have a major effect on the amount of active carbon, which increased by 3.4t C
ha™ °C™ (P <0.001). Since the turnover time of the active carbon pool was unaffected by
MAT, this increase must have been due to the amount of carbon input as litter (above- and
below-ground), which increased likewise with MAT (0.27 t C ha™ yr'! °C”, P=0.001). On a
continental scale, like in this study, MAT is positively related to the length of the growing
season and to solar radiation (van Dijk et al., submitted). Since both growing season and solar
radiation control net primary production and thereby litter input, climatic changes involving
higher temperatures, longer growing seasons and higher radiation could increase net soil
carbon sequestration. While Cap increased significantly with mean annual temperature, the
total amount of SOC did not. This suggests that the amount of non-active carbon is
independent of mean annual temperature and litter input. Instead, the non-active carbon pool
may primarily depend on soil texture, especially on the clay content (Telles et al. 2003).
Thus, climate change could alter the amount of carbon stored in the active pool, but would

leave the much larger non-active, recalcitrant carbon pool unaffected.

A key task for ecosystem carbon budgeting is the partitioning of heterotrophic and auto-
trophic soil respiration. Both fluxes involve major losses of carbon from ecosystems, but
available partitioning methods are limited and mostly destructive. Thus, a new partitioning
approach was developed, which involves the use of '*C and the new two-pool model. This
new approach, which can be applied to a wide range of different ecosystems, was
successfully validated in three different girdling experiments. Using the new partitioning
approach, both relative and absolute flux rates of heterotrophic and autotrophic soil
respiration were calculated for six different forest stands and different times of year.
Heterotrophic and autotrophic respiration varied considerably, both in time and among
stands. The results indicate that heterotrophic and autotrophic soil respiration were related to
latitude and tree species, but more stands need to be investigated to confirm these findings.

Compared to most older approaches, the new '*C partitioning approach has the advantage that
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it is non-destructive and can therefore be applied repeatedly at the same locations in order to
follow temporal changes in heterotrophic and autotrophic soil respiration. Apart from
providing new insights into how terrestrial ecosystems function, the new partitioning
approach can also help to improve global carbon cycle models, which include hetero- and

autotrophic respiration as important variables.

With the presented new approaches for amount and turnover of active SOC and for CO, flux
partitioning, I provide powerful and innovative tools for carbon cycle research. Both
approaches can be applied to a wide range of ecosystems, from tundras to savannas, from
agricultural fields to forests. They enable the separate investigation of active soil carbon
(amount and turnover), heterotrophic and autotrophic soil respiration and the elucidation of
factors controlling these variables. In this study, several questions of carbon cycle research
could be answered, but also new questions were raised. As a next step, these questions ought
to be tackled using the new approaches developed in this study, combined with other

innovative approaches:

To elucidate the factors that control the highly variable turnover times observed, it would be a
promising task to compare the new '*C model with independent bottom-up models for SOC
turnover, which take into account synergetic effects of different factors controlling SOC
turnover and short-term variations of climatic variables like temperature and moisture. These
investigations should concentrate on stands like Waldstein and AuburePicea., which showed
surprisingly different turnover times despite similarities in species composition and site

conditions.

The new two-pool model overcomes some of the major deficiencies of older models and was
successfully validated. Nevertheless, it can still be improved. The model assumes an
exponential decay of fresh litter, which becomes part of the active carbon pool. However,
decomposition studies suggest that litter decay slows down with time (Berg et al. 1996, Latter
et al. 1998). A promising mathematical approach that can account for this effect is the
“hockey stick” function, described by Feng and Li (2001). While the simple exponential
decay function contains only one variable, the hockey stick function contains two to three.
Therefore, more constraints for SOC turnover are required. One constraint could be
decomposition studies performed in the field or in the lab. Also >C can serve as an additional
constraint, when a vegetation shift has changed the ">C content of carbon input into SOC.
This phenomenon is well known for shifts from C3 to C4 plants, but also shifts from
grassland or deciduous forest to evergreen forest (or vice versa) change 8'°C of litter input by
approximately 3%o (A8"C) (Hahn 2000). Another potential constraint may be *H (tritium).
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Similar to '*C, atmospheric *H contents increased rapidly during nuclear bomb tests in the
1950s and 1960s. Via rain, water uptake and litter, the *H enriched hydrogen has been
transferred to plant and soil organic matter (Davis et al. 2002). While some organic hydrogen
is in isotopic exchange with water, hydrogen directly bound to carbon atoms (as, e.g., in
alkanes) is not exchangeable (Schimmelmann et al. 1999). Since the half-time of *H is only
12 years (compared to 5730 years for '*C), the *H content of old, inactive organic matter
should be close to zero. There seems to be no literature on this so far, but *H may in fact be a

powerful, additional constraint for SOC turnover.

The '*C approach has proven a promising tool for partitioning heterotrophic and autotrophic
soil respiration. Nevertheless, some uncertainty remains about the '*C content of true
heterotrophically respired CO, in undisturbed stands. The new approach ought to be
compared further with other methods for determining the "*C content of heterotrophically
respired CO; and for partitioning respiration fluxes. One approach would be to determine the
'C content of heterotrophic, short-lived soil microbes and fungi, which should correspond to
the "*C content of the CO, they respire. Furthermore, it ought to be tested whether the 'C
content of heterotrophically respired CO; is constant or if it depends on temperature, moisture
or time of year. The partitioning method was only applied to soil respiration. Since nearly all
heterotrophic respiration occurs in the soil and all autotrophic respiration involves the loss of
recently assimilated carbon, it should also be possible to apply the '*C approach to total
ecosystem respiration. In this case, the '*C content of ecosystem respiration could be
determined by the application of Keeling plots to canopy CO, (Buchmann and Ehleringer
1998, Pataki et al. 2003).
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6 Abstract

One of the most controversial aspects of carbon cycle research is the potential of soils to
serve as sinks for atmospheric CO,, which is believed to drive global warming. In this study,
major aspects of the soil carbon cycle, which determine soil carbon sequestration, and their
potential responses to changes in climate and other environmental factors were elucidated and
explained. These include amounts and turnover times of soil organic carbon (SOC),
heterotrophic and autotrophic soil respiration and isotopic patterns (°C, '*C and '*0) of soil
CO; and soil respired COs.

A new model (“two-pool model”) was developed, which uses the '*C content of soil organic
carbon (SOC) to calculate amount (Cap) and turnover time (TTap) of the active soil carbon
pool (chapter 2). Contrary to older "*C turnover models, the new two-pool model focuses on
the active component of soil carbon, as only the active pool can change its size significantly
on short to intermediate time scales, a process involving carbon sequestration. The two-pool
model overcomes major deficiencies of older models, particularly in respect to the 'C
content of carbon input to SOC and of carbon output from SOC. The model was successfully
validated in incubation experiments and applied to 25 forest stands in Europe. Both Cap and
TTap varied by a factor of more than four, ranging from 11.6 to 55.7 t C ha and from 4.5 to
18.3 years, respectively. TTap did not show significant relations with stand specific factors
like latitude, mean annual temperature (MAT), annual rainfall, nitrogen deposition or stand
age. In contrast, Cap increased highly significantly with mean annual temperature (3.4
tCha'°C"', P<0.001). Likewise, measured litter input increased with MAT (0.27
tCha” yr' °C", P=0.001). MAT is closely related to the length of the growing season and
to solar radiation. These variables drive net primary production and thus litter production and
can therefore explain the positive relationship between Cap and MAT. As a consequence,
climatic changes involving higher temperatures, longer growing seasons and higher solar
radiation could enhance soil carbon sequestration. However, sequestration rates were
simulated for three different forest soils by gradually increasing litter input or active pool
turnover time by 50%, respectively, and the results clearly show that potential carbon
sequestration rates are low compared to numbers discussed in the prevailing literature and

decrease rapidly once litter input or turnover times stop increasing.

The potential of using '*C contents of soil respired CO, to calculate the contributions of
heterotrophic and autotrophic respiration to total soil respiration was experimentally assessed

in the field (chapter 3). Respiration is the most important process causing carbon losses from
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soils and ecosystems, and the partitioning of its heterotrophic and autotrophic components is
of utmost importance to assess implications of environmental change on soil carbon cycling
and sequestration. At three forest stands in Sweden and Germany, where autotrophic
respiration had been strongly reduced by girdling, both flux rates and '*C contents of soil
respired CO, were measured in the summers of 2001 or 2002. At all stands, CO, flux rates
were higher in the control plots, while the '*C contents of respired CO, were higher in the
girdled plots. This was expected and confirmed that heterotrophically respired carbon cycles
more slowly through the forest ecosystem than autotrophically respired carbon. Data on flux
rates and '*C contents were used in two separate approaches to calculate the contributions of
hetero- and autotrophic respiration to total soil respiration. Fractions of heterotrophic
respiration ranged from 53 to 87% and values calculated by both approaches did not differ

significantly from each other.

1%C contents of heterotrophically respired CO, were not only measured in the girdled plots,
but also calculated by three different '*C turnover models, including the new two-pool model
(chapter 3); the respective '*C values were then used for calculating the fractions of hetero-
trophic soil respiration. The aim was to assess the potential of using models for CO, flux
partitioning. While the two older models gave lower '*C values than measured in the girdled
plots, the new two-pool model resulted in higher values. However, girdling may cause the '*C
content of CO; respired in the girdled plots to be lower than true heterotrophically respired
CO; in undisturbed plots. This is because some roots may continue to respire young starch
reserves in the girdled plots, dying fine roots may feed young carbon to heterotrophs and
decreased root activity may decrease the decomposition of relatively old SOC (decreased
“priming”). Heterotrophic respiration fractions calculated using the two older models were
not defined (i.e., <0% or >100%). Heterotrophic respiration fractions calculated using the
two-pool model were smaller compared to calculated fractions using the '*C values measured
in the girdled plots, but may be close to the true fractions of heterotrophic respiration in

undisturbed plots due to the aforementioned girdling effects.

The new partitioning method was applied to soils of six non-girdled European forest stands
using the two-pool model for calculating the '*C content of heterotrophically respired CO,
(chapter 4). Fractions of heterotrophic respiration ranged from 6 to 82% with a mean of 42%.
Absolute CO; flux rates of heterotrophic respiration were high for northern stands and a
beech stand, while autotrophic respiration rates were high for pine stands. Heterotrophic and

autotrophic soil respiration could not be partitioned on limestone stands due to the dissolution
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of "C free geogenic carbonates. The average fraction of soil respired CO, derived from

carbonate dissolution was estimated to be about 3%.

Spatial and temporal patterns of '*C, '>C and '*O contents of soil respired CO, and soil CO,
were determined and explained for a variety of European forest stands, which formed a
latitudinal gradient and included two age chronosequences (chapter 4). These isotopic
patterns of soil CO, and soil respired CO; can provide information about the contributions of
different processes to ecosystem fluxes. A large variability with both latitude and time of year
was found for the "*C content of soil respired CO,. At all stands, "°C contents were highest in
summer, probably due to decreased water availability. >C contents of soil respired CO,
determined by a Keeling plot using "*C contents of soil CO, were lower than values
determined by a simple chamber method. The Keeling plot method seems to systematically
underestimate the *C content of soil respired CO, due to isotopic fractionation during
diffusion of CO, that is produced within the soil. The '“C content of soil respired CO,
increased linearly with stand age (P =0.005) at a spruce chronosequence in June/July,
indicating an increasing fraction of heterotrophic respiration with stand age. Soil CO; in 5-10
cm depth was on average enriched in 'O compared to CO, in isotopic equilibrium with
rainwater by 0.4%o (A8'°0). This enrichment was mainly caused by the invasion of %0

enriched atmospheric CO; into the soil.
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9 Appendix

Appendix 1. Conversion of A'C into pM, and of pM into A'C for the years 1996* and 2002%. A'*C values
are generally given for a defined year. Contrary to pM, A"C of an individual substance (e.g., a sample of
soil organic carbon or CO,) changes with time. The conversion equation is given below.

AMC (%) M (%) pM (%)° M (%) AMC (%) AMC (%0)°
.55 95.0 95.1 95.0 .55 -56
-50 95.5 95.6 95.5 -50 .51
45 96.0 96.1 96.0 -45 -46
-40 96.5 96.6 96.5 -40 41
235 97.0 97.1 97.0 -35 -36
-30 97.5 97.6 975 230 231
25 98.0 98.1 98.0 25 226
20 98.5 98.6 98.5 220 21
-15 99.0 99.1 99.0 -15 -16
-10 99.6 99.6 99.5 -11 -11
-5 100.1 100.1 100.0 -6 -6
0 100.6 100.6 100.5 -1 -1
5 101.1 101.1 101.0 4 4
10 101.6 101.6 101.5 9 9
15 102.1 102.1 102.0 14 14
20 102.6 102.6 102.5 19 19
25 103.1 103.1 103.0 24 24
30 103.6 103.6 103.5 29 29
35 104.1 104.2 104.0 34 33
40 104.6 104.7 104.5 39 38
45 105.1 105.2 105.0 44 43
50 105.6 105.7 105.5 49 48
55 106.1 106.2 106.0 54 53
60 106.6 106.7 106.5 59 58
65 107.1 107.2 107.0 64 63
70 107.6 107.7 107.5 69 68
75 108.1 108.2 108.0 74 73
80 108.6 108.7 108.5 79 78
85 109.1 109.2 109.0 84 83
90 109.6 109.7 109.5 89 88
95 110.1 110.2 110.0 94 93
100 110.6 110.7 110.5 99 98

A = for the year 1996
B = for the year 2002

A“C = Bhgxexp(—ji:lgégj—l x1000%o ,
100 8267

where Y is the year of interest.
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Appendix

Appendix 1 (continuation).

AMC (%) PM (%) pM (%)® oM (%) AMC (%) AMC (%0)°
105 111.1 1112 111.0 104 103
110 111.6 111.7 111.5 109 108
115 112.1 112.2 112.0 114 113
120 112.6 112.7 112.5 119 118
125 113.1 113.2 113.0 124 123
130 113.6 113.7 113.5 129 128
135 114.1 114.2 114.0 134 133
140 114.6 114.7 114.5 139 138
145 115.1 115.2 115.0 144 143
150 115.6 115.7 115.5 149 148
155 116.1 116.2 116.0 154 153
160 116.6 116.7 116.5 159 158
165 117.2 117.2 117.0 164 163
170 117.7 117.7 117.5 168 168
175 118.2 118.2 118.0 173 173
180 118.7 118.7 118.5 178 178
185 119.2 119.2 119.0 183 183
190 119.7 119.8 119.5 188 188
195 120.2 120.3 120.0 193 192
200 120.7 120.8 120.5 198 197
205 1212 1213 121.0 203 202
210 121.7 121.8 121.5 208 207
215 122.2 122.3 122.0 213 212
220 122.7 122.8 122.5 218 217
225 123.2 123.3 123.0 223 222
230 123.7 123.8 123.5 228 227
235 124.2 124.3 124.0 233 232
240 124.7 124.8 124.5 238 237
245 125.2 125.3 125.0 243 242

A = for the year 1996
B = for the year 2002
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Appendix 2. 'C contents (A'*C and pM) of atmospheric CO, measured at atmospheric observation
stations in Europe and derived from tree ring "*C measurements. A'*C values are given for the
referred year. The pM value of an individual substance (e.g., CO, collected in a specific year) does
not change with time.

Year  AMC (%)  pM (%) Year  AMC (%) pM (%)
1510 11 95.8 1967 624 162.7
1530 12 96.1 1968 565 156.8
1550 9 96.2 1969 545 154.9
1570 7 96.1 1970 529 153.3
1590 4 96.2 1971 499 150.3
1610 -3 95.7 1972 466 147.0
1630 -4 95.8 1973 419 142.3
1650 6 97.0 1974 401 140.5
1670 10 97.6 1975 370 137.4
1690 14 98.3 1976 353 135.7
1710 18 98.8 1977 334 133.8
1730 11 98.4 1978 326 133.0
1750 5 98.1 1979 296 130.0
1770 0 97.8 1980 265 126.9
1790 -7 97.4 1981 257 126.1
1810 2 98.5 1982 238 124.3
1830 4 98.9 1983 224 122.9
1850 -1 98.7 1984 209 121.4
1870 -5 98.6 1985 201 120.6
1890 -2 99.1 1986 189 119.5
1910 -7 98.8 1987 181 118.6
1930 -14 98.4 1988 171 117.7
1950 -25 97.5 1989 164 116.9
1951 -25 97.5 1990 152 115.7
1952 -25 97.5 1991 141 114.7
1953 -24 97.6 1992 136 114.1
1954 -21 97.9 1993 126 113.2
1955 -8 99.2 1994 121 112.7
1956 27 102.7 1995 116 112.2
1957 73 107.4 1996 107 111.3
1958 140 114.1 1997 102 110.8
1959 228 122.9 1998 99 110.5
1960 212 121.4 1999 95 110.2
1961 222 122.3 2000 88 109.5
1962 359 136.0 2001 82 108.8
1963 718 172.1 2002 75 108.1
1964 836 183.9

1965 756 175.9

1966 692 169.5

14C data from 1510 to 1889 were taken from Stuiver, M. and T. F. Braziunas. 1993. Sun, ocean, climate, and
atmospheric '*CO,: An evaluation of causal and spectral relationships. The Holocene 3: 289-305, and from
Stuiver, M., P. J. Reimer and T. F. Braziunas. 1998. High-precision radiocarbon age calibration for terrestrial
and marine samples. Radiocarbon 40: 1127-1151. For the period from 1890 until today, see chapter 2.
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