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Abstract The radiocarbon signature of the atmo-
sphere is frequently used as a tracer to derive and val-
idate turnover estimates of soil organic carbon (SOC).
Such models often rely on steady-state assumptions
and presume a direct correspondence between the
atmospheric signature of CO, and that of residues
entering the soil with or without a time-lag. The input
of combustion products either from recent (i.e. char-
coal) or fossil sources (e.g. diesel soot) violates this
premise on account of its non-continuous delivery
over time, the lack of *C in fossil black carbon BO)
and its high inertness compared to plant residues. In
this study, possible effects of BC inputs (0.6-5 t BC
ha~! of different '“C age and supplied at different
dates) on turnover calculations are discussed using
hypothetical but realistic scenarios for two sites: cold
grassland and temperate cropland. The carbon turn-
over model RothC 26.3 was used for the simulations.
Turnover times may be over- or underestimated by up
to 30%, depending on the underlying scenario. In the
majority of cases, such effects are more pronounced
and longer lasting at the colder site owing to its
slower cycling. The models’ inherent inert carbon
pool improves the match of turnover times compared
to runs where inert carbon is not accounted for. This
is, however, achieved at the expense of mismatching

J. Leifeld (D)

Agroscope Reckenholz-Tinikon Research Station ART,
Reckenholzstrasse 191, 8046 Zurich, Switzerland
e-mail: jens.leifeld @art.admin.ch

the amount of BC when the latter is '*C-young. The
impact of BC on '“C-based turnover calculations is
disproportionate with respect to its amount, and an
independent record of carbon fluxes and/or BC inputs
and characteristics is suggested whenever BC is
assumed to play a role in the ecosystem under investi-
gation.
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Introduction

Spiking the atmosphere with '4C from testing nuclear
weapons during the late 1950s and early 1960s
(‘bomb '*C’) has introduced an artificial radiocarbon
label to the biosphere that can be used to validate soil
organic carbon (SOC) turnover models (e.g. Jenkin-
son and Coleman 1994; Trumbore 2000). The advan-
tage of using bomb !*C is its ubiquity, which makes
turnover calculations largely independent of directed
labelling experiments or studies relying on changes of
vegetation with different photosynthetic pathways
and thus isotopic signatures of the plant residues (C3—
C4). Bomb '“C turnover calculations are relatively
straightforward under steady-state assumptions, i.e.
when carbon inputs equal outputs of the soil system
over the long-term and when annually fixed carbon
has the same signature as the atmosphere of the same
year. There is some uncertainty associated with time-
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lags between assimilation and residue input, and this
has been treated elsewhere (Hahn and Buchmann
2004). Non-steady-state conditions can also be
tracked with '“C, provided that both recent and
archived soil samples are available (e.g. Trumbore
etal. 1996; Bol et al. 2005); however, this is only
rarely the case.

Ensuring that a simulation model not only matches
measured SOC contents, but also '“C leads to a more
substantiated turnover estimate is of great importance
for predicting future SOC levels. However, the above
concept of '“C turnover calculations based on annual
inputs of plant residues as the major or even sole
source of SOC becomes skewed under conditions of
(i) occasional and thus non-steady-state input of
organic materials with any bomb *C signature, and
(ii) inputs with a radiocarbon signature that largely
differs from that of the plant materials. In the first
example, such a situation may derive from occasional
inputs of black carbon (BC) from vegetation fires that
enters the soil not annually, but only once or in dec-
adal intervals. Vegetation fires are part of natural veg-
etation successions in many ecosystems and also play
a role as man-made disturbances, for example, during
slash-and-burn agriculture. Whereas the '*C signature
of the produced charcoal equals that of the biomass,
fossil BC derived from incomplete combustion of
fuels such as coal or diesel is '*C-free and thus dilutes
the bomb label (second example).

In the present study, both forms of BC (charcoal and
fossil BC) are considered as biochemically inert over
the time horizon of the modelling experiment (i.e.
between 34 and 100 years). The pathways of BC
consumption in soil are still not fully understood, but
turnover times of charcoal are considered to be small
compared to non-pyrogenic organic matter (Glaser
et al. 2002) and the assumption of relative ‘inertness’
over decades seems justified given that charcoal parti-
cles with an age of several millennia have been
detected in topsoils (Carcaillet 2001). It has been
shown, however, that BC is decomposed in soil (Cheng
et al. 2006), and combined biological and chemical oxi-
dation, delocation, or consumption by subsequent fires
have been discussed as possible causes (Czimczik et al.
2003). Assuming a hypothetical oxidation rate of 0.01
a~! (i.e. half of that of humified organic matter in the
RothC 26.3 model; Coleman and Jenkinson 1999) and
first-order decay, a BC reservoir would be reduced by
40% in 50 years.
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The goal of this exercise is to quantify the system-
atic error in '*C-based turnover calculations as a con-
sequence of irregular inputs of (i) charcoal and (ii)
fossil BC for situations in which the presence and age
of BC is overlooked or unknown. This work is placed
in the ‘Synthesis and Emerging Ideas’ section
because it is a synthetic study querying the traditional
kinetic pool thinking and its consequences for our
understanding of soil carbon dynamics. This study
uses a carbon turnover model to simulate two sites as
examples: a cold grassland and a temperate cropland.
The RothC 26.3 soil carbon model was selected for
the simulations because it computes radiocarbon ages
together with SOC dynamics, it considers a so-called
inert carbon pool that is actually excluded from car-
bon cycling, and because it has been previously
shown that the inert pool of the model could be
parameterized using measured charcoal contents for a
range of Australian soils (Skjemstad et al. 2004).

Sites and modelling

The cold grassland [mean annual temperature (MAT)
0.9 C, mean annual precipitation (MAP) 1,231 mm,
17% clay, 44.7 t SOC ha~! 0-20 cm] is located in the
canton of Valais, Switzerland. The temperate crop-
land is located in the Swiss Central Plateau (MAT
9.5°C, MAP 1,100 mm, 44% clay, 57.5 t SOC ha™!
0-20 cm). Soil carbon stocks of both sites were mea-
sured in 2005 using replicated coring. For both sites,
the atmospheric '“C activity, expressed as percent
modern carbon (pMC), was compiled using records
from various sources: for 1511 to 1954 from Stuiver
et al. (1998), for 1959 to 1983 (site ‘Vermunt’) from
Levin et al. (1994), and for 1977 to 1997 (site ‘Schau-
insland’) from Levin and Kromer (1997). The period
between 1954 and 1959 was linearly interpolated. The
exponential decrease in the '“C activity at ‘Schauins-
land’ was used to extrapolate the declining trend from
‘Vermunt’ to the year 2020. The Austrian site ‘Ver-
munt’ is geographically close to the two other sites.
Because “C activities in the Northern hemisphere
vary considerable from site to site and because the
shape of the bomb peak is of uppermost importance
for reliable turnover estimates (Bruun et al. 2005), the
‘Vermunt’ series represents the core of the atmo-
spheric record used here. '*C time-series are
expressed as pMC and consist of '“C measurements
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referenced to the NBS oxalic acid standard and cor-
rected for isotopic fractionation on the basis of §'°C
analysis (Stuiver and Polach 1977).

The above-mentioned site data were taken to simu-
late stocks and turnover times with the RothC 26.3
soil carbon model (Coleman and Jenkinson 1999).
The '“C series of the model was replaced by the time-
series described above. One advantage of RothC is
the simultaneous modelling of carbon dynamics and
SOC 'C signatures. The model consists of four
kinetic and one so-called inert pool (IOM) that is
uncoupled from the turnover and has a virtual '*C age
of 50,000 years. The IOM accounts for the very old
soil carbon. In the first modelling experiment, the
IOM pool was set to zero and the model was run in
the inverse mode to simulate plant inputs and mean
residence times (MRT) of the undisturbed SOC
stocks, as measured in the field assuming equilibrium
conditions, and for computing *C values for the year
2020. The latter was chosen arbitrarily to stress the
hypothetical nature of the study. In the second model-
ling experiment, the size of the IOM pool was
allowed to be adjusted by the model in order to match
both the measured SOC stock and the radiocarbon
age. This mode has been developed and applied by
Jenkinson etal. (1992) and later by Ludwig et al.
(2007) for the simulation of long-term experiments
and the inverse calculation of plant inputs.

The *C data from equilibrium runs of the undis-
turbed SOC stocks above (hereinafter referred to as
the control) were modified with (i) single pulses of
charcoal of 1,2 and 5 t ha™! in the year 1986 and (ii)
5 tin 1954. The input years were selected to represent
(i) maximum effects of a single spike with a *C sig-
nature of 115.9 pMC (equivalent to the signature of
70-year-old wood in 1986) and (ii) the effect of a sin-
gle pulse of charcoal in 1954 (70-year-old wood,
pMC 98.2), i.e. before the bomb peak. Radiocarbon
signatures of the wood were calculated assuming a
linear tree growth rate and using the *C model of
Harkness etal. (1986). Input rates are within the
range of single fire events, as discussed by Preston
and Schmidt (2006). A second virtual experiment rep-
resents an annual input of 0.01 t fossil BC (e.g. soot;
pMC = 0; representing diffuse pollution) over 60
years from 1921 to 1980, leading to an additional
input of 0.6 t C ha™! over this period. For the resulting
SOC stocks and their corresponding '*C ages, the
model was again run in the inverse mode to equilib-

rium to match both the *C values of the BC scenarios
and their corresponding SOC stocks either with or
without an IOM pool. In any case, the BC does not
enter a specific pool of the model (which would need
a priori knowledge), but is described by changes in
the amount and radiocarbon signature of the bulk
SOC. Effects of BC on turnover calculations were
obtained by comparing the control run (i.e. that repre-
senting the dynamics of each site without BC) with
the runs in which BC was added to soil. No reduction
of plant residue input after char incorporation (i.e.
after a fire event) is considered in the simulations.
Previous runs (not shown) indicated that this effect is
negligible if a full recovery of primary productivity of
grassland or cropland in the following 1-2 years is
assumed.

Results and discussion

Figures 1 and 2 show the SOC radiocarbon signature
of both sites (bulk soil 0-20 cm) for the different BC
inputs and the control run without BC. From approxi-
mately 1960 onwards, the radiocarbon increase mim-
ics the atmospheric increase but is buffered by the
large amount of SOC with subatmospheric '*C con-
centrations present in the soil relative to the small
amount of carbon with atmospheric 4C levels. For
comparison, atmospheric radiocarbon values in the
time-series peak in 1964 at 183.5 pMC. The cold site
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Fig. 1 '*C activity (percent modern carbon, pMC) of soil car-
bon in cold grassland over a period of 80 years without black
carbon (BC) addition (control) and for different BC treatments
(see text). BC inputs are in t ha~". 'C activities of charcoal are
98.2 (year 1954) and 115.9 (year 1986) pMC. Total added
amount of fossil BC (!*C-free) is 0.6 t ha™!
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Fig. 2 '%C activity (percent modern carbon, pMC) of soil car-
bon in temperate cropland over a period of 80 years without
black carbon (BC) addition (control) and for different BC treat-
ments (see text). BC inputs are in t ha~!. "C activities of char-
coal are 98.2 (year 1954) and 115.9 (year 1986) pMC. Total
added amount of fossil BC (!*C-free) is 0.6 t ha™!

has a lower radiocarbon level than the temperate soil
because of its much smaller productivity and thus res-
idue inputs and a longer mean residence time of car-
bon. At both sites, charcoal inputs in 1986 with bomb
14C concentration of 115.9 pMC shift the '*C signa-
ture towards higher values compared to undisturbed
soil, while pre-bomb injection of charcoal with 98.2
pMC and of fossil BC with 0 pMC leads to a lower
modelled “C curve. The BC effects are larger at the

cold site for most treatments with respect to calcu-
lated MRT or pMC in 2020 (Table 1).

A soil survey in 2020 would yield the predicted
carbon stocks and corresponding radiocarbon values
in Table 1.

Under the premise that the BC history of the sites
is not known, SOC stocks would be simulated by
matching the measured SOC and '*C values for the
given site conditions (climate, soil, etc.) by changing
the input rate of plant residues (i.e. as proposed by
Jenkinson et al. 1992). For model computations with-
out an inert carbon pool, these simulations would
result in MRT and steady-state inputs of carbon given
in the ‘A’ columns of Table 1. Compared to the con-
trol site (in bold), MRT at the cold site are underesti-
mated by up to 19.1 years (+5 t char ha~! in 1986)
and overestimated by a maximum of 17.3 years (0.6 t
fossil BC ha™'). The effect of adding 5 t char in 1954
is negligible owing to the similar signature of added
BC and pre-bomb SOC and the slow replacement of
pre-bomb material by bomb carbon. The bias is
smaller for the warmer site, where BC effects are
blurred by a faster turnover. An exception to this is
the addition of 5 t char ha™! in 1954, which leads to a
MRT that is 2.1 years longer than the control com-
pared to only +0.2 years for the cold site. This exam-
ple underpins the need to quantify site-specific effects.
It is notable that for a particular site—given the

Table 1 Soil carbon stocks, '4C activity (percent modern carbon, pMC) for the year 2020 and corresponding mean residence times
(MRT) and steady-state residue inputs of a cold grassland and a temperate cropland for different BC treatments

Scenario SOC 2020 pMC MRT A Input A MRT B Input B
(tCha™h 2020 (%) (years) (tCha'a™ (years) (tCha~'a™)
Cold grassland control (a, b) 44.7 99.1 65.7 0.68 55.6 0.80
+1 t ha™! charcoal 1986 (c) 45.7 99.5 60.2 0.76 55.4 0.83
+2 tha~! charcoal 1986 (d) 46.7 99.8 56.4 0.83 55.4 0.84
+5 t ha™! charcoal 1986 (e) 49.7 100.6 46.6 1.07 55.4 0.90
+5 tha~! charcoal 1954 (f) 49.7 99.0 65.9 0.75 55.6 0.89
+0.6 t ha™! fossil BC over 60 years (g) 45.3 97.8 83.0 0.55 56.3 0.80
Temperate cropland control (a, b) 57.5 106.2 14.9 3.87 14.9 3.87
+1 t ha™! charcoal 1986 (c) 58.5 106.4 14.2 4.11 14.9 3.94
+2 tha~! charcoal 1986 (d) 59.5 106.6 13.7 4.34 14.9 4.00
+5 t ha™! charcoal 1986 (e) 62.5 107.0 12.2 5.10 14.9 4.21
+5 tha~! charcoal 1954 (f) 62.5 105.7 17.0 3.68 14.9 4.19
+0.6 t ha~! fossil BC over 60 years (g) 58.1 105.1 19.0 3.05 15.0 3.87

A: RothC with IOM = 0; B: IOM simulated

Values of controls in bold
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uncertainty of carbon stock measurements—large
differences in MRT may occur for SOC stocks that
are virtually identical.

Whereas inverse modelling with kinetic pools
alone is close to the inherent assumption of other
common pool-based models, RothC should give bet-
ter results for the scenarios when the IOM pool is
included because this pool resembles the inertness of
BC. When the model is allowed to adjust its IOM
pool size to the SOC stocks and '“C ages of the year
2020, the match between the MRT of the control,
given as ‘control A’, and the simulations is improved
(‘B’ column in Table 1) and the spread of the MRT
between the different scenarios becomes small. The
root mean square error (RMSE) relative to the control
MRT is 19.0% and 16.6% for simulations without
IOM and 15.4% and 0.4% for those with IOM for the
alpine and temperate site, respectively. However, the
model systematically underestimates the turnover
time at the alpine site by approximately 10 years
whereas it matches the control value at the temperate
site almost perfectly.

The improved match of turnover times in the sce-
narios including IOM is accomplished through a flex-
ible size of the models’ IOM pool. That is, the amount
of virtually inert carbon is adjusted according to the
combined constraint of preset radiocarbon value
(pMC 2020 in Table 1) and site-specific decomposi-
tion rate constants. What are the consequences of this
adjustment for the comparison of scenario BC con-
tents and the models’ IOM pool size? Despite an
improved match between control and simulated turn-
over calculations of the bulk SOC at the temperate
site, the model strongly underestimates the BC con-
tent for any of the charcoal treatments at both sites
(Fig. 3, scenarios c—f), because this char has a young
radiocarbon signature in contrast to the models’ IOM
pool. BC amounts are reasonably computed by RothC
for the case of fossil BC addition (scenario ‘g’)
because this material has the same *C age as the IOM
pool. For a scenario without BC addition, the model
computes negligible IOM pools of <0.2 t C ha™! (and
thus close to the control of zero) in order to match the
14C content in the bulk soil.

Computed steady-state inputs change inversely to
the turnover time, but at a relatively higher rate
(Table 1). The effect is again more pronounced at the
colder site. For example, input rates without IOM for
the scenario +5 t ha~! char in 1986 are higher by 57%

tC ha

scenario

tCha
w

;Aﬂllﬂ

a b c d e f g
scenario

Fig. 3 Size of the inert pool modelled by RothC (black bars)
compared to the size of the black carbon pool in the scenarios
(white bars), where a = IOM and BC of the control sites (i.e. ze-
r0); b = control but with calculation of IOM by the model; ¢ =
+1 t charcoal 1986; d = +2 t charcoal 1986, ¢ = +5 t charcoal
1986; f = 5 t charcoal 1954; g = 0.6 t fossil BC over 60 years.
Upper panel: alpine site, lower panel: temperate site

compared to the control run, whereas C stocks differ
by only 11%. Without independent measurements of
input rates using methods other than '“C dating and
SOC turnover modelling, the picture of carbon fluxes
through the soil could become alarmingly biased. In
case BC is degraded in soil, but more slowly than
plant residues, the model would still deviate from the
control but at a smaller value, depending on the BC
decomposition rate, which is probably a function of
BC type and climate.

The above scenarios discuss systematic errors or
biases that occur independently of random variation
(e.g. spatial heterogeneity, sampling or analytical
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errors). The latter, however, typically determine the
actual measurability of effects in practice. For both
model applications, either with or without IOM, the
differences in radiocarbon content amongst the sce-
narios must be seen in view of these errors. For exam-
ple, the analytical error of the '*C measurement by
AMS is approximately 0.7 pMC (1o, Bol et al. 2005).
Without replicated measurements, an addition of 1
and 2 t charcoal in 1986 or of 5 t in 1954 would not be
analytically distinguishable from the control at both
sites, and only the high charcoal input in 1986 and the
fossil BC scenario would significantly affect the *C
contents in 2020.

The scenarios demonstrate the need for indepen-
dent measurements other than stocks or ‘bomb’
radiocarbon values to estimate the kinetics of SOC.
This can be achieved by a separate quantification of
fluxes or historical records of BC inputs. However,
once incorporated into the soil architecture, the iso-
lation, quantification and dating of BC is challeng-
ing. Skjemstad et al. (2004) successfully initialized
RothC for long-term experiments from two Austra-
lian sites by measuring charcoal to size the IOM
pool of the model. Despite this evidence, it remains
unknown whether this match in pool size also refl-
ects a match in age because no radiocarbon datings
were used in their study. Given the high age of IOM
in the RothC model, any assignment of radiocarbon
younger than 50,000 years to this pool will inevita-
bly result in a faster cycling of carbon in the kinetic
pools if measured soil radiocarbon values are to be
matched (see Table 1 cold grassland control MRT
‘A’ versus ‘B’). This is the case for char from vege-
tation fires, which has a recent radiocarbon signa-
ture, in contrast to fossil fuel-derived soot or coal. If
the actual date of charcoal origin is known, the mod-
els’ IOM age could be accordingly adopted and the
turnover estimate would become more realistic at
the same time.

Some long-term agricultural experiments in
Europe indicated a comparatively low radiocarbon
activity (Rethemeyer et al. 2005; Helfrich et al. 2007;
Ludwig et al. 2007; Jenkinson et al. 2008), and it has
been hypothesized that possible contamination by
fossil BC or coal may have contributed to this
(Schmidt et al. 1996, Leifeld et al. 2006; Jenkinson
et al. 2008). This study supports the view of a need
for a more rigorous examination of the role of BC for
reliable calculations of soil carbon dynamics.
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