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a b s t r a c t

Modelling of soil respiration plays an important role in the prediction of climate change.

Soil respiration is usually divided in a fraction originating from root respiration and a het-

erotrophic fraction originating from microbial decomposition of soil organic carbon. This

paper reports on the coupling of an one-dimensional water, heat and CO2 flux model

(SOILCO2) with a pool concept of carbon turnover (RothC) for the prediction of soil het-

erotrophic respiration. In order to test this coupled model, it was applied to a bare soil

experimental plot located in Bornim, Germany. Soil temperature and soil water content

measurements were used for comparison with the respective model predictions. An 8 years

data set of CO2 efflux measurements, covering a broad range of atmospheric conditions, was

used to evaluate the model. In a first step we quantified the improvement of the CO2 efflux

prediction due to the coupling of the flux model with a pool concept of carbon turnover. The

humus pool decomposition rate constant and its soil water content dependent reduction

were derived from the first 5 years of CO2 efflux measurements using inverse modelling.

The following 3 years of measurements were used to validate the model. The overall model

performance of CO2 efflux predictions was acceptable with the measured and simulated

mean daily respiration being 0.861 and 0.868 g C m−2 d−1, respectively, and a mean absolute

difference between modelled and measured rates of 0.21 g C m−2 d−1. The inverse estimation

of the humus decomposition rate constant resulted in a value of 0.04 year−1, which is higher

than the default value in RothC. This is attributed to the agricultural practice during the

experiment.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Soil respiration, as a part of the carbon cycle, is one key fac-
tor in the prediction of climate change (IPCC, 2007; Smith et
al., 2003; Davidson and Janssens, 2006). In this context, the
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accurate modelling of soil respiration plays a major role, since
models, that are validated for present conditions may be used
to predict soil CO2 efflux under future boundary conditions,
like increased temperatures or elevated CO2 levels. Changes
in the soil carbon pools contribute significantly to soil res-

0304-3800/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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piration. These changes, in combination with shifts in plant
carbon fixation, determine ecosystem carbon storage below-
ground and its exchange with the atmosphere (Paustian et
al., 2000). Small changes in the soil carbon stocks have a
considerable impact on the atmospheric CO2 at the global
scale (Eliasson et al., 2005), since soil organic matter contains
about twice as much carbon as the earth’s atmosphere. A good
understanding of the influence of soil water content and tem-
perature on the microbially mediated release of CO2 from soil
carbon stocks is crucial for an accurate prediction of climate
effects on global carbon cycling (Fang and Moncrieff, 2001; Zak
et al., 1999). A global increase in decomposition rates due to
increased temperatures could cause the release of more soil
carbon. However, if the soil temperature increase coincides
with drier soil conditions, the increase could be dampened
(Zak et al., 1999). Thus, a sound estimation of soil respiration
as a function of soil temperature and water content is crucial
to the understanding of global climate change.

Existing models to predict soil respiration can be divided in
two categories that differ in temporal scale and methodology.
On the other hand, models like SOILCO2 (Šimůnek and Suarez,
1993), the model of Cook et al. (1998) or the model of Pumpanen
et al. (2003) were developed to estimate the soil CO2 efflux at
the scale of hours to days. These models focus on a physically
based description of CO2 transport in the soil. Typically, these
models treat the CO2 production in a simplified way by using
an optimum respiration rate as a source term constant in time
and/or space (Šimůnek and Suarez, 1993; Pumpanen et al.,
2003). On the other hand, carbon turnover models like RothC
(Coleman and Jenkinson, 2005), CENTURY (Parton et al., 1994)
or CANDY (Franko et al., 1997) usually operate at the tempo-
ral scale of months to decades using pool concepts to account
for microbiological carbon decomposition (Smith et al., 1997).
RothC, like all other carbon turnover models, assumes that
CO2 production by microbial decomposition is immediately
rejected to the atmosphere. Further, the carbon turnover mod-
els are mostly bulk models based on a conceptual approach
(Smith et al., 1997; Molina and Smith, 1998). Although these
models account for the influence of the abiotic factors soil
temperature and soil water content on carbon decomposition
(Smith et al., 2003), they do not resolve these variables over the
depth of a soil profile. Usually soil organic matter is partitioned
into at least two pools or compartments, characterised by dif-
ferent decomposition rate constants. Typically, the models in
this category lack a feedback mechanism between local CO2

concentration in the soil profile and microbial CO2 produc-
tion from carbon decomposition, although it should be noted
that some of the CO2 transport models of the first category
also neglect this (Suwa et al., 2004; Hashimoto and Komatsu,
2006).

The availability of combined CO2 transport and carbon
turnover models is still limited. To our knowledge, there are
three models that use a pool concept of carbon turnover in
combination with a CO2 transport module. One is PATCIS
(Fang and Moncrieff, 1999), which applies a two-pool carbon
concept but is focussed on forest ecosystems and requires
soil water content and temperature as input. Another one is
PASTIS (Cannavo et al., 2006), which applies a combined C
and N biotransformation module (Garnier et al., 2003). The
third one is the model of Jassal et al. (2004), which applies a

two-pool carbon turnover concept with a CO2 transport model
very similar to the model of Šimůnek and Suarez (1993). In
this paper, we coupled a model of water flux, heat and CO2

transport (SOILCO2, Šimůnek and Suarez, 1993) with the pool
concept of a well-known and state-of-the-art carbon turnover
model (RothC-26.3, Coleman and Jenkinson, 2005) to allow for
a closed soil carbon balancing and a holistic description of
soil carbon cycling and respiration. We envision that the use
of a carbon pool model leads to a better description of the
CO2 production and the dynamics of the soil carbon stocks,
whereas the use of a flow and transport model improves the
description of the soil state variables, which in turn deter-
mine the rate constants in the pool model. In contrast to
the three ‘coupled’ models mentioned above, the coupled
SOILCO2/RothC model has the advantage of using an estab-
lished concept with pools, that are measurable (Falloon et al.,
1998; Skjemstad et al., 2004; Zimmermann et al., 2007) and for
which rate constants and environmental correction factors are
documented. To test the coupled model of CO2 transport and
carbon turnover, the predictions for heterotrophic soil respira-
tion are compared to respiration measurements made with a
closed chamber system on a bare soil plot. The aims were to (i)
test the coupled model concept and to validate the model for
the prediction of CO2 efflux; (ii) improve our understanding of
the influence of soil water content and temperature on micro-
bial CO2 production under field conditions; and (iii) estimate
the decomposition rate constants of the recalcitrant carbon
pools by model inversion with measurements of CO2 efflux.

It should be noted that soil respiration is usually divided in
a fraction originating from root respiration (autotrophic) and
another fraction originating from microbial decomposition of
soil organic carbon (heterotrophic). For long-term averages,
the heterotrophic fraction is almost as large as the autotrophic
fraction and contributes significantly to the production of CO2

by soils (Akinremi et al., 1999; Smith et al., 2003; Saiz et al.,
2006). Unfortunately, it is cumbersome to separate root res-
piration from CO2 originating from microbial activity in an
experimental way (Trumbore, 2006; Scott-Denton et al., 2006).
In this study, the focus is on heterotrophic respiration. Future
studies should also consider root respiration and its interac-
tion with environmental variables.

2. Materials and methods

2.1. Soil water, heat and CO2 flux

SOILCO2 (Šimůnek and Suarez, 1993) is a physically based one-
dimensional model for soil water and heat flux as well as for
CO2 transport. Since the original approaches of SOILCO2 for
water, heat and CO2 flux in the water and gas phase were not
modified in the coupled model, we describe them only briefly.
The unsaturated soil water flux is described by the Richards
equation:

∂�

∂h

∂h

∂t
= ∂

∂z

[
k(h)

(
∂h

∂z
− 1

)]
− Q (1)

where t is the time [T], z is the vertical coordinate [L], � is
the volumetric water content [L3 L−3], h is the pressure head
[L], k is the unsaturated hydraulic conductivity [L T−1] and Q
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is a source/sink term [T−1]. The soil water capacity ∂�/∂h and
the unsaturated hydraulic conductivity function k(h) are cal-
culated according to Van Genuchten (1980). Soil heat transport
is described by:

Cp(�)
∂T

∂t
= ∂

∂z

[
�(�)

∂T

∂z

]
− Cwqw

∂T

∂z
(2)

where T is the soil temperature [K], � is the apparent thermal
conductivity [W L−1 K−1], Cp is the volumetric heat capacity
of the porous medium [J L−3 K−1], Cw is the volumetric heat
capacity of the soil water [J L−3 K−1] and qw is the water flux
[L T−1].

Transport of CO2 is simulated by considering diffusion Jda

[L T−1] and convection Jca [L T−1] in the gas phase, as well as dis-
persion Jdw [L T−1] and convection Jcw [L T−1] of CO2 dissolved
in the liquid phase:

∂cT

∂t
= − ∂

∂z
(Jda + Jdw + Jca + Jcw) + S (3)

where cT [L3 L−3] is the total volumetric concentration of CO2

and S [L3 L−3 T−1] is the production term of CO2. The con-
centration of CO2 in the liquid phase is assumed to be in
instantaneous equilibrium with the gas phase concentration.
The predominant transport process for CO2 is the diffusion in
the gas phase, calculated according to

Jda = −�aDa
∂ca

∂z
(4)

where �a is the volumetric air content [L3 L−3], ca is the vol-
umetric CO2 concentration in the gas phase [L3 L−3] and Da

is the effective soil matrix diffusion coefficient of CO2 in the
gas phase [L2 T−1]. This effective diffusion coefficient accounts
for the tortuosity of the pore space and is calculated by the
Millington–Quirk approach:

Da = Das
�

7/3
a

�s
(5)

where Das is the diffusion coefficient of CO2 in free air [L2 T−1]
and �s is the saturated water content [L3 L−3]. The estimation
of the CO2 transport caused by air advection in the soil is
based on a piston gas flow assumption, which implies that any
water volume change in the soil profile must be immediately
matched by a corresponding change in gas volume:

qa(z) = qw(0) − qw(z) +
∫ Lr

z

Q(z) dz (6)

where qa is the soil air flux [L T−1] and Lr is the length of the soil
profile [L]. For a more detailed description of the CO2 transport
processes the reader is referred to the work of Šimůnek and
Suarez (1993).

2.2. Production of CO2

In the original version of the SOILCO2 model the total source
term of CO2 production S [L3 L−3 T−1] is the sum of the pro-
duction by soil micro-organisms �S [L3 L−3 T−1] and plant

roots �P [L3 L−3 T−1]:

S = �S + �P (7)

The value of �S in the original SOILCO2 is calculated from an
optimal CO2 production rate �S0 [L3 L−2 T−1], which is constant
in time and distributed with an exponential function over the
profile depth:

�S(z) = �S0a e−a(Lr−z) (8)

where Lr is the profile depth [L]. The exponential function
is scaled with the constant a to ensure that the function is
normalized according to the depth of the soil profile.

For the modified version of SOILCO2, the pool concept of the
carbon turnover model RothC-26.3 (Coleman and Jenkinson,
2005) is used to estimate the CO2 production by soil micro-
organisms. It is assumed that soil organic matter (SOM) is
composed of a variety of organic compounds, which are char-
acterised by different decomposition rates. C-pools group
substances with decomposition rates of the same order of
magnitude. In the RothC model, SOM is partitioned into five
compartments, where the inert organic matter pool (IOM)
[M L−3] is resistant to decomposition. The other four compart-
ments are actively decomposed. These are the decomposable
plant material (DPM) [M L−3], the resistant plant material (RPM)
[M L−3], the microbial biomass (BIO) [M L−3] and the humified
organic matter (HUM) [M L−3]. Incoming plant carbon is parti-
tioned between DPM and RPM. Both DPM and RPM decompose
to form CO2, BIO and HUM. The partitioning between CO2, BIO
and HUM depends on the clay content of the soil using the
following equation:

b = CO2

BIO + HUM
= 1.67 (1.85 + 1.6 e−0.0786 clay 100) (9)

where the clay fraction [M M−1] is expressed on a gravimetric
basis. The fraction of CO2 carbon xCO2 is thus equal to b/(b + 1).
Both BIO and HUM decompose to generate more CO2, BIO and
HUM. The ratio CO2/(BIO + HUM) for the decomposition of BIO
and HUM is the same as for the decomposition of DPM and
RPM. The decomposition process is assumed to follow first-
order kinetics:

∂Cx

∂t
= Cx(−�x

∏
j

fj) (10)

where the change of the concentration of any soil organic mat-
ter pool Cx [M L−3] with time is characterised by the respective
optimum decomposition rate �x [T−1], which is scaled with
the product of the reduction factors fw for pressure head, fT

for temperature and fCO2 for CO2 concentration:

∏
j

fj = fTfwfCO2 (11)

For the decomposition of DPM and RPM, Eq. (10) can be
extended by the input from plant material CP inp [M L−3]. This
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can be written in the discrete form as:

Cp,i = (Cp,i−1 + yinp,xCP inp,i−1) e−�
∏

j
fj �t (12)

where Cp is the concentration of the pool [M L−3], the index
p loops over the fast pools DPM and RPM and yinp,x = 0.59 for
x = DPM and 0.41 for x = RPM (Coleman and Jenkinson, 2005),
i is the index for the time increment and �t is the length of
the time step [T]. The incoming carbon from plant material Pin

[M L−2] is distributed evenly across the soil up to a given depth
Dp [L] to calculate the carbon input from plant material:

CP inp = Pin

Dp
(13)

Thus, the concentration of the decomposed carbon from DPM
and RPM dp [M L−3] is equal to:

dp,i = (Cp,i−1 + yinpCP inp,i−1)[1 − e−�
∏

j
fj �t] (14)

The BIO and the HUM pool are charged by all active pools:

Cs,i = Cs,i−1 e−�
∏

j
fj �t + xp

4∑
r=1

dr,i (15)

where xp is equal to (1 − xCO2 ) × 0.45 and (1 − xCO2 ) × 0.54 for
BIO and HUM, respectively. Here, index s loops over the BIO
and HUM pool, and index r loops over the four pools DPM, RPM,
BIO and HUM. The concentration of the decomposed carbon
from BIO and HUM ds is equal to:

ds,i = Cs,i−1[1 − e−�
∏

j
fj �t] (16)

Thus, the total mass concentration of CO2 carbon [M L−3]
equals the sum of the CO2 carbon produced from DPM, RPM,
BIO and HUM:

CCO2C,i = xCO2

4∑
r=1

dr,i (17)

The CO2 mass concentration CCO2 [M L−3] is calculated from
the CO2 carbon mass concentration CCO2C [M L−3] by scaling
with the ratio between the molecular mass of CO2 and C,
which is 0.044 kg mol−1/0.012 kg mol−1. The CO2 mass concen-
tration is converted into a volumetric concentration assuming
an ideal gas:

VCO2 = CCO2 RT
MCO2 P

(18)

where VCO2 is the volumetric CO2 concentration [L3 L−3], R is
the universal gas constant (=6.2 × 1014 kg cm2 d−2 K−1 mol−1)
[M L2 T−2 K−1 n−1], T is the absolute temperature [K], MCO2 is the
molar mass of CO2 (=0.044 kg mol−1) [M n−1], and P is the atmo-
spheric pressure (=7.6 × 1012 kg cm−1 d−2) [M L−1 T−2]. The CO2

production rate, which replaces the �S of the original approach
in Eq. (7), is calculated according to

�S = VCO2

�t
(19)

The reduction of the CO2 production as a function of the
CO2 concentration is based on Michaelis–Menten kinetics
(Šimůnek and Suarez, 1993). The original SOILCO2 approach
was slightly modified in order to obtain a value of 1.0 for opti-
mum conditions:

fCO2 (ca) = 0.21 − ca

0.42 − ca − K∗
M

+ 1 − 0.21
0.42 − K∗

M
for ca < 0.21

fCO2 (ca) = 0.0 for ca ≥ 0.21
(20)

where ca is the CO2 concentration [L L−3] and K∗
M is the

Michaelis’ constant for the CO2 concentration [L3 L−3], which
was set to 0.19 cm3 cm−3.

The reduction factors for pressure head are calculated
according to Šimůnek et al. (1996):

fw(h) = 1.0 for h1 ≤ h ≤ +∞

fw(h) = log10|h| − log10|h2|
log10|h1| − log10|h2| for h2 ≤ h < h1

fw(h) = 0.0 for − ∞ ≤ h < h2

(21)

where h1 is the pressure head for optimum conditions [L], and
h2 is the pressure head below which CO2 production ceases
[L]. According to Rodrigo et al. (1997) this functional relation
between pressure head and CO2 production, originally devel-
oped by Andrén and Paustian (1987), was frequently applied
to describe the influence of soil water availability on microbial
activity.

Compared to Šimůnek and Suarez (1993), the original
Arrhenius-type temperature reduction function was shifted
to obtain values of 1 for the RothC reference temperature Tref

[K] of 282.4 K:

fr(T) = e[E(T−Tref)/RT Tref] (22)

where T is the absolute temperature [K] and E is the reaction
activation energy [M L2 T−2 n−1].

2.3. Experimental data

The data was obtained at the experimental plot of the Institute
of Agricultural Engineering in Bornim, close to Berlin (Ger-
many). The predominating soil type is an arenosol (Hellebrand
et al., 2003), which properties are summarized in Table 1. The
bare soil plot, where the CO2 efflux measurements were car-
ried out, was kept free from plants by grubbing up to a depth of
10 cm whenever a small amount of weeds became visible. Due
to this weeding practice small amounts of fresh plant input,
mainly root material, were incorporated into the soil at the
weeding dates. However, we further simply refer to the plot
as a ‘bare soil plot’, since this is the closest description of the
experimental conditions.

Average daily soil temperature at a depth of 20 cm was
determined from measurements made between 1 February
1999 and 31 October 2000 (Fig. 1). Soil water content was deter-
mined gravimetrically at 12 plots surrounding the bare soil
plot by using mixed samples taken from 0 to 30 cm depth
from 25 March 2003 to 20 December 2005. The 12 plots were
planted with different crops. Mean average soil water content
and standard deviation are calculated by bulking the data from
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Table 1 – Properties of the soil genetic horizons: clay fraction (<2 �m), silt fraction (2–53 �m), soil organic carbon SOC, bulk
density �b and soil hydraulic properties according to Van Genuchten (1980): saturated water content �s, residual water
content �r, inverse of the bubbling pressure ˛, shape parameter n and saturated hydraulic conductivity Ks

Horizon Depth (cm) Clay (g g−1) Silt (g g−1) SOC (g g−1) �b (g cm−3) �s (cm3 cm−3) � (cm−1) n (−) Ks (cm d−1)

Ap 0–30 0.062 0.159 0.0084 1.35 0.428 0.139 1.42 442.8
Ahl 30–60 0.060 0.183 0.0055 1.45 0.386 0.110 1.44 235.1
Bt 60–82 0.174 0.206 0.0020 1.50 0.350 0.097 1.34 88.0
Cv 82–100 0.122 0.257 0.0010 1.50 0.367 0.084 1.38 86.9

Fig. 1 – Simulated (red line) and measured (points) soil
temperature at 20 cm depth. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of the article.)

the 12 plots (Fig. 2). Typically, the plots were sampled every
week. Since the plots were cropped, only the measurements
outside the vegetation period were considered in the model
validation.

From January 1999 until December 2006, CO2 effluxes were
measured with a closed chamber system and an automated
gas chromatograph (GC) approximately every second day
(Hellebrand et al., 2005). The gas flux chambers had a volume
to area ratio of 0.315 m (volume 0.064 m3, diameter 0.509 m).

Fig. 2 – Simulated (green line) and measured average (dots)
soil water content (0–30 cm depth), bars indicate standard
deviation. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version
of the article.)

Fluxes were measured between 9.00 and 10.00 a.m. Two evac-
uated gas samplers (100 cm3 bottles with taps) were connected
to each box. The first one was opened when the box was put
on the water sealed ring inserted in the soil and the second
one after about 1 h enclosure time. The samplers were then
connected to the GC injection control system. The GC used
an electron capture detector to determine the CO2 concentra-
tion. The increase in concentration observed for 1 h periods
was used to calculate the CO2 efflux (Hellebrand et al., 2003).
In order to detect erroneous flux measurements, e.g. due to dif-
ficulties with air tightness during the sampling procedure, the
whole data set was filtered. A moving average of five consec-
utive measurements was calculated and measurements that
were not within the range of the moving average ± the stan-
dard deviation of the entire data set (=0.56 g C m−2 d−1) were
discarded (4% of the measurements). During the first 5 years
(t ≤ 1825 d), the period for which the model was inverted, 861
CO2 efflux measurements were available. For the following
3 years (validation period, 1825 d < t < 2920 d), 566 measure-
ments were available. Due to the weeding practice small
amounts of fresh plant material entered the soil. In order
to match the modelled SOC in the top soil with the mea-
sured SOC values, it was found that 177 g C m−2 year−1 (this
is the net primary production) must have entered the soil
as fresh plant material. The respiration of this fresh plant
material contributed to 43% of the total measured CO2 respira-
tion. The amount of fresh plant material was obviously linked
to a certain amount of autotrophic respiration, which also
contributed to the measured CO2 fluxes. Assuming that the
autotrophic respiration was 50% of the net primary production
of every year (Kirschbaum et al., 2001), which was assumed to
be 177 g C m−2 year−1, the autotrophic respiration was 21.5% of
the total measured respiration. To ensure that the model inver-
sion for the estimation of the carbon pool decay rates was only
based on heterotrophic CO2 fluxes, the measured CO2 fluxes
were reduced by 21.5%.

2.4. Model setup and initialization

The reference evapotranspiration was computed according to
the Penman–Monteith approach from daily air temperature,
air humidity, wind speed and sunshine duration (Smith et
al., 1996). The latter was used to estimate daily net radia-
tion. The meteorological data was measured at the station
of the German Weather Service located in Potsdam, approxi-
mately 10 km away from the experimental plot in Bornim. The
potential reference evapotranspiration was converted into the
required potential evaporation (Fig. 3) by scaling with a factor
of 0.9 (Penman, 1948).
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Fig. 3 – Measured daily precipitation (black surface),
measured air temperature at 2 m (red dots), simulated
potential evaporation (blue line) and simulated actual
evaporation (green line) for the simulation period. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of the
article.)

The soil hydraulic properties (saturated water content
�s [L3 L−3], inverse of the bubbling pressure ˛ [L−1], shape
parameter n and saturated hydraulic conductivity Ks [L T−1])
were estimated with the pedotransfer functions of Rawls and
Brakensiek (1985) from clay content, silt content and bulk den-
sity (Table 1). The residual water content �r was assumed to be
zero for all soil horizons. Since no measurements were avail-
able, the bulk density was set to standard values increasing
with profile depth. Except for the plough horizon, the carbon
content of the deeper soil layers was not known and therefore
estimated (Table 1).

The initial relative fraction of each carbon pool [M M−1] was
assumed to be constant with depth (i.e. fraction of IOM is 8%
of soil organic carbon for each soil horizon, see Table 2). Since
the plot was cleared 2 years before the start of the experi-
ment, it was assumed that no fresh plant material was present
anymore. Thus, the RPM and DPM pool were initially set to
zero. The IOM fraction was calculated from the total SOC
using the pedotransfer function developed by Falloon et al.
(1998). After consideration of DPM, RPM and IOM, the remain-
ing soil organic carbon must equal the sum of the HUM and
the BIO pool. The relatively small BIO fraction of this sum was
determined by assuming a BIO to HUM pool ratio of 0.0272
(Zimmermann et al., 2007). These pool fractions were then
used to initialise the model (Table 2).

The upper boundary for the water flow was defined by
atmospheric conditions. At the bottom of the profile at 1 m

depth, a Dirchlet boundary (h = −200 cm) was imposed. For
heat transport, the air temperature measured at 2 m was used
as a time dependent Dirichlet boundary condition at the soil
surface. The bottom boundary was set to a constant soil tem-
perature using a Dirichlet boundary condition (Table 3). The
atmospheric CO2 concentration was imposed as a time inde-
pendent Dirichlet boundary condition at the top of the soil
profile, while a no-flux boundary condition was imposed at the
bottom for the CO2 transport. For the discretization in space,
we used 100 elements of 1 cm thickness each.

2.5. Model inversion

The coupled SOILCO2/RothC model was inverted for the
parameter h2 of the water content reduction function (Eq.
(21)) and the decomposition rate constant for the HUM pool
�HUM. The inverse estimation of the HUM decomposition rate
constant was necessary because the original rate constant
resulted in a rather strong underestimation of the CO2 efflux.
The h2 parameter was also inverted since it influenced the esti-
mation of �HUM and was not known a priori. The h2 parameter
slightly affects the temporal course of CO2 production within
a year, whereas �HUM strongly influences the total amount of
CO2 production. The Nelder–Mead Simplex algorithm (Nelder
and Mead, 1965) was used to invert the model. The objective
function used in the inversion equally weighted the coefficient
of determination between measured and modelled daily CO2

effluxes and the overall sum of measured and modelled CO2

efflux. To allow a consistent comparison between the original
SOILCO2 model and the coupled model, the SOILCO2 model
was inverted for the h2 parameter and the optimal CO2 pro-
duction �S0 in Eq. (8) with the same procedure.

2.6. Inversion and validation criteria

For the inversion and validation we used various criteria to
quantify the agreement between the measurements and the
model predictions. The first criterion was the mean absolute
error MAE, which is simply the mean of the absolute residuals.
Also a commonly used criterion for model validation is the
root mean square error (RMSE), where the root of the mean
squared residuals is calculated. MAE and RMSE have the unit
of the considered variable. The squared residuals are also used
for the second criterion applied, which is the coefficient of
model efficiency EF (Nash and Sutcliffe, 1970). Here they are
used to determine the proportion of the deviation from the

Table 2 – Initial RothC pools of the arenosol and pool fractions; biomass carbon BIO, humic fraction HUM, inert organic
matter IOM and total soil organic carbon SOC

Horizon BIO (g C m−2) HUM (g C m−2) IOM (g C m−2) SOC (g C m−2)

Ap 84 3050 273 3406
Ahl 59 2138 191 2388
Bt 16 591 53 660
Cv 7 242 22 270

Fraction (%) 2 90 8 100
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Table 3 – Selected model input parameters and initial conditions

Parameter Value Unit

K∗
m Michaelis’ constant 0.19 cm3 cm−3

E Activation energy 55.5 kJ mol−1

Das Diffusion coefficient of CO2 in air 13737.6 cm2 d−1

Dws Diffusion coefficient of CO2 in water 1.529 cm2 d−1

�w Dispersivity in water 1.5 cm
h1 Critical pressure head −70 cm
hini Initial pressure head −200 cm
Cini Initial CO2 concentration 0.001 cm3 cm−3

Ctop CO2 concentration at soil surface 0.00033 cm3 cm−3

Tbot Bottom soil temperature 8 ◦C
Dp Incorporation depth of plant material input 10 cm
�T Thermal dispersivity 1.5 cm

observed mean, which can be explained by the model:

EF =
∑n

i=1(xo − xo)2i −
∑n

i=1(xo − xs)2i∑n

i=1(xo − xo)2i
(23)

where xo is the observed value at time t, xs is the simulation
result at time t and xo is the arithmetic mean of the observed
values. The EF is a dimensionless criterion. Values between
−∞ and 1 can be calculated for this index, the latter indicating
that observation and model are completely in agreement. The
coefficient of determination R2 is given by

R2 =

⎡
⎣

∑n

i=1(xo − xo)i(xs − xs)i√∑n

i=1(xo − xo)2i
∑n

i=1(xs − xs)2i

⎤
⎦

2

(24)

where xs is the arithmetic mean of the simulated values. The
Index of Agreement IA (Willmott, 1981) was also applied. The

IA is also dimensionless and ranges between 0 and 1:

IA = 1 −
∑n

i=1(xo − xs)2i∑n

i=1(|xo − xo| + |xs − xo|)2i
(25)

Because R2, EF and IA are dimensionless, they can be used to
compare the model quality between different variables, while
the RMSE gives an idea of the model error in the units of the
variable under consideration.

3. Results and discussion

3.1. Soil water content and temperature

The comparison between measured and simulated soil tem-
perature at 20 cm depth (Fig. 1) indicates very good agreement
(R2 = 0.93, n = 639). Slight differences occurred mostly during
the second half of the year, at the end of summer and autumn
1999 (time steps 220–350), when the soil temperature was
slightly underestimated. The mean absolute error (MAE) was
1.43 K and the root mean square error (RMSE) of 1.76 K was

Fig. 4 – Simulated and measured daily respiration fluxes (a) and residuals between the simulated and measured respiration
(b) for the original model and the coupled model version.
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only slightly higher. The measured mean temperature at 20 cm
depth during that validation period was 11.4 ◦C, whereas the
model mean was 10.4 ◦C. This might be the result of the bot-
tom boundary condition, which could have been slightly too
low for that period. Even at 1 m depth, there may be some tem-
perature variations over the years which might have caused a
small error due to the deviation of the actual 1 m temperature
from the long-term average we used as the lower boundary
condition.

The soil water content measurements outside the veg-
etation period were also used for model validation. The
modelled mean soil water content of the 0–30 cm soil layer
was in good agreement with the weekly measurements (Fig. 2),
which is supported by a MAE of 0.021 cm3 cm−3, a RMSE
of 0.026 cm3 cm−3 and a coefficient of determination of 0.55
(n = 57). The mean of the measured soil water content was
0.160 cm3 cm−3, which was slightly overestimated by the
model with a predicted mean of 0.167 cm3 cm−3.

3.2. Soil respiration

Fig. 4a presents a comparison between measured and mod-
elled soil respiration of the original SOILCO2 model and the
coupled model developed in this study. The original SOILCO2
model underestimates the measured CO2 effluxes during
spring and early summer when fresh plant material entered
the topsoil. Fig. 4b shows that the residuals between the mea-
surements and the coupled SOILCO2/RothC are on average
closer to zero than for the original SOILCO2. In particular the
third and the fifth year of the modelling period show rather
large residuals for the original SOILCO2, which is not given to
such an extent for the coupled model. The effect of adding
fresh plant material on soil respiration cannot be modelled
by the original approach using a time-invariant optimum CO2

production rate of 0.44 cm3 cm−2 d−1, as determined by the
inversion (Eq. (8)). The original SOILCO2 model has a R2 of
0.18, an IA of 0.64, a MAE of 0.36 g C m−2 d−1 and a RMSE of
0.49 g C m−2 d−1. It should be noted that, both the original
approach as well as the coupled SOILCO2/RothC model are
able to reproduce the total amount of CO2 efflux for the first 5
years, which is simply a result of using this total amount in the
objective function for the inversion. The measured mean res-
piration rate over the inversion period is 0.939 g C m−2 d−1. In
case of the coupled model, the inversion of the HUM decom-
position rate significantly improves the agreement between
simulated and measured CO2 effluxes. Fig. 4a shows that the
modelled soil CO2 efflux is in acceptable agreement with the
measurements for the coupled model (R2 = 0.66, IA = 0.90). The
MAE and the RMSE for the first 5 years are 0.23 g C m−2 d−1 and
0.30 g C m−2 d−1, respectively. The inter-annual variations are
well captured by the model, except perhaps for the second
year (2000), for which the largest deviation between measured
and simulated annual sums of heterotrophic respiration is
detected (Table 4).

The inversion resulted in a decomposition rate constant for
the humus pool of 0.04 year−1 and a value of −9678 cm for h2.
This decomposition rate of the HUM pool is 2.0 times higher
than the original value of 0.02 year−1 (Jenkinson, 1990). The
original value was determined from 10 years long experiments
on cropped plots. Due to root respiration, higher soil CO2 con-
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Fig. 5 – Depth/time diagrams on model results of CO2 concentration, soil temperature and pressure head for the Ap horizon.

centrations are always found for cropped plots than for bare
soil, which might lead to a reduction of CO2 production due
to high CO2 concentrations (Hashimoto and Komatsu, 2006).
Since reduction according to the soil CO2 concentration, as
an indicator for an oxygen deficit, is not taken into account
in the original RothC model (Jenkinson, 1990; Coleman and
Jenkinson, 2005), it is conceivable that this partly explains the
higher decomposition rate found in this study. In addition,
a likely explanation for the higher inverted decomposition
rate is the grubbing of the soil in order to remove the weeds.
Every mechanical disturbance and destruction of soil aggre-
gates destroys the physical protection of the humus carbon
and enhances the availability of labile carbon and increases
the CO2 production (De Gryze et al., 2006). This higher produc-
tion will lead to an increased decomposition rate in a model
inversion. It should be noted that Skjemstad et al. (2001) also
found a more labile RothC humus pool (decomposition rate of
0.03 year−1 instead of 0.02 year−1) than originally assumed by
Jenkinson (1990). However, the uncertainty associated to the
inversely determined HUM pool decomposition rate constant
of 0.04 year−1 is rather large. For example, the sensitivity of
the rate constant towards the correction of the measurements
for autotrophic respiration is rather high. If no correction for
autotrophic respiration would be carried out the inversely esti-
mated decomposition rate constant for the HUM pool would
be even larger and amount to 0.06 year−1, which is 2.8 times
higher than the original value of Jenkinson (1990). This points
at the sensitivity of the inversely estimated rate constants to
the estimated autotrophic respiration.

In Fig. 5 we plotted simulated profiles of CO2 concentra-
tions and the influencing soil state variables against time.
Fig. 5 shows that high CO2 concentrations in the topsoil (upper
30 cm), causing high CO2 effluxes, are strongly driven by soil
temperature. However, also the influence of soil water content
is visible in terms of the pressure head. For example, after a

dry period during the summer of 2001 (t = 850), indicated by
rather high values of log10(h), the soil respiration peaks due
to a precipitation event. Apparently, the precipitation stim-
ulated the microbial carbon decomposition, which was low
because of the lack of soil water despite high soil tempera-
tures.

Fig. 6a shows that the errors in the prediction of CO2

effluxes are unbiased. There is no trend to over- or underesti-
mate fluxes in dependence of the flux density. The deviations
between measurement and model generally vary randomly
around the 1:1 line. Fig. 6a also shows that the errors in the
modelled CO2 efflux during the inversion period are indepen-
dent from the meteorological conditions, since the errors for
each single year vary similarly around the 1:1 line.

In order to validate the parameters found by the model
inversion, the modelled and measured CO2 efflux (four paral-
lels) of the following 3 years were analyzed. For this validation
period, measurements and model are also in agreement (Fig. 7
and Table 4). The coefficient of determination for this period
is 0.65 and the Index of Agreement is 0.89. The MAE and the
RMSE are 0.18 and 0.22 g C m−2 d−1, respectively. The measured
yearly sums of CO2 efflux slightly decreased from 2004 to 2006,
which is well reproduced by the model, although the total
amount predicted by the model for 2006 was too high (Table 4).
Fig. 6b reveals that the errors between measured and simu-
lated CO2 effluxes during the 3 years of the validation period
show no bias. Fig. 6b also shows that the errors during the val-
idation period are on average as close to the 1:1 line as for the
inversion period, which is further confirmed by the similar R2

for the inversion and validation period. The MAE and RMSE
are even smaller for the validation period.

The question arises whether the remaining discrepancies
between model and measurements result from an insuffi-
cient description of the dependency of CO2 production on
soil temperature or on soil water content. In order to answer
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Fig. 6 – Correlation of simulated and observed daily CO2

flux for the single years of the model inversion period (a);
correlation of simulated and observed daily CO2 flux for the
inversion and the validation period (b).

Fig. 7 – Simulated daily fluxes, measured daily fluxes,
cumulative simulated fluxes and cumulative measured
fluxes of CO2 for the validation period, bars indicate
standard deviation of the four measurements.

Fig. 8 – Correlation between the ratio simulated/observed
daily CO2 effluxes and the estimated reduction according to
temperature (top) and pressure head (bottom). The
reduction factors f(T) and f(h) are average values of the
upper 30 cm.

this question, we plotted the natural logarithm of the ratio
between measured and calculated CO2 efflux against the
reduction factors for temperature and pressure head averaged
for the Ap horizon (upper 30 cm). Fig. 8 reveals that there is
no temperature dependency of the deviations between mea-
sured and predicted CO2 effluxes. The fitted linear regression
shows an intercept very close to zero and a slope of 0.002,
which is also very close to zero. For the pressure head, the
intercept is also very close to zero, but there seems to be a
slight bias to overestimate the CO2 efflux for wet soil con-
ditions, when f(h) is close to 1 (Fig. 8). Nevertheless, this
dependency is small compared to the overall noise. The slope
of the respective linear regression is 0.39, which indicates that
the relation between soil water status and CO2 production was
probably a bigger source of errors than the relation between
soil temperature and CO2 production. This might also partly
explain the deviations between measured and predicted CO2

effluxes for 2000 (365 d < t < 730 d) and 2002 (1095 d < t < 1460 d).
These results also show that soil water content is relevant
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for respiration under field conditions, which corroborates the
experimental findings of Akinremi et al. (1999) amongst oth-
ers.

Besides potential deficits in the model, three other
measurement-related factors may also contribute to the dis-
agreement between measured and modelled daily CO2 efflux.
First of all, the high spatial variability of CO2 efflux might play a
role (Aiken et al., 1991; Rochette et al., 1991; Pringle and Lark,
2006). Fig. 7 shows that during the last 3 years (2004–2006),
when four locations were sampled, a high standard deviation
was detected in the measurements. Second, the temporal vari-
ability of CO2 efflux might also have an influence (Dugas, 1993;
Janssens et al., 2000; Nakadai et al., 2002; Tang and Baldocchi,
2005). CO2 sampling was carried out during the morning for
about 1 h every day. Typically, measurements during the morn-
ing give a good approximation of daily mean fluxes (Saiz et al.,
2006) with a bias smaller than 5% (Parkin and Kaspar, 2004).
However, in some situations the daily fluxes estimated from
just 1 h might deviate from the actual daily mean (Akinremi
et al., 1999). Finally, the errors in the CO2 flux measurements
associated with every soil respiration measurement with a
chamber system probably also contributed to the disagree-
ment between model and measurements (Janssens et al.,
2000).

3.3. Carbon balance

Soil respiration did not decrease significantly during the eight
experimental years. It was impossible to reproduce the mea-
sured temporal evolution of the CO2 efflux without assuming
that most of the heterotrophically respired CO2 originates
from the recalcitrant pools, since the ‘fast’ pools were rather
empty and recharged only moderately from plant material
input. Usually, the recalcitrant carbon stocks contribute only
a minor portion to soil CO2 efflux (Ryan and Law, 2005), but
in our experiment about 57% of the heterotrophic CO2 pro-
duction originates from the decomposition of the HUM pool.
The SOC content measured at the beginning of the experiment
for the upper 30 cm was 3406 g C m−2 (standard deviation of
599 g C m−2). The coupled model predicted a SOC content of
3081 g C m−2 at the end of the experiment, equivalent to a loss
of 10%. The SOC content measured at the end of the exper-
iment was 3025 g C m−2 (standard deviation of 375 g C m−2).
Fig. 9 shows that the simulation results for the topsoil are
close to the measured SOC content. The simulated SOC con-
tent for the soil horizon below (30–60 cm depth) was also in
good agreement with the measured SOC content at the end of
the experiment. Unfortunately, no measurements were avail-
able for the SOC content of the deeper soil layers at the start
of the experiment. In the model, the initial SOC content of
the entire soil profile was assumed to be 6724 g C m−2. At
the end of the experiment, the simulated SOC content was
5546 g C m−2, equivalent to a loss of 18%. This soil carbon
loss of 1178 g C m−2 is accompanied by a heterotrophic CO2–C
emission of 2516 g C m−2 (measured: 2513 g C m−2). The gap
is explained by the input of fresh plant material, which was
accounted for by assuming a rather small carbon input from
plant material of 177 g C m−2 year−1.

In general, it should be noted that it is rather difficult to
validate the carbon turnover in the model for this experiment,

Fig. 9 – Simulated and measured soil organic carbon (SOC)
contents at the beginning and at the end of the model
period, bars indicate standard deviation of the
measurements.

since the loss of carbon over the 8 years is rather small com-
pared to the accuracy of the measurements. In general the
measurements seem to support the trends predicted by the
model (Fig. 9). However, it should be remembered that the
carbon balance was also used to initialize the model with
respect to soil organic content of the deeper soil layers and
the input of fresh plant material, which means that the results
presented in Fig. 9 cannot be considered as an independent
validation. In addition, the inverse determination of the HUM
pool decomposition rate constant from this experiment is
uncertain because of the unknown SOC contents in the subsoil
layer, the accuracy of the SOC measurements, the unknown
parameter h2 of the soil water content reduction function and
the unknown amount of fresh plant material. For example,
the latter has a big influence on the carbon balance of the top-
soil (0–30 cm). Assuming that no input of fresh plant material
occurred leads to a relative carbon loss of 23% instead of the
finally simulated loss of 10%, which is quite close to the mea-
sured value of 11%. Scaling the amount of fresh plant material
reveals the sensitivity of topsoil carbon loss to this input vari-
able. Scaling factors of 0.5, 1.5 and 2.0 applied to the amount
of fresh plant material lead to topsoil carbon losses of 17, 4.4
and −1.9%. The latter indicates even an increase of topsoil car-
bon content. This points to the fact, that for any experimental
setup in terms of carbon balancing the input of carbon from
fresh plant material should be determined as accurately as
possible.

4. Summary and conclusions

The comparison between the original SOILCO2 and the cou-
pled SOILCO2/RothC revealed a significant improvement of
the CO2 efflux estimation with the coupled model presented
in this study. The coupled model shows an improved R2 of
0.66 compared to the original SOILCO2 with an R2 of 0.18. The
model inversion with the coupled model for the first 5 years
allows the accurate prediction of CO2 efflux for the follow-
ing 3 years. Against the background of the use of literature
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values and pedotransfer functions for the model parame-
terisation, the overall model performance is acceptable. The
model was able to predict the inter-annual variability of CO2

efflux well. Thus, the coupling concept is seen as a promis-
ing tool to describe the heterotrophic part of the carbon cycle
in soils from the input of plant residues to the release as
CO2.

The calibration of the HUM pool decomposition rate con-
stant revealed that it is possible to determine a ‘slow’ carbon
pool decomposition rate constant from long-term soil respi-
ration measurements under field conditions. The inversely
determined value of 0.04 year−1 is higher than the one sug-
gested by the model developers, which is mainly attributed to
the agricultural practice during this experiment. The uncer-
tainty in the inversion of the HUM pool decomposition rate
constant mainly arises from the initial organic carbon con-
tents, the unknown amount of input from fresh plant material
and the unknown parameter h2 of the soil water content
reduction function.
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