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Abstract
Most current soil organic matter (SOM) models represent the soil as a bulk without specification of the vertical distribution of SOM
in the soil profile. However, the vertical SOM profile may be of great importance for soil carbon cycling, both on short (hours to
years) time scale, due to interactions with the soil temperature and moisture profile, as well as on long (years to centuries) time
scale because of depth-specific stabilization mechanisms of organic matter. It is likely that a representation of the SOM profile and
surface organic layers in SOM models can improve predictions of the response of land surface fluxes to climate and environmental
variability. Although models capable of simulating the vertical SOM profile exist, these were generally not developed for large
scale predictive simulations and do not adequately represent surface organic horizons. We present SOMPROF, a vertically explicit
SOM model, designed for implementation into large scale ecosystem and land surface models. The model dynamically simulates
the vertical SOM profile and organic layer stocks based on mechanistic representations of bioturbation, liquid phase transport of
organic matter, and vertical distribution of root litter input. We tested the model based on data from an old growth deciduous
forest (Hainich) in Germany, and performed a sensitivity analysis of the transport parameters, and the eﬀects of the vertical SOM
distribution on temporal variation of heterotrophic respiration. Model results compare well with measured organic carbon profiles
and stocks. SOMPROF is able to simulate a wide range of SOM profiles, using parameter values that are realistic compared to
those found in previous studies. Results of the sensitivity analysis show that the vertical SOM distribution strongly aﬀects temporal
variation of heterotrophic respiration due to interactions with the soil temperature and moisture profile.
Keywords: soil organic carbon model, vertical soil organic matter profile, surface organic layer, soil organic matter transport,
bioturbation, dissolved organic matter transport
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Because soils globally store a huge amount of carbon, the
response of soil carbon cycling to future climate change is
currently subject to great attention (Trumbore and Czimczik,
2008; Heimann and Reichstein, 2008). Increasing temperatures
will lead to accelerated heterotrophic respiration (Davidson and 25
Janssens, 2006), while concurrently the increasing atmospheric
CO2 concentration is expected to cause higher vegetation productivity (Norby et al., 2005), resulting in greater soil carbon
input. The present uncertainty with respect to the magnitude of
these two mechanisms is demonstrated by the large disagreement of ecosystem models on future land surface CO2 fluxes 30
(Jones et al., 2003, 2005; Friedlingstein et al., 2006).
The focus of studies of soil carbon dynamics has classically
been on the upper 20 to 50 cm of the soil (e.g., Jenkinson and
Rayner, 1977; Gregorich et al., 1996). This layer (from hereon
referred to as the “topsoil”) is most directly influenced by cli- 35
mate, vegetation and land use, and generally contains much
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higher organic matter concentrations than the subsoil. Furthermore, the subsoil is below the rooting zone of most crops,
while its organic matter appears to be stable on the time scale
of anthropogenic climate change (Scharpenseel et al., 1989;
Trumbore, 2000). Therefore, application of soil organic matter (SOM) models has focused on a bulk description of the organic matter in the topsoil, without specification of the vertical
distribution. (Parton et al., 1987; Schimel et al., 1994).
Recently, interest in organic matter at greater soil depths has
grown, mainly for two reasons. First, several recent studies
have shown that the deep soil stores a considerable amount of
carbon, which had previously not been included into estimates
of global stocks (Batjes, 1996; Jobbagy and Jackson, 2000;
Tarnocai et al., 2009).
Second, accumulating evidence contests the assumption that
deep soil carbon is intrinsically stable. SOM can be stabilized
by a myriad of mechanisms, many of which are reversible (von
Lützow et al., 2006). Usually, diﬀerent stabilization mechanisms are operating at diﬀerent depths within a single soil profile. For example, Fontaine et al. (2007) found that energy limitation of microbes is more important as a stabilization mechanism in the subsoil than in topsoil, although these results were
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contradicted by Salomé et al. (2010) who found the reverse.
Conversely, stabilization due to organo-mineral interactions is
occurring in most of the soil profile, but increases in relative100
importance with depth (Rumpel et al., 2002).
Recent studies suggest that deep soil carbon may become
destabilized under changing conditions, depending on the specific stabilization mechanism. For example, increased root exudation and root litter production, occurring under elevated CO2 105
levels (Philips et al., 2006; Iversen, 2010) can lead to decomposition of old SOM due to priming of microbial activity (Drigo
et al., 2008; Fontaine et al., 2007). Furthermore, it has been
suggested that chemically recalcitrant SOM fractions are more
sensitive to temperature increase (Conant et al., 2008; Davidson110
et al., 2006; Knorr et al., 2005), although this is under dispute
(Fang et al., 2005; Reichstein et al., 2005). At the same time,
physically protected SOM is likely less sensitive to warming,
but more vulnerable to physical disturbance (Diochon and Kellman, 2009). Eﬀorts are being made to include diﬀerent stabi-115
lization mechanisms explicitly in SOM models in order to improve predictions of soil carbon cycling at decadal to centennial
time scales (Wutzler and Reichstein, 2008; von Lützow et al.,
2008; Manzoni and Porporato, 2009).
But also on short (hourly to annually) time scales the ver-120
tical distribution of organic matter plays an important role for
soil carbon cycling. Soil properties usually show a strong depth
gradient, with strongest temporal variations occurring near the
surface. Respiration in surface layers usually responds more
strongly to weather fluctuations, whereas subsoil respiration125
shows less temporal variation (Fierer et al., 2005; Hashimoto
et al., 2007; Davidson et al., 2006). Hence, a soil with a deep organic matter distribution is likely to respond diﬀerently to short
term weather fluctuations than a soil where most organic matter
is stored near the surface. Because many factors are simultane-130
ously, and often non-linearly, influencing decomposition rates,
aggregating respiration over the profile in models may lead to
incorrect results (Subke and Bahn, 2010).
Thus, an explicit representation of the vertical SOM distribution in biogeochemical models could significantly improve135
predictions of carbon cycling, as well as facilitate addition of
new process descriptions. Such a model should include explicit representation of the processes leading to organic matter
input at depth: root litter production and downward transport
of organic matter. These models (referred to as “SOM profile140
models” from hereon) have already been proposed more than
three decades ago (O’Brien and Stout, 1978; Nakane and Shinozaki, 1978). O’Brien and Stout (1978) applied a diﬀusion
model of downward organic matter transport to explain carbon
isotope profiles. Since then, various researchers have applied
similar models, including diﬀusion or advection or both (Dörr
and Münnich, 1989; Elzein and Balesdent, 1995; Baisden et al.,145
2002; Bosatta and Ågren, 1996; Bruun et al., 2007; Jenkinson
and Coleman, 2008; Freier et al., 2010).
Most of these models, however, were developed to explain
organic carbon and tracer profiles, not for predictive simulations of soil carbon cycling, and as such do not account for the150
influence of soil temperature and moisture on decomposition. A
notable exception is the work of Jenkinson and Coleman (2008)
2

who developed a vertically explicit version of the well-known
SOM model RothC (Jenkinson, 1990), by adding two parameters: one that moves SOM down the profile in an advectionlike manner, and another that slows decomposition with depth.
Though innovative, their scheme was in fact a downward extrapolation of the original model, and is diﬃcult to transfer to a
diﬀerent SOM model.
Furthermore, none of the published models include a representation of the surface organic layer. Consisting mostly of
organic material, the organic layer has markedly diﬀerent properties than the mineral soil, and behaves diﬀerently in terms of
soil hydrology and heat transport. An explicit representation of
this layer in the model would therefore be particularly valuable
in the land surface scheme of a global climate model.
Despite past eﬀorts to develop SOM profile models, the development of a general understanding of SOM profile formation has been slow, in part caused by the high complexity and
the extremely slow rates of the relevant processes. An additional problem is posed by the lack of a standardized approach
to determine transport rates with inverse modelling. The assumptions inherent to the model structure used in parameter estimation strongly influence the final parameter estimates (Bruun
et al., 2007). For example, failure to include a relevant mechanism for subsoil organic matter input will inevitably lead to
under- or overestimation of the importance of other processes.
The diversity of the models in the published studies is such that
the usefulness of direct comparison of transport rates is questionable.
Taken that the ultimate aim is to develop a SOM profile
model that can be applied for global simulations, there is a need
for a standardized and mechanistic scheme for modelling SOM
transport to allow transfer of parameters between models. On
the other hand, such a scheme should be parsimonious enough
to allow development of a large scale parameter set. The model
presented here, SOMPROF, has been developed with these considerations in mind. SOMPROF is based on earlier SOM profile models, with several important additions, including explicit
representation of surface organic horizons and the eﬀects of soil
temperature and moisture on decomposition. Rather than lumping all SOM transport processes into either a diﬀusion or an advection term, explicit distinction is made between bioturbation
and liquid phase transport. In this paper we present the model
and its underlying rationale. Furthermore, we test the sensitivity to the input parameters, and study the eﬀects of the vertical
SOM distribution on predicted heterotrophic respiration.
2. Theory and model description
We will not give an exhaustive description of SOMPROF
here, but instead focus on the parts that are innovative compared to existing SOM models and discuss the rationale behind
the model structure. Particular attention is given to the reasoning behind the implementation of the transport processes. A
full description, including all model equations, can be found in
Appendix A.
In the following description, depth is denoted with z (m) and
time with t (yr). Depth is assumed positive downwards and
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Figure 1: Overview of the SOMPROF model
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z = 0 is set at the top of the mineral soil. Organic matter (OM)
quantity C is simulated in the mineral soil as concentrations
(kg m−3 ), and in the organic horizons (L, F and H) as stocks
(kg m−2 ).
185

2.1. General structure
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A mechanistic model of the vertical soil organic matter profile must consider the vertical distribution of root litter input and
downward organic matter transport processes (Lorenz and Lal,
190
2005). The mathematical description of vertical transport processes usually comprises terms for diﬀusion, advection, or both.
However, such a scheme is unsuitable for the organic layer.
Transport models typically simulate concentrations as unit mass
per unit volume. This concentration is only a valid quantity in
195
the context of a mixture consisting of several materials. In the
mineral soil, where organic matter is mixed with minerals material, this approach is justified, but in the organic layer, where
the organic matter concentration far exceeds the mineral concentration, the organic matter itself forms the bulk and the or200
ganic matter concentration becomes an undefined quantity. The
vertical distribution of properties such as organic matter quality
and element concentrations is therefore dominated by organic
matter input and loss due to litter deposition and decomposition, and cannot be explained by vertical mixing alone. This
problem was demonstrated by Kaste et al. (2007) who found
that a transport model could well explain the vertical profile of
the radioactive lead isotope 210Pb in the mineral soil but not
in a thick organic layer. Instead, a model that ignored vertical
transport due to mixing and accounted for the eﬀects of litter ac3

cumulation and decomposition proved more able to reproduce
the observed 210Pb profile.
Hence, in SOMPROF the diﬀusion-advection model is not
applied to the organic layer. The organic layer is explicitly split
into three layers: the L, F and H horizon1 (figure 1). The organic horizons are simulated as separate, homogenous reservoirs of organic matter. When organic matter in one layer is
transformed to more decomposed material, it flows to the underlying layer. This represents the process of continuous burial
and decomposition that occurs in the organic layer and leads to
the formation of a vertical gradient of decomposition stage that
is typically observed in the field (van Delft et al., 2006). Bioturbation reduces this gradient by causing downward flow from
the F to the H horizon and from the H horizon to the mineral
soil. Because we assume that the material in the L horizon is
not transported, this horizon is always present if above ground
litter input occurs. On the other hand, the F and H horizon may
be absent if the bioturbation rate exceeds the input of material.
Liquid phase transport (advection) within the organic layer is
not explicitly considered; we assume that all material that can
be transported with the liquid phase immediately flows to the
mineral soil.
In the mineral soil, the organic carbon concentration as a
function of depth is simulated using a transport model includ1 These

horizon codes are used to designate organic horizons in several
soil classification systems (Soil Classification Working Group, 1998; van Delft
et al., 2006) and approximately correspond the Oi, Oe and Oa horizon in the
U.S. (Soil Survey Division Staﬀ, 1993) and FAO (IUSS Working Group WRB,
2007) systems.
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ing diﬀusion, representing bioturbation, and advection, representing liquid phase transport. Currently, the model does not
account for the presence of stones in the mineral soil matrix.
260

2.2. Organic matter pools
210

215

220

225

230

235

240

245

250

255

Leachable slow organic matter. The leachable slow (LS) organic matter pool represents organic matter adsorbed to the
mineral phase. Since this material can enter the liquid phase
through desorption, it is transported by advection as well as
bioturbation. Hence, liquid phase transport is included in
SOMPROF, even though dissolved organic matter is not explicitly represented. The rationale behind this approach is discussed in section 2.4.2. Organic matter adsorption onto the
mineral phase is typically very strong and protects organic matter against decomposition, hence the LS organic matter pool is
presumably the most stabilized type of organic matter in the
model.

SOMPROF follows the classical organic matter pool approach with five types of organic matter (table 1). The organic
matter pools are chosen to represent functionally diﬀerent types
of organic matter that diﬀer with respect to decomposition rate265
and transport behavior. The pools have a serial arrangement:
upon decomposition material flows from less to more decomposed pools. This setup was chosen rather than parallel pool
arrangement to be able to represent the change of transport be2.3. Organic matter decomposition
havior when organic matter is transformed.
270
Decomposition of organic matter is simulated according to
Above ground litter. Above ground litter is material accumufirst order kinetics using a base decomposition rate which is
lating at the surface and is easily decomposable. Since this is
corrected for soil temperature and moisture using response factypically coarse material, we assume that it is not transported
tors (Appendix A.1). A first order decomposition rate k at referand is therefore only present in the L horizon. No distinction
ence temperature (10 ◦C) and optimal soil moisture is specified
is made between diﬀerent types of litter (e.g. leaves, woody275 for each organic matter pool as part of the model input. For the
debris).
response of decomposition to soil temperature we use the modified Arrhenius function from Lloyd and Taylor (1994), in which
Fragmented litter. In the first decomposition step, above
the temperature sensitivity decreases with increasing temperaground litter is transformed to fragmented litter which flows
ture. Response to soil moisture is defined according to a sigimmediately to the F horizon, thus forming the most important280 moid function from Subke et al. (2003). Measured or modeled
organic matter fraction of this layer. This transformation repredepth profiles of temperature and moisture are input, hence the
sents early litter decomposition during which material is fragdecomposition response factors are depth dependent. If necesmented. Fragmented litter is assumed to be chemically similar
sary, the profiles are interpolated to the midpoint depths of the
to above ground litter and has a relatively high decomposition
organic horizons and the soil layers used for numeral solution
rate. However, contrary to above ground litter, fragmented litter285 (section 2.6).
can be transported by bioturbation, which thus acts as a mechaAs discussed in section 2.2, several pools are transformed to
nism for the introduction of easily degradable material in the H
other pools during decomposition. The transformation fluxes
horizon and mineral soil.
are determined by a transformation factor α (-) that specifies
how much of the decomposition flux of donor pool flows to
Root litter. Root turnover provides input for the root litter pool290 the receiving pool. The material that does not flow to another
∑
in the mineral soil and the F and H horizon. We assume root
pool (1 − j αi→ j ) is assumed to be lost as CO2 , representing
growth, and thus root turnover, to be negligible in the L horiheterotrophic respiration. Note that all transformation factors
zon. Since root litter is largely produced by the turnover of fine
other than those for the decomposition of the above ground litroots, we assume that it is chemically similar to above ground
ter, root litter and fragmented litter are zero.
litter. But, contrary to above ground litter, it can be transported
295
Contrary to some other models, the decomposition rates are
by bioturbation. The total root litter production rate is specified
not explicitly reduced with depth in SOMPROF. Elzein and
as model input and vertically distributed according to an expoBalesdent (1995) showed that with a multi-pool organic matter
nentially decreasing function of depth, which starts at the top of
model, the assumption of explicitly decreasing turnover rates
the F horizon. The root litter input into a given layer is obtained
with depth is not required to reproduce 14C profiles because
by integrating the distribution function over the layer thickness.
300
the change of apparent turnover time with depth emerges from
the change of relative distribution of the organic matter pools.
Non-leachable slow organic matter. Part of the decomposiDepth specific stabilization mechanisms are currently not yet
tion products of the fragmented litter and root litter pools flow
fully understood, hence, in view of parsimony we do not ininto the non-leachable slow (NLS) organic matter pool. Nonclude these processes at this stage of model development.
leachable slow OM comprises chemically stabilized particulate
organic matter and forms the basis of the H horizon. It is formed
in the organic layer and in the mineral soil and can be trans-305 2.4. Organic matter transport
ported by bioturbation. Non-leachable slow OM formed from
SOMPROF includes two organic matter transport processes:
litter in the in the F horizon flows immediately into the H horibioturbation and liquid phase transport. Other transport prozon, while NLS-OM formed in the H horizon stays there, alcesses are known to occur in certain soils, such as mixing due to
though it may subsequently be transported into the mineral soil
freezing and thawing (cryoturbation) and mixing due to shrinkby bioturbation.
310
ing and swelling. Although locally these processes may be very
4

Table 1: The organic matter pools in SOMPROF

Above ground litter (AGL)
Fragmented litter (FL)
Root litter (RL)
Non-leachable slow OM (NLS)
Leachable slow OM (LS)

315

320

325

330

335

340

345

350

355

Decomposition rate

Source

Diﬀusion

Advection

high
intermediate
high
low
low

external input into L horizon
formed from Above ground litter
external input into F, H and mineral soil
formed from fragmented and root litter
formed from fragmented and root litter

no
yes
yes
yes
yes

no
no
no
no
yes

important, they occur only under specific conditions. In general
bioturbation and liquid phase transport can be assumed to be
the dominant transport mechanisms in most soils, hence other
transport processes are not explicitly considered (although they
may be implicitly included, depending on how the transport pa-360
rameters are estimated).
Except for the influence of bulk density on the diﬀusivity
(see below), the transport rates are kept constant with depth.
In reality this is probably not the case since the soil fauna
biomass decreases with depth, and water fluxes and adsorption365
of dissolved organic matter are likely depth dependent as well.
However, past studies have shown that SOM and tracer profiles can be well reproduced using constant transport rates (Dörr
and Münnich, 1989; Elzein and Balesdent, 1995; Bruun et al.,
2007; Jenkinson and Coleman, 2008). On the other hand, making the transport parameters depth dependent introduces additional degrees of freedom which complicates parameter estimation based on measurements.
2.4.1. Bioturbation
Bioturbation refers to the reworking of soil by soil animals
and to a lesser degree by plants (Meysman et al., 2006). The
activities of these organisms mix the soil matrix, representing an important mechanism for organic matter flow within
the organic layer and mineral soil (Hoosbeek and ScarasciaMugnozza, 2009; Tonneijck and Jongmans, 2008). Estimates
of soil fauna mixing activity are typically expressed as rework-370
ing rates, the amount of material moved per unit surface area
(Wilkinson et al., 2009). For example, earthworm activity at
the population level is often estimated by measuring rates of
surface cast deposition. (See Paton et al., 1995, for a comprehensive overview of many bioturbation rate esimates for diﬀer-375
ent animal species and plants.)
In general, bioturbation causes homogenization of soil properties, i.e. net transport of soil constituents inversely proportional to the concentration gradient. Therefore, the eﬀects of
bioturbation on the distribution of soil properties has often been
modeled using Ficks diﬀusion equation (Elzein and Balesdent,
1995; van Dam et al., 1997; Kaste et al., 2007). Using mixing length theory developed for turbulent mixing in gasses and
fluids, it can be shown that bioturbation can indeed lead to diffusive behavior of soil constituents (Boudreau, 1986, Appendix
B). However, the validity of the diﬀusion model for stochastic mixing processes such as bioturbation is not self-evident but
depends on several criteria. (These have been thoroughly discussed in the context of benthic bioturbation: Boudreau, 1986;
5

Meysman et al., 2003). Most important, (i) the time between
mixing events must be short compared to other processes that
influence the concentration profile; (ii) the length scale of the
mixing (the distance over which soil particles are moved) must
be small compared the scale of the concentration profile and;
(iii) the mixing should be isotropic, i.e. equal in both up and
down direction.
At small spatial scales (∼1 m−2 ) bioturbation cannot be expected to meet these criteria. Mixing of soil particles occurs as
sudden jumps followed by long periods of rest, hence the local instantaneous concentration of any soil constituent depends
strongly on whether or not a mixing event has recently occurred, particularly if mixing is done by larger organisms (e.g.
burrowing mammals, uprooted trees).
However, for describing the average transport of many mixing events the diﬀusion model can be assumed to be valid. Such
averaging may be over time, if the mixing is stationary, or over
space if the mixing is homogenous (Hinze, 1975, p.5). The
latter suggests that at suﬃciently large spatial scales within a
single ecosystem, the assumption of diﬀusive behavior is reasonable. Hence, we assume that the diﬀusion approach is valid
at ecosystem scale, for which SOMPROF is designed. Vertical
transport due to bioturbation in the mineral soil is defined as:
∂Ci
∂t

= DBT
BT

∂2Ci
.
∂z2

(1)

where Ci is the organic matter concentration of pool i (kg m−3 )
and DBT is the diﬀusivity due to bioturbation (m2 yr−1 ). All
organic matter pools are assumed to be transported equally according to (1), except for the above ground litter pool, which
is not transported (section 2.2). At the top of the mineral soil,
a flux prescribed boundary condition is used, which is determined by the bioturbation rate (see below). At the bottom of the
soil profile, a zero-gradient boundary condition is used, which
means that no material is transported by bioturbation over the
lower boundary.
Since the diﬀusive behavior of organic matter is the direct
result of the mixing activity of the soil fauna, there must be
a unique relationship between the diﬀusivity DBT and the bioturbation rate B (kg m−2 yr−1 ). Continuing the mixing length
analogy, it can be shown that the diﬀusivity is composed of the
time-averaged correlation between the fluctuation of the vertical advection rate of transported material and the distance over
which the material is moved (Boudreau, 1986, Appendix B).
The fluctuation of the vertical advection rate is directly related
to the bioturbation rate via the bulk density ρMS (kg m−3 ). Fur-

thermore, we assume that there exists a typical distance over
which material is moved by the soil fauna, the mixing length lm 430
(m) which must be determined later. The diﬀusion can then be
estimated from the bioturbation rate as follows:
DBT =
380

385

390
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410

415

420

425

1
2

B
lm .
ρMS

(2)
435

Note that B refers only the vertical component of the mixing. If
the bioturbation rate is estimated from ingestion rates of earthworms, it must be multiplied by an additional factor of 0.5
to obtain the mixing rate in the vertical direction (Wheatcroft
et al., 1990). Measurements of earthworm cast formation can
be assumed to represent vertical mixing only. As said, the diﬀusion model represents the eﬀective transport behavior of SOM
averaged over long time scales and large areas. As such, equations (1) and (2) should not be viewed as a mechanistic description of the mixing activity of the soil fauna, nor is the mixing length parameter a physical quantity that can be measured.
Rather, mixing length theory provides justification for a simple linear empirical relationship between the diﬀusivity and the
soil fauna activity. More specifically, in SOMPROF lm is used
as a tuning parameter that links the bioturbation fluxes within440
the organic layer (see below) to the transport within the mineral
soil.
The bulk density ρMS can either be specified or estimated (section 2.5). From (2) it follows that the diﬀusivity due to bioturbation is inversely proportional to bulk density. This is consistent445
with our rationale: the diﬀusivity is limited only by the capacity
of the soil fauna to displace a certain amount of mass per unit
time, not by the volume over which this mass is distributed.
Hence, the diﬀusion coeﬃcient must increase with decreasing
bulk density to maintain the same rate of mass transport.
450
For reasons discussed in section 2.1, the diﬀusion model is
not applied to the organic surface horizons. Instead, we assume
that the total net flux of organic matter from F to H and from
H to the mineral soil is equal to the bioturbation rate B (Appendix A.4). We do not consider upward transport of mineral455
material from the mineral soil to the organic layer. If the mass
of a layer is zero, the flux is set to the total input minus the
loss from decomposition in this layer, to avoid that the mass
becomes negative. The flux from H to mineral soil serves as
the upper boundary flux for the transport scheme of the mineral460
soil.
2.4.2. Liquid phase transport
Liquid phase transport refers to the combined eﬀects of formation, transport, and ad- and desorption of dissolved organic465
matter (DOM). Although DOM concentrations are usually very
small compared to immobile organic matter, transport in the liquid phase represents a major contribution to downward organic
matter movement, particularly in soils with little biological activity (Kalbitz and Kaiser, 2008). DOM, once formed, flows470
down with infiltrating water and may be reversibly adsorbed
to mineral particles upon which it becomes immobile (Kalbitz
et al., 2000).
Models of short time scale DOM dynamics have been applied with some success at site scale (e.g. Neﬀ and Asner, 2001;475
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Michalzik et al., 2003). However, DOM fluxes in the field are
notoriously diﬃcult to predict due to spatial heterogeneity of
mineral composition and DOM chemistry—which determine
DOM adsorption behavior—and water infiltration, which is often dominated by macropore flow and storm events (Kalbitz
et al., 2000). Consequently, simulation of long time scale SOM
profile evolution based on a mechanistic description of DOM
transport and adsorption is not feasible. Furthermore, simulation of DOM transport requires accurate simulation of water
fluxes at short (sub-daily) time scales, while SOMPROF is designed to be run with daily or longer time steps.
Therefore, downward movement of organic matter as DOM
is not modeled explicitly. We define a pool that can potentially enter the liquid phase and be transported downward advectively: leachable slow (LS) organic matter, which is equivalent to the reactive soil pool, introduced by Nodvin et al. (1986).
Downward movement with the liquid phase is simulated by
defining an eﬀective advection rate v (m yr−1 ):
∂CLS
∂t

= −v
adv

∂CLS
.
∂z

(3)

This scheme is similar to the retardation factor approach,
which has been successfully applied in studies of transport of
tracers and pollutants in soils (e.g. Huang et al., 1995). This
method simulates both the adsorbed and dissolved fraction as
one pool by correcting the transport rate of the dissolved fraction with the retardation factor, which accounts for interactions
with the solid phase. The underlying assumptions of the retardation factor approach are that the adsorption isotherm is linear,
and that the dissolved and adsorbed fraction are locally in equilibrium with each other. When these conditions hold, the relative distribution of the studied compound over the dissolved and
adsorbed fraction is fixed and independent of the concentration
in the liquid phase. Several of the published DOM models are
based on the same assumptions (Jardine et al., 1989; Michalzik
et al., 2003).
In SOMPROF, the retardation factor concept is expanded to
organic matter decomposition: the breakdown of organic matter is retarded by adsorption to the mineral phase. Hence, the
decomposition rate of LS organic matter is also an eﬀective parameter for both fractions. However, in practice the influence
of the dissolved fraction on the eﬀective decomposition rate and
total carbon concentration will be negligible since adsorbed organic matter is present in much higher quantities than DOM.
Hence, we do not consider the dissolved fraction when comparing with measurements. Note that the LS-OM pool is also
transported by bioturbation. The upper boundary condition of
(3) is comprised of the combined production of LS-OM in the
organic layer.
SOMPROF diﬀers from other SOM profile models (e.g.
Elzein and Balesdent, 1995) in that only a specific pool is
moved advectively, rather than all organic matter. Although this
introduces additional model parameters, it is clearly closer to
reality since not all organic matter can be transported with the
liquid phase. Furthermore, the fraction of organic matter that is
potentially mobile presumably increases with depth, since liquid phase transport reaches greater depths than bioturbation and

480

485

490

root litter input.
Contrary to bioturbation, liquid phase transport may lead to
a loss of organic matter from the system. For a given soil, this
depends on the depth at which the lower boundary is set. If515
it is set shallow enough that the bottom LS-OM concentration
is significantly higher than zero, organic matter is lost and is
not included in the calculation of organic matter stocks and heterotrophic respiration.
In the organic layer the adsorptive capacity of the solid phase520
is negligible compared to that in the mineral soil, due to the
absence of the mineral material. Therefore, we assume that all
LS-OM produced in the organic layer immediately flows into
the mineral soil and that the concentration of LS-OM in the
525
organic layer is zero.
2.5. Bulk density
The thickness of the organic horizons is estimated from their
mass using the bulk density, which is specified as model input530
separately for the L, F and H horizons (ρL , ρF , ρH ). The bulk
density in the mineral soil ρMS is required to convert the massbased bioturbation rate to the volume-based diﬀusivity (section
2.4.1). Furthermore, the bulk density profile aﬀects the shape of
the organic matter profile. Bulk density is usually strongly cor-535
related with soil organic matter content. If measurements are
not available, SOMPROF estimates bulk density from the soil
organic matter fraction using an equation proposed by Federer
et al. (1993). These authors proposed that the soil is a hypothetical mixture of pure mineral material and pure organic material,540
that both have a bulk density. Assuming that their bulk densities
mix linearly, the bulk density of the mixture is estimated as:
ρMS

ρM ρO
= MS
,
fO ρM + (1 − fOMS ) ρO

(4)

where ρM and ρO are the bulk densities of the mineral and or545
ganic fractions, respectively (kg m−3 ), and fO is the organic
matter fraction (-). ρO is set equal to the bulk density of the
H horizon.
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Near the soil surface, the concentration of organic matter
may be high enough that its mass is no longer negligible compared to that of the matrix. Therefore, the compartment thicknesses are corrected for change of mass at every time step, once
the new concentrations of organic matter are known (Appendix
A.4).
To avoid aggregation errors due to the non-linearity of the
soil temperature and moisture response function (Appendix
A.1), the response factors are calculated before the model run,
at the temporal resolution at which they are available (typically
at half hourly intervals). These response factors are then averaged to the time step length of the model and used as input.
Since the compartments thicknesses change during the simulation, the response factors as well as measured bulk densities (if
available) are interpolated at every time step using piecewise
cubic Hermite interpolation to obtain values at the midpoint
depths of the compartments and organic horizons.
A typical model run consists of two stages: (i) a spin-up
stage, starting from bare ground, i.e. without organic matter,
during which the model is run with an average annual cycle of
soil moisture, soil temperature and litter fall; and (ii) the actual
simulation for which measurements of soil temperature, moisture and litter fall are available. The purpose of the spin-up
stage is to obtain the initial conditions used for the second stage.
The length of the spin-up period can be chosen freely and, in
principle, should be the time since the start of the development
of the organic matter profile. For many soils it may be acceptable to run the model in spin-up until the slowest carbon pools
and the vertical distribution are in equilibrium (∼1000 years).
2.7. Model input
Almost all input data required to run SOMPROF (table 2)
depends strongly on soil and ecosystem type. Several of these
quantities can be measured directly in the field, including the
above ground and below ground litter production, the soil temperature and moisture and the root (litter input) distribution profile. In a biogeochemical model, these parameters can be supplied by other submodels (e.g. vegetation or land surface models), or derived from the vegetation and soil type.

2.6. Model solution and simulation setup
SOMPROF is solved for discrete time steps using standard550
finite diﬀerencing techniques. The model compartments are
solved in order from top to bottom: L, F, H, mineral soil. For
the organic horizons, first the pools are updated for input and
decomposition, using an explicit scheme. Next it is determined
whether the maximum bioturbation flux can be met, and if nec-555
essary it is adjusted downward. Then the mineral soil is updated using a fully implicit scheme with upwind diﬀerencing
for advection. To this end, the soil is split into compartments of
variable thickness. The compartment thicknesses as well as the
depth of the lower boundary can be chosen freely, depending560
on the available computational resources and the desired resolution of the model output. For the simulations discussed in
section 3, we used 11 compartments, with thicknesses increasing from 0.5 cm at the surface to 50 cm at the bottom of the
profile.
565
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2.7.1. Decomposition parameters
The parameters of the decomposition submodel include the
decomposition rates k at reference temperature (10 ◦C) and the
transformation factors α. The three litter pools (above ground
litter, fragmented litter and root litter) are chemically similar in
the sense that they have a relatively high decomposition rate.
Typical values range from 0.1 to 1 yr−1 (Paustian et al., 1997;
Berg and McClaugherty, 2003). The non-leachable and leachable slow organic matter pools represent stabilized fractions. It
is likely that the LS-OM pool is the more recalcitrant of the
two, since this pool consists largely of organic matter adsorbed
to the mineral phase, which is thought to be very stable (von
Lützow et al., 2006; Kaiser and Guggenberger, 2000). Since
the LS-OM pool reaches deeper layers than the other pools,
the decomposition rate of this fraction should correspond to organic carbon ages and turnover times found in the deep soil,

Table 2: List of model input required to run SOMPROF and values used for the reference simulation

Parameter

Symbol

Litter input
Above ground litter input*
Total annual root litter input*
Root litter distribution parameter

L
IAGL
tot
IRL
β

Decomposition
Above ground litter decomposition rate
Root litter decomposition rate
Fragmented litter decomposition rate
Non-leachable slow OM decomposition rate
Leachable slow OM decomposition rate
Above ground litter - fragmented litter transformation factor
Fragmented litter - NLS transformation factor
Fragmented litter - LS transformation factor
Root litter - NLS transformation factor
Root litter - LS transformation factor
Soil temperature response parameter
Soil moisture response parameter
Soil moisture response parameter
Soil temperature*
Relative soil moisture content*

Units and value in reference simulation
0.314 kgC m−2 yr−1
0.178 kgC m−2 yr−1
0.07 m−1

kAGL
kRL
kFL
kNLS
kLS

αAGL→FL
αFL→NLS
αFL→LS
αRL→NLS
αRL→LS
Ea
a
b
T
M

0.5 yr−1
0.5 yr−1
0.2 yr−1
0.05 yr−1
0.005 yr−1
0.8
0.15
0.15
0.15
0.15
308.56 K
1
20
K
-

Organic matter transport
Bioturbation rate
Mixing length
Advection rate

B
lm
v

0.4 kg m−2 yr−1
0.3 m
0.002 m yr−1

Bulk density
Bulk density L layer
Bulk density F layer
Bulk density H layer‡
Bulk density mineral soil*
Mineral bulk density§

ρL
ρF
ρH
ρMS
ρM

50 kg m−3
100 kg m−3
150 kg m−3
kg m−3
kg m−3

Other input
Spin-up length
Depth of bottom boundary

L

1000 yr
0.7 m

Time and/or depth dependent
Average annual value for the spin-up
‡ ρH is also used as the organic bulk density ρ for determining ρMS (section 2.5).
O
§ Not required if ρMS is specified
*
†

8

†
†
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580

585

590

595

600

605

610

615

620

i.e. 10−3 to 10−2 yr−1 . The non-leachable slow pool represents
organic matter stabilized by other mechanisms (e.g. chemical
recalcitrance or spatial inaccessibility), and is assumed to have
a decomposition rate between 10−1 and 10−2 yr−1 .
625
The transformation factors determine the flow between the
organic matter pools and lie between 0 and 1 . Since these parameters are rather abstract, they are more diﬃcult to predict
a priori, but we can gain some insight from parameterizations
of other decomposition models with a similar structure (e.g. van
Dam et al., 1997; Elzein and Balesdent, 1995). In these models,630
the eﬃciency of the decomposition usually increases with successive decomposition steps, meaning that a greater fraction of
the organic matter is metabolized. It is likely that little material
is lost during the transformation of above ground litter to fragmented litter, hence we expect αAGL→FL to be in the higher end635
of the range, 0.6 to 0.9 . The transformation factors for production of leachable and non-leachable slow OM (αFL→NLS , αFL→LS ,
αRL→NLS , αRL→LS ) are presumably closer to zero: 0.05 to 0.4 .
The parameters of the temperature and moisture response
factors can be found in literature if local measurements are not640
available (e.g. Lloyd and Taylor, 1994; Subke et al., 2003).
2.7.2. Transport parameters
Compared to decomposition, relatively little research has
been done with respect to organic matter transport. The bioturbation rate B is determined by the soil fauna biomass and645
activity, which in turn strongly depends on soil and vegetation type and climate. Under inhospitable conditions for soil
animals the mixing rate may be virtually zero, whereas very
high mixing rates can be found for e.g. tropical soils. Paton et al. (1995) compiled an extensive list of estimates of
reworking rates for diﬀerent types of organisms and climates650
and found that earthworms are generally the most important
organisms for bioturbation. Reported reworking ranged from
0.0063 to 27 kg m−2 yr−1 , with two thirds of the rates between
0 and 5 kg m−2 yr−1 . Since most of these estimates were rates of
surface cast formation, they noted that these numbers are prob-655
ably underestimations, since not all species deposit casts at the
surface.
The mixing length lm should ideally represent the typical distance over which soil particles are displaced. However, as discussed in section 2.4.1, in SOMPROF this parameter is of a
more empirical nature. Nevertheless, we can expect the mix-660
ing length to be roughly in the order of magnitude of the body
size of the soil fauna, i.e. 0.01 to 0.5 m. Ideally, this parameter
should be relatively constant over diﬀerent ecosystems.
The advection rate v is determined both by downward water fluxes and adsorption of DOM to mineral surfaces. Since665
SOMPROF diﬀers from most other models in the sense that
only part of the organic matter is transported advectively, little
a priori information on this parameter is available. Sanderman
et al. (2008) estimated eﬀective DOM advection rates for the
total organic matter fraction as a function of depth, based on670
field concentration measurements and modelled water fluxes.
Assuming that in the deep soil most organic material is potentially mobile, their estimate of the eﬀective advection rate for
this fraction is approximately 0.2 mm yr−1 . Bruun et al. (2007)
9

estimated transport rates from 14C profile, and found an advection rate of 2.3 mm yr−1 for a fraction of 24 % of the total organic matter. Based on profiles of short-lived isotopes ( 137Ce
and 241Am) produced by nuclear weapon testing, Kaste et al.
(2007) reported advection rates ranging from 0.7 to 2 mm yr−1 ,
for diﬀerent soils.
2.7.3. Bulk density
The bulk densities of the organic layers (ρL , ρF and ρH ) are
not usually measured in field studies. Since they are needed
only to calculate the thickness of the organic layers in order to
distribute the root litter input and soil temperature and moisture
profiles, their influence on the carbon stocks and distribution is
relatively small. For soil carbon cycling simulations they may
be set to fixed but reasonable values (table 2). However, for
energy and water exchange the bulk density of the organic horizons is more important, due to the eﬀects of the organic layer
on soil heat and moisture transport.
If the bulk density of the mineral soil (ρMS ) is not available, it
is estimated according to equation (4). In this equation, the organic bulk density ρO is set equal to the H horizon bulk density.
The mineral bulk density depends on the mineral composition,
and should be approximately equal to the bulk density at the
deep soil, where the organic matter fraction approaches zero.
3. Simulation preparation
To test the model, a simulation was made using data from
Hainich, a deciduous forest in Germany. Predicted soil carbon
fractions and stocks are compared to measurements made at the
site. However, we did not perform calibration the model parameters to these measurements, which, due to the complexity
of the model, is outside of the scope of this paper. The organic
carbon measurements are presented for reference, but we do not
present any statistics on model performance.
To study the model behavior we prepared several additional
simulations for which one or more parameters were changed.
This section describes the preparation of the reference simulation. For each additional simulation, the changes with respect
to the reference simulation are described in section 3.
3.1. Site description
Hainich is an old growth deciduous forest in Central Germany (51°4′ 45.36′′ N; 10°27′ 7.20′′ E) which has been unmanaged for several decades. The climate is temperate suboceanic/subcontinental with an average annual precipitation of
800 mm and an average temperature of 7 to 8 ◦C. The forest
is dominated by beech (Fagus Sylvatica, 65 %) and Ash (Fraxinus excelsior, 25 %), with a wide range of age classes, up to 250
years. The understorey consists of herbaceous vegetation (Allium ursinum, Mercurialis perennis, Anemone nemorosa) which
seasonally completely covers the forest floor (Kutsch et al.,
2010).
The soil is classified as Luvisol or Cambisol (IUSS Working
Group WRB, 2007; Kutsch et al., 2010) and consists of weathered limestone overlain by a Pleistocene loess layer of varying thickness (10–50 cm). The mineral soil is characterized by
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Figure 2: Measured relative soil moisture content at Hainich for the period 2001–2003 . Measurement depths were 8, 16 and 32 cm.
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a high clay content (60 %) and a pH-H2 O of 6.0 to 7.8 (Søe715
and Buchmann, 2005). About 90 % of the root biomass occurs above 40 cm depth. The pH and litter quality of deciduous
trees in Hainich support a high soil biological activity, demonstrated by a thin organic layer and a well developed A horizon
of (10 to 15 cm; Søe and Buchmann, 2005). Cesarz et al. (2007)720
reported earthworm populations of up to 500 individuals per m2
for the Hainich forest.
The high clay content and shallow bedrock at Hainich obstruct drainage, which causes the deep soil to be relatively moist
throughout the year (figure 2).
725
3.2. Measurements and data processing

690

695
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10 soil cores to a maximum depth of 70 cm were extracted
in March 2004. Organic carbon fraction, root biomass and bulk730
density of the fine soil fraction were determined for 7 depth increments (0–5 cm; 5–10 cm; 10–20 cm; 20–30 cm; 30–40 cm;
50–60 cm; 60–70 cm). Organic carbon stocks were measured
for L and F/H horizons (the individual F and H horizons could
not be identified). The mineral soil organic carbon stocks were735
derived from the organic carbon fraction using the fine soil bulk
density. The sampling and measurement procedures are described in Schrumpf et al. (2011).
Soil temperature and moisture were continuously measured
at half-hourly intervals for the period 2001 to 2008. Gaps were740
filled with piecewise Hermite interpolation. Soil temperature
was measured for two profiles at 5 depths (2, 5, 15, 30 and
50 cm). The average of the two soil temperature profiles was
used for model input. Soil moisture was measured for one profile (8, 16 and 32 cm; figure 2). The soil moisture volume frac-745
tion was converted to relative content by calculating the relative
value between the minimum value and the maximum value of
the time series for each depth. Next, the half-hourly temperature and relative soil moisture content values were converted
to response factors based on the response equations (Appendix750
A.1), and were subsequently averaged to daily values for the
second stage of the simulation. Also, an average annual cycle
of monthly values was derived for the spin-up.
Total annual litter fall and root litter production rate was measured for the period 2000 to 2007 (Kutsch et al., 2010). Average755
values for this period were used for the spin-up.
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3.3. Simulation setup
For the reference simulation, the decomposition and transport parameters (table 2) were manually tuned based on a priori
knowledge of the parameters (section 2.7) and model behavior.
During the spin-up phase, the model was run for a period
of time to achieve the initial conditions for the second stage of
the simulation. Although the oldest trees at Hainich are about
250 years old, development of the soil organic matter profile
presumably started much earlier. Therefore, we used a spin-up
length of 1000 years, during which the soil eﬀectively reached
an equilibrium. During the spin-up, the model was run at a
monthly time step, and driven by an average annual cycle of
soil temperature and moisture response factors, derived from
the available measurements. Also, average annual values for
above ground litter fall and root litter production were used during the spin-up (but the above ground litter fall is distributed
over the year, see below).
During the second stage of the simulation, SOMPROF was
run at a daily time step for the period 2001 to 2007, and driven
by local measurements of soil temperature, moisture and above
and below ground litter production. Since no local estimates
of the soil moisture and temperature sensitivity are available,
the parameter values from Lloyd and Taylor (1994) were used
for the temperature response function. The parameters of the
soil moisture response were chosen such that respiration starts
to decrease sharply when relative soil moisture drops below
20 %. To account for seasonal variations, the annual total above
ground litter fall was distributed over the year (for the spin-up
as well as the second phase of the simulation) according to a
distribution function based on data for a similar forest, taken
from Lebret et al. (2001). Since no information about the seasonal cycle of root litter production was available, it was kept
at a constant rate throughout the year. An exponential function
was fitted to the vertical root biomass profile to determine the
vertical distribution of root litter input.
The subsoil at Hainich has a high stone content which increases towards the bedrock. Since SOMPROF does not account for stones, the fine soil density (mass of grains smaller
than 2 mm per unit total volume) was used as bulk density for
the simulations, up to a depth of 40 cm. Since the stoniness increases with depth below this level, the bulk density was kept at
the 30–40 cm level below 40 cm. The bulk density for the L, F

and H horizons were set to typical values observed in the field.
The bottom depth of the soil profile was set at 70 cm.

4. Results
18
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Modeled organic carbon stocks and concentration profile for
the reference simulation are shown together with measured values in figures 3 and 4 (center graphs). The modeled results are
values from the last year of the spin-up, from a month near the
sampling date, to reduce diﬀerences with measurements due to
seasonal fluctuations.
The predicted stocks and concentrations generally compare
well with measurements. However, the organic carbon stock in
the F+H horizon is strongly overestimated with respect to the
measurements. This may be caused by a too low bioturbation
rate or too low decomposition rates of the organic carbon pools.
The carbon stocks in the topsoil are underestimated while the
subsoil stocks are overestimated. Presumably, a higher bioturbation rate and a lower advection rate would lead to a better
fit to the measurements, but without additional data and more
thorough calibration the precise reason cannot be determined.
Furthermore, the possibility of a bias in the model results is
higher for the deep soil, due to the presence of stones, which
are not accounted for in SOMPROF.
Although leachable slow (LS) organic matter is absent in the
organic layer, it is the largest organic matter pool (11.0 kgC m−2
of 15.4 kgC m−2 in total) due to its predicted abundance in the
complete mineral soil profile. The importance of the LS pool is
not surprising, given that it has the lowest decomposition rate
of all pools. Fragmented litter dominates the upper 5 cm of
the mineral soil, but decreases rapidly with depth, becoming
negligible below 10 cm. The root litter and non-leachable slow
(NLS) pool reach deeper levels because of direct local input
and, in the case of NLS-OM, the relatively low decomposition
rate.
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Figure 7: Development of the organic carbon stocks for for the reference simulation.
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4.2. Development of the organic carbon stocks
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4.1. Organic carbon stocks and mass fraction profile

Carbon stock (kgC m−2)

760

Figure 7 shows the development of the carbon pools for the
reference simulation. Initially all material produced in the L
horizon flows immediately into the mineral soil, preventing
buildup of an F or H horizon. When the flux from the L layer
exceeds the bioturbation rate, the F and H horizon start to form.
In this case this occurs after approximately 50 years.
Under certain conditions, the organic carbon stock of the
mineral soil initially increases, peaks, and then decreases again
(figure 8). This is caused by a positive feedback in the formation of the F and H horizon due to the fact that root litter input
of a layer is indirectly proportional to its mass (via its thickness,
section 2.2). Initially, in absence of an F or H horizon, all root
litter (and its decomposition products) flows into the mineral
soil. As the organic layer develops, root litter input gradually
shifts to the F and H horizon, leading to reduced organic matter
input into the mineral soil.
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Figure 8: Development of the organic carbon stocks for a scenario with high and
shallow root litter input and low bioturbation. Input parameters are as follows:
kNLS = 0.02 yr−1 ; kLS = 0.02 yr−1 ; αAGL→FL = 0.7; αFL→NLS = 0.1; αFL→LS =
0.05; αRL→NLS = 0.2; αRL→LS = 0.05; B = 0.1 kg m−2 yr−1 ; β = 0.4 m−1 ;
IRL = 0.8 kgC m−2 yr−1 ; all other parameters as listed in table 2.
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Figure 3: Measured organic carbon stocks and modeled stocks for three bioturbation scenarios: B = 0.2, 0.4 and 0.8 kg m−2 yr−1 . All other parameters are as listed
in table 2. Measured stocks are mean values; errorbars denote 1 standard error of the mean.
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Figure 4: Measured organic carbon mass fraction profile in the mineral soil and modeled fraction profiles for three bioturbation scenarios: B = 0.2, 0.4 and
0.8 kg m−2 yr−1 . All other parameters are as listed in table 2. Measured concentrations are mean values; errorbars denote 1 standard error of the mean.
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Figure 5: Measured organic carbon stocks and modeled stocks for three advection scenarios: v = 0.001, 0.002 and 0.004 m yr−1 . All other parameters are as listed
in table 2. Measured stocks are mean values; errorbars denote 1 standard error of the mean.
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Figure 6: Measured organic carbon mass fraction profile in the mineral soil and modeled fraction profiles for three advection scenarios: v = 0.001, 0.002 and
0.004 m yr−1 . All other parameters are as listed in table 2. Measured concentrations are mean values; errorbars denote 1 standard error of the mean.
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4.3. Organic matter transport fluxes
Figure 9 depicts the diﬀerent transport fluxes in the the mineral soil. The advective flux is clearly the main transport mechanism in virtually all of the soil profile. Only in the top 2 to 3 cm,
is diﬀusion more important due to the high concentration gra-835
dient of fragmented litter there. The relative importance of advection for organic matter transport is caused mainly by the fact
that leachable slow organic matter is the largest organic matter pool, due to its low decomposition rate. Interestingly, the
diﬀusive transport rate of LS-OM near the surface is negative,840
indicating upward transport. This is because the LS-OM concentration peaks at around 5 cm depth, which indicates that the
largest input of LS-OM due to root litter and fragmented litter decomposition is around this depth. Presumably, this is a
modeling artifact and does not occur in reality.
845
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Figure 9: Organic carbon transport fluxes in the mineral soil for the reference
simulation. Downward fluxes are positive.
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4.4.2. Advection rate
Figures 5 and 6 show the organic carbon stocks for the control, a 50 % decrease and a 100 % increase of the advection
rate. As would be expected, the advection rate has no influence on the stocks in the organic layers since it does not affect the flow into the mineral soil. The mineral soil stock of
leachable slow organic matter strongly decreases with increasing advection rate, particularly in the the topsoil. This is explained by the increased loss of organic carbon over the lower
boundary. Interestingly, the organic matter concentration below 50 cm is slightly lower both for the scenario with increased
advection and with decreased advection, with respect to the reference simulation. The reason for this is that for the low advection scenario less LS-OM reaches the subsoil, while for the
high advection scenario more LS-OM flows out of the system
over the lower boundary, both cases leading to lower organic
matter concentrations.
The amount of carbon lost at the lower boundary is also
strongly dependent on the advection rate: 9.36 gC m−2 yr−1 for
the low advection scenario, 22.6 gC m−2 yr−1 for the reference
and 34.7 gC m−2 yr−1 for the high advection scenario.
4.5. Influence of the SOM profile on heterotrophic respiration

Fragmented litter (A)
Non−leachable slow OM (C)

60

the bioturbation rate causes a shift of material from the organic
layer to the mineral soil, leading to complete disappearance of
the F and H horizon in the high bioturbation scenario.
The eﬀects of bioturbation are mostly limited to the fragmented litter and non-leachable slow pools. These pools are
dependent on bioturbation for downward flow, whereas root litter and leachable slow organic matter are also influenced by
direct input and advection, respectively. The change of bioturbation rate has virtually no influence on the carbon stocks below
50 cm.

4.4. Sensitivity to transport parameters
4.4.1. Bioturbation rate
The bioturbation rate B controls both the flow of organic matter from the organic horizons, as well as the diﬀusivity deter-880
mining the transport within the mineral soil. The eﬀects of a
50 % reduction and a 100 % increase of the bioturbation rate on
the organic carbon stocks and organic carbon profile in the mineral soil are shown in figures 3 and 4, respectively. Increasing
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To study the eﬀects of the vertical SOM distribution on heterotrophic respiration, we set up three SOMPROF simulations
with diﬀerent vertical organic matter distributions, by varying
the transport rates and the vertical distribution of root litter input (figure 10). The lower boundary of the mineral soil was set
to 3 m to assure that virtually all SOM is accounted for in the
simulations, and diﬀerences in predicted respiration are not due
to diﬀerences in total carbon stock. Since soil moisture measurements were available only up to a depth of 32 cm, the soil
moisture is estimated by non-linear extrapolation up to a depth
of 70 cm. Below 70 cm, the soil moisture was held at a constant
value.
Figure 11 shows the relative contribution of the three organic
horizons and the mineral soil to the total heterotrophic respiration, for the three scenarios. The vertical organic matter distribution strongly influences the location of the CO2 production
within the profile. Aside from short time scale fluctuations, this
vertical partitioning is quite constant, showing little seasonal
variability. A notable exception is the summer of 2003, which
was an exceptionally dry and hot period in Europe. During this
time, soil moisture decreased severely at Hainich, with lowest
values in the organic layer and in the topsoil (figure 2). The
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B = 2 kg m−2 yr−1 v = 0.002 m yr−1 . For all three scenarios the depth of the lower boundary has been set to 3 m. All other parameters, as well as all parameters for
the reference scenario are as listed in table 2.

15

100
80
60
40

Fraction of respiration (%)

20
100

Shallow organic matter distribution

80
60
40
20
100

Reference

80
60
L horizon
F horizon
H horizon
Mineral soil

40
20

Deep organic matter distribution

0
Jan01

Jul01

Jan02

Jul02

Jan03

Jul03

Jan04

Jul04

Jan05

Jul05

Jan06

Jul06

Jan07

Jul07

Figure 11: Relative contribution of the three organic horizons and the mineral soil of the three organic matter distribution scenarios for the simulation period.

2003

Shallow organic matter distribution
Reference
Deep organic matter distribution
3

Respiration (μmol m-2 s-1)

3.5
3
2.5
2
1.5
1
0.5

0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Respiration (μmol m-2 s-1)

2.5

2

1.5

1

0.5

0
Jan01

Jul01

Jan02

Jul02

Jan03

Jul03

Jan04

Jul04

Jan05

Jul05

Jan06

Jul06

Jan07

Figure 12: Total heterotrophic respiration of the three organic matter distribution scenarios for the simulation period.

16

Jul07

885

890

895

vertical partitioning of the heterotrophic respiration changes
dramatically during the drought: the mineral soil becomes the940
dominating source of CO2 in all three scenarios. These marked
diﬀerences demonstrate the severity of the drought.
The vertical organic matter distribution also has a significant
eﬀect on the temporal variation of total heterotrophic respiration, as shown in figure 12. The amplitude of the fluctuations945
decreases with deeper organic matter distribution: the deep organic matter scenario has lower respiration rates in summer and
higher rates in winter, compared to the other scenarios. Also
the response to the 2003 drought (figure 12, inset) is less pronounced for the deep organic matter scenario, although the dif-950
ferences are relatively small because ultimately the whole profile was aﬀected by the drought.

peaking behavior of the mineral soil stock is observed only in
situations where root litter input is the dominant source of organic matter, while being shallowly distributed in the profile.
Furthermore, vertical transport of organic matter should play
a small role, which means that the mineral soil is mostly dependent on root litter for its soil carbon input. Such conditions
may occur, for example, in a forest on a poor soil (i.e. with
little soil biological activity) with a productive herbaceous understorey. Although it does not seem unlikely that the predicted
behavior could occur for such a site, we did not find chronosequence studies that confirm this, since soil carbon buildup usually involves a succession of vegetation types, accompanied by
changes in (root) litter production.
5.2. Soil organic matter transport

5. Discussion
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5.1. Organic carbon stocks and profile
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The results depicted in figures 3-6 show that SOMPROF is
able to produce organic carbon stocks and profiles that are realistic compared to measurements. Furthermore, it does so based
on input parameter values that lie within ranges suggested by a
priori knowledge (section 2.7), which is encouraging. It must960
be noted, however, that the model is over-parameterized with
respect to the available measurements. This is clear, for example, from the fact that the profile and stocks are roughly equally
well reproduced in the high bioturbation scenario (figures 3 and
4, right graphs) and the low advection scenario (figures 5 and 6965
left graphs), which have distinctly diﬀerent parameter sets.
In spite of this problem, the results oﬀer some insight into the
structure of the mineral SOM profile (figures 4 and 6). The profile can be divided into a zone near the surface with relatively
fast decay of organic matter content with depth, and a zone with970
a smaller depth gradient in the subsoil. The model results suggest that the two zones are characterized by diﬀerent organic
matter deposition mechanisms: bioturbation in the topsoil and
liquid phase transport in the subsoil. The low depth gradient in
the subsoil causes a long, downward “tail” of organic matter,975
which is also often observed in the field. Because of this tail,
a power function of depth often yields a better fit to the vertical SOM profile than a one-term exponential decay function
(Jobbagy and Jackson, 2000).
In the model results, the leachable slow organic matter pool980
is dominant throughout most of the profile. This can fully be
ascribed to our choice for model parameters: its decomposition rate is lowest of all pools, while it is formed at the same
rate as non-leachable slow OM. Nevertheless, measurements at
Hainich (Schrumpf, unpublished) show that most organic mat-985
ter is located in the heavy fraction. Since the heavy fraction
can be assumed to be mineral associated organic matter, this
corroborates our results.
The positive feedback in the development of the F and H
horizon (section 4.2) leads, under certain conditions, to inter-990
esting behavior in which the mineral soil carbon stock initially
increases and later decreases again (figure 8). Although the F/H
horizon feedback always occurs if these layers are present, the
17

In our simulations, liquid phase transport of organic matter
is the dominant mechanism for SOM movement in most of the
profile, due to the abundance of LS-OM (figure 9). Thorough
parameter estimation should reveal if this is truly the case for
Hainich. However, even if advection dominates, bioturbation
should not be ignored as mechanism for organic matter transport. The bioturbation rate strongly controls the organic carbon
stocks in the F and H horizons and determines the amount of
easily decomposable material in the topsoil.
SOMPROF behaves diﬀerently with respect to bioturbation
than existing models that include this process: for a small increase of bioturbation, the increased input of organic matter into
the mineral soil is not fully compensated by the increased diﬀusion rate, leading to higher concentrations in the topsoil. Only
in absence of an F and H horizon, will an increase of bioturbation rate lead to reduced organic matter concentrations due
to faster diﬀusion. In this respect SOMPROF is more realistic
than SOM profile models that ignore the organic layer. This is
corroborated by results of Alban and Berry (1994) who found
a significant increase of topsoil organic carbon content together
with a decrease of organic layer mass for a forest soil which
was invaded by earthworms.
Predicted organic carbon loss over the lower boundary due to
advection (section 4.4.2) is strongly overestimated compared to
in situ measurements at Hainich by Kindler et al. (2010), who
found fluxes of 1.9–2.6 gC m−2 yr−1 from the subsoil. The advective loss rates are also relatively high compared to typically
observed estimates at other sites (Michalzik et al., 2001). This
points to a too high advection rate in the deep soil, which may
also partly explain the overestimation of the deep soil organic
matter concentration. It is likely that the advection rate of the
deep soil is in reality lower than that of the topsoil, since average water infiltration rates decrease with depth (Sanderman
et al., 2008). At Hainich this is particularly likely due to the
high clay content which obstructs water drainage and adsorbs
organic matter. The predicted advective loss of organic matter
also depends on the depth at which the lower boundary is set in
the model. Leached organic matter can be accounted for simply
by lowering the soil depth (compare figures 3 and 4 with figure
10, middle graphs). This raises the question whether leached
organic carbon in the field can really be considered lost or if it

995

1000

1005

1010

1015

1020

1025

1030

1035

1040

1045

is retained by adsorption at depths below the lowest measurethat is involved with carbon storage and bioturbation. Since the
ment depth, in which case it may still contribute to respiration.1050 high stone content at Hainich is limited to the deep soil where
organic carbon fractions are low, presumably the error in the
5.3. Significance of the SOM profile for carbon cycling
predicted carbon stocks are small. However, many soils have
The results in section 4.5 demonstrate that the vertical SOM
a high stoniness throughout the profile, which significantly afdistribution can significantly aﬀect soil carbon cycling at short
fects the vertical SOM distribution.
time scales. Since temporal fluctuations of soil moisture and1055
Future model development will address several of the issues
temperature decrease with depth in soil, a deeper distribution of
discussed above to improve the large scale applicability of the
organic matter causes reduced variability of heterotrophic respimodel.
ration. This suggests that a soil with a deep SOM distribution is
less sensitive to short timescale climatic fluctuations than a soil
5.5. Outlook
with a shallow distribution. However, since no measurements
For further application of SOMPROF, parameter estimation
of soil moisture and temperature were available below 32 and
50 cm respectively, we needed to make assumptions regarding1060 is required to obtain insight into the model parameters, particularly those related to SOM transport, since they are relatively
these quantities in the deep soil. A more thorough modelling
unknown. A problem is posed by equifinality: the ability of the
study is needed to evaluate these eﬀects.
model to produce similar results using significantly diﬀerent paWhether these interactions aﬀect the average long term soil
rameter sets. The fact that the diﬀerent mathematical terms in
carbon balance is unsure, since, in this case, the vertical SOM
distribution aﬀects mostly the amplitude and less the average1065 SOMPROF relate to specific processes somewhat alleviates this
problem because it allows a priori rough estimates of parameter
of the variations. In general, the long term eﬀects depend on
values to be obtained. Nevertheless, future model testing should
the non-linearity of the of the response functions and the avinvestigate whether the model may be simplified in order to faerage vertical gradients of the temperature moisture profiles.
cilitate parameter estimation. Furthermore, observational data
This suggests that the variability of soil moisture would play
a greater role on the long time scale, since its response function1070 used for optimization should include additional high-resolution
profile data, such as 14C and 13C measurements and respiration
is less linear and it generally displays stronger depth gradients
rates. Also, since small scale spatial heterogeneity can signifthan soil temperature. More simulation studies, for diﬀerent
icantly aﬀect local stocks and profiles, multiple replicate samconditions and at larger spatial scales (possibly as part of a dyplings at diﬀerent locations within one ecosystem or soil type
namic global vegetation model) should reveal if these eﬀects
1075
are required.
truly play a significant role for soil carbon cycling.
Application of the model at large spatial scales requires sets
A large part of the merit of a vertically explicit SOM model
of parameters for diﬀerent ecosystems and soils, or empirical
lies in synergies with other processes that are not yet implefunctions relating the parameters to information in available
mented in SOMPROF. For example, the vertical SOM profile
data sets. Bioturbation is strongly linked to climate, litter qual(particularly the presence of an organic surface layer) strongly
influences soil heat and moisture transport (Koven et al., 2009;1080 ity and soil properties such as pH and base saturation. Since
conditions that support a high vegetation productivity and litter
Lawrence and Slater, 2008), which ultimately feed back to soil
quality tend to have a large and active soil fauna community
carbon cycling. Also microbial dynamics may be of imporas well, vegetation type and productivity may be a good proxy
tance on long time scales (Fontaine et al., 2007; Allison et al.,
for the bioturbation rate. The advection rate is related to phys2010). Fontaine et al. (2007) showed that deep soil organic carbon can be stabilized due to the absence of fresh organic mat-1085 ical and chemical factors, such as water infiltration rates, soil
texture, and pH.
ter for microbial decomposers. A decomposition model that
It is likely that the spatial variability of the transport parameincludes such eﬀects, as part of a vertically explicit scheme,
ters is comparable to that of the decomposition parameters since
is likely to find markedly diﬀerent results for deep soil carbon
both groups are influenced by the same environmental factors.
storage.
1090
Therefore, we do not expect that the introduction of a vertical
5.4. Model limitations
scheme in SOM models as such calls for better representation
of spatial heterogeneity compared to current models.
SOMPROF cannot be applied under all conditions. The organic layer structure corresponds to the humus profile observed
Many existing SOM models can be made vertically explicit
in forests. For grassland soils it may not be possible to make the
by adopting the scheme of SOMPROF. This modification would
distinction between an organic layer and the mineral soil, since1095 mainly involve separation of the soil into the mineral soil with
organic matter accumulation occurs mostly in the topsoil due
a concentration profile, and the organic layer, possibly further
to root turnover. Furthermore, SOMPROF is not suitable for
subdivided into diﬀerent horizons. The pool structure of the
soils where the vertical SOM profile is significantly influenced
model to be adjusted must support the change of transport beby processes that are not represented, including ploughing, cryhavior during the decomposition process. Hence, a serial aroturbation, erosion and podzolization.
1100
rangement of pools (with one type of material being transCurrently, SOMPROF does not account for stones in the minformed to another) is preferable. Furthermore, a specific pool
eral soil matrix. To include these eﬀects the mass balance equamust be defined that is transported advectively, to represent liqtions would need to be corrected for the amount of fine soil
uid phase mediated transport. Finally, there must be an explicit
18
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distinction between above ground litter and root litter, since
these two types represent diﬀerent input mechanisms.
6. Conclusions

1110

1115

1165

SOMPROF is able to reproduce organic carbon stocks and
concentration profiles that compare well to measurements, using input parameters that are reasonable compared to prior1170
knowledge. Furthermore, the model is able to produce widely
diﬀerent organic matter profiles, making it applicable to a range
of soil types, provided that the natural process of soil formation
has not been disturbed. The model can provide insight into sev-1175
eral processes that cannot be addressed with bulk models, such
as soil formation, organic matter origin, loss of organic carbon
through leaching, and interactions between the SOM profile,
heterotrophic respiration and soil temperature and moisture. 1180
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factor α. The flux from pool i to pool j in model compartment
p is defined as:
p
p
(A.4)
Fi→
j = αi→ j Li .
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Thus, the total formation of the secondary pools in any compartment p, is defined as follows:
p
FFLp = αAGL→FL LAGL
,
p
p
p
FNLS
= αFL→NLS LFL
+ αRL→NLS LRL
,
p

(A.6)
(A.7)

tot
where IRL
is the total root litter production (kg m−2 yr−1 ), β
−1
(m ) is a shape parameter, and ∆zF and ∆zH are the thickness
(m) of the F and H horizon, respectively, and are determined
from the total mass of each layer and its bulk density:

∆zF =

F
F
COF
CFL
+ CRL
=
,
ρF
ρF

H
H
H
COH CFL
+ CRL
+ CNLS
=
.
H
H
ρ
ρ

∆zH =

(A.9)
(A.10)

The root litter input into the F and H horizon is obtained by
integrating (A.8) over the horizon thickness:

Appendix A.1. Decomposition

∫

Organic matter decomposition is modeled according to first
order kinetics corrected for local soil temperature and moisture.
For any organic matter pool i in model compartment p, decomposition is defined as:
ki Cip

,

I =
F
RL

−∆zH −∆zF

∫

(A.1)

IRL (z) dz ,

(A.11)

0

−∆zH

IRL (z) dz .

(A.12)

Appendix A.3. Bulk density
If mineral soil bulk density is unknown it is estimated according a function from Federer et al. (1993):
ρMS =

ρM ρO
,
fOMS ρM + (1 − fOMS ) ρO

(A.13)

where ρM and ρO are bulk densities for hypothetical pure mineral
and pure organic soil and fO is the mass fraction organic matter:

where T is the soil temperature (K), T ref (283.15 K) and T 0
(227.13 K) are reference temperatures, and Ea (K) determines
the temperature sensitivity. g(W) is defined according to a modified sigmoid model (Subke et al., 2003):
(
)
g (W) = exp − exp (a − bW) ,

−∆zH

H
IRL
=

where f (T ) and g(W) are response functions for soil temperature and moisture. f (T ) is defined according to Lloyd and
Taylor (1994):
))
( (
1
1
−
,
(A.2)
f (T ) = exp Ea
T 0 − T re f T − T re f
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p

Appendix A.2. Litter input
External input of organic matter occurs for the above ground
L
tot
litter pool IAGL
and for the root litter pool IRL
. The total root
litter input is distributed over the soil profile according to an
exponential function of depth which starts at the top of the F
horizon:
( (
))
tot
IRL (z) = IRL
β exp −β z + ∆zF + ∆zH ,
(A.8)

Here a complete description of SOMPROF is given, including all equations. Additional explanation is given in the main
text of this paper. Table A.3 gives complete overview of all
symbols used in the equations. Depth (z) is assumed positive
downwards and z = 0 is set at the top of the mineral soil. In
general, subscripts suﬃxed to model variables denote an organic matter pool, while superscripts denote a location in the
vertical profile.

= f (T ) g (W)

p

FLS = αFL→LS LFL + αRL→LS LRL .

Appendix A. Full description of SOMPROF

Lip

(A.5)

fO =

MS
MS
MS
MS
COMS CFL
+ CRL
+ CNLS
+ CLS
=
.
ρMS
ρMS

(A.14)

Substituting (A.14) into (A.13) and rearranging yields:

(A.3)

fOMS =

where W is the fraction of the porosity filled with water (-) and
a and b (-) are parameters determining the shape of the soil
moisture response.
For several pools, part of the decomposition flux flows into
to secondary pools. This is determined by the transformation

and:
ρMS =
21

COMS ρO
,
MS MS
+ ρMS
M ) − ρM C O

(A.15)

MS
MS
MS MS
ρMS
O (C O + ρM ) − ρM C O
.
MS
ρO

(A.16)

ρ (C
MS
O

MS
O

Table A.3: List of symbols and abbreviations

Symbol

Description

Units

State variables and fluxes
Cip
Content of pool i in model compartment p* †
p
Ii
Input of pool i in model compartment p* †‡
p
Fi→ j
Transformation of pool i to pool j in model compartment p* †
p
Fi
Total formation of pool i in model compartment p* †
Loss of pool i by decomposition in model compartment p* †
Lip
Jip→q
Bioturbation flux of pool i from model compartment p to q * †§
Model input
ki
T
Ea
W
a
b
αi→ j
tot
IRL
β
B
lm
DBT
v
ρp
ρM , ρO

Decomposition rate of pool i‡
Soil temperature* †‡
Soil temperature response parameter‡
Relative soil moisture content* †‡
Soil moisture response parameter‡
Soil moisture response parameter‡
Factor for transformation of pool i to pool j‡
Total root litter input in the soil profile†‡
Root litter distribution parameter‡
Bioturbation rate‡
Mixing length‡
Diﬀusion coeﬃcient due to bioturbation* †
Advection rate‡§
Bulk density in model compartment p* †‡
Pure mineral and pure organic bulk density‡

Other variables
z
Depth* §
t
Time†
p
fi
Mass fraction of organic matter pool i in model compartment p* †
L
Depth of the lower boundary‡

(Organic layer / Mineral soil)
kg m−2 / kg m−3
kg m−2 yr−1 / kg m−3 yr−1
kg m−2 yr−1 / kg m−3 yr−1
kg m−2 yr−1 / kg m−3 yr−1
kg m−2 yr−1 / kg m−3 yr−1
kg m−2 yr−1
yr−1
K
K
kg m−2 yr−1
m−1
kg m−2 yr−1
m
m2 yr−1
m yr−1
kg m−3
kg m−3
m
yr
m

Model compartments (superscripts)
L
L horizon
F
F horizon
H
H horizon
MS
Mineral soil

N/A
N/A
N/A
N/A

Organic matter pools (subscripts)
AGL
Above ground litter
FL
Fragmented litter
RL
Root litter
NLS
Non-leachable slow OM
LS
Leachable slow OM
O
Organic matter, sum of all pools

N/A
N/A
N/A
N/A
N/A
N/A

*
†

Depth and/or model compartment dependent
Time dependent
‡ Input parameter
§ Positive downward
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Appendix A.4. Organic matter transport
Fluxes between the organic horizons are determined by the
bioturbation rate B. In case the stock in an organic horizon is
zero, the bioturbation fluxes from that organic horizon are adjusted downward to the total input, if necessary, to avoid negative stocks. Thus, the bioturbation fluxes in the organic layer
are defined as follows:
{
J

F→H
FL

=

{
F→H
JRL
=

{
H→MS
JFL
=

{
H→MS
=
JRL

{

F
if CFL
>0
, (A.17)
F
=0
if CFL

fFLF B
) F ]
[( L
F
− LFL
, fFL B
min FAGL→FL

fRLF B
[( F
) F ]
F
min IRL
− LRL
, fRL B

fFLH B
[( F→H
) H ]
H
min JFL
− LFL
, fFL B

F
if CRL
>0
F
if CRL
=0

H
if CFL
>0
H
if CFL
=0

fRLH B
) H ]
[( H
F→H
H
, fRL B
min IRL
+ JRL
− LRL

,

(A.18)

>0
,
=0
(A.21)
where fip is the mass fraction of pool i in compartment p:
H→MS
=
JNLS

f B
) H ]
[( F
H
H
, fNLS B
min FNLS
+ FNLS
− LNLS

fi p =

Cip
COp

=

Cip
p
p
p
p
CFL
+ CRL
+ CNLS
+ CLS

if C
if C

.

(A.27)

F
∂CRL
F
F
F→H
= IRL
− LRL
− JRL
,
∂t

(A.28)

H
∂CFL
F→H
H
H→MS
= JFL
− LFL
− JFL
,
∂t

(A.29)

H
∂CRL
H
F→H
H
H→MS
= IRL
+ JRL
− LRL
− JRL
,
∂t

(A.30)

H
∂CNLS
F
H
H
H→MS
= FNLS
+ FNLS
− LNLS
− JNLS
.
∂t

(A.31)

Appendix A.5.2. Mineral soil
The complete mass balance equations for the organic matter
pools in the mineral soil are as follows:

, (A.19)

H
if CRL
>0
,
H
if CRL
=0
(A.20)

H
NLS

F
∂CFL
L
F
F→H
= FFL
− LFL
− JFL
,
∂t

H
NLS
H
NLS

(A.22)

MS
MS
∂CFL
∂2CFL
MS
− LFL
,
= DBT
∂t
∂z2

(A.32)

MS
MS
∂CRL
∂2CRL
MS
MS
,
− LRL
= DBT
+ IRL
2
∂t
∂z

(A.33)

MS
MS
∂CNLS
∂2CNLS
MS
MS
= DBT
+ FNLS
− LNLS
,
∂t
∂z2

(A.34)

MS
MS
∂CLS
∂2CLS
∂C MS
MS
MS
= DBT
− v LS + FLS
− LLS
.
2
∂t
∂z
∂z

(A.35)
p
Note that CLS
is zero for the organic horizons. In the mineral
soil, transport by bioturbation is modeled according to the diffusion equation. The transport due to bioturbation for any pool1420 Appendix A.6. Boundary conditions
i (except above ground litter) is defined as:
Appendix A.6.1. Upper boundary
The upper boundary conditions for the organic matter pools
∂Ci
∂2Ci
(A.23)
= DBT 2 ,
in
the mineral soil are determined by the flux from the organic
∂t BT
∂z
layer:
[
]
MS
where the diﬀusion coeﬃcient DBT is defined according to:
∂CFL
H→MS
−DBT
= JFL
,
(A.36)
∂z
z=0
1 B
(A.24)
DBT = 2 MS lm .
ρ
[
]
MS
∂CRL
H→MS
−DBT
= JRL
,
(A.37)
Advective transport of the LS pool in the mineral is modeled
∂z z=0
according to:
[
]
∂CLS
∂CLS
MS
∂CNLS
= −v
.
(A.25)
H→MS
−D
BT
= JNLS
.
(A.38)
∂t adv
∂z
∂z z=0
Appendix A.5. Governing equations

Since LS-OM formed in the organic layer is assumed to flow
immediately into the mineral soil, the upper boundary condition
for this pool is defined as the total production in the organic
layer:
]
[
∂C MS
MS
F
H
= FLS
+ FLS
.
(A.39)
−DBT LS + vCLS
∂z
z=0

Appendix A.5.1. Organic layer
The complete mass balance equations for the organic matter
pools in the organic layer are as follows:
L
∂CAGL
L
L
= IAGL
− LAGL
,
∂t

(A.26)
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Appendix A.6.2. Lower boundary
For all organic matter pools a zero flux boundary condition
is used at depth L:
[ MS ]
∂CFL
=0,
(A.40)
∂z z=L
[ MS ]
∂CRL
=0,
(A.41)
∂z z=L
[ MS ]
∂CNLS
=0,
(A.42)
∂z z=L
[ MS ]
∂CLS
=0.
(A.43)
∂z z=L

is moved together with the soil matrix, its concentration is a
stochastic variable as well. For a single mixing event, the transport of a soil constituent will be of an advective nature (not to
be confused the advection caused by liquid phase transport).
Material is moved at a certain rate w over a certain distance l.
Hence a constituent with local concentration c is will be transported according to:
J = wc .
(B.1)

Appendix A.7. Numerical solution

Substituting equation (B.2) into (B.1) yields:

Since w and c are stochastic variables, we can apply Reynolds
decomposition to split them into smooth, time-averaged components, w and c, and random fluctuating components, w′ and
c′ .
w = w + w′
(B.2)
c = c + c′ .
(
)
J = w c + w′ c + wc′ + w′ c′ .

Equations (A.26-A.35) with boundary conditions (A.36A.43) are solved numerically using finite diﬀerencing, in the
order as they are listed above. The organic matter pools in the
organic layer are updated using an explicit scheme, while for
the mineral soil an implicit scheme, with upwind diﬀerencing
for the advection term, is used.
At the end of each time step, the thickness of the mineral soil
layers are updated for change of mass. For any compartment n
the layer thickness updated according to:
∆zn,new = ∆zn,old

n,new
Mtot
n,old
Mtot

,

To obtain the average flux as a result of many stochastic mixing events we use time-averaging, to which applies: pq′ = 0,
for any two stochastic variables p and q. Furthermore, since
the bioturbation process is isotropic, there is on average no net
transport in any direction, i.e. w = 0. Hence, the time-averaged
flux is:
J = w′ c′ .
(B.4)
If the mixing distance l (which is also a stochastic quantity) is
small with respect to the concentration gradient, we can approximate the fluctuation of the concentration with the first order
depth derivative of c:

(A.44)

n,new
n,old
where Mtot
and Mtot
are the total compartment mass
−2
(kg m ; mineral plus organic) for the previous and current time
step, respectively. Next, the concentrations of the fractions are
recalculated to assure conservation of mass:

Cin,new =

1430

1435

1440

Min,new
.
∆zn,new

(B.3)

1 ∂c
c ′ ≈ − l′ .
2 ∂z

(B.5)

Substituting (B.5) into (B.4) yields:
(A.45)
J≈

Appendix B. Derivation of the diﬀusion equation for bioturbation

1 ′ ′ ∂c
wl
.
2
∂z

(B.6)

Thus, the average transport of a soil constituent is controlled by
its concentration gradient and the relationship between w′ and
l′ . In turbulent flow, w′ l′ specifies the combined transport by
eddies of all length scales. In bioturbation, this term specifies
the combined eﬀect of mixing events over all distances. The
critical assumption in mixing length theory is that most of the
mixing occurs over a typical distance, the mixing length lm , and
that mixing over other distances is negligible. In that case, w′ l′
can be rewritten as:
w′ l′ ≈ |w′ |lm ,
(B.7)

Here we derive Fick’s diﬀusion equation from the underlying
principles mixing in soils, following mixing length theory. Our
derivation is based on Boudreau (1986) and Hinze (1975, ch. 1
and 5). It must be noted that the derivation is only valid under
certain conditions, which are discussed in the main text of this
paper, and more extensively in Boudreau (1986) and Meysman
et al. (2003). Alternatively, bioturbation may be pictured as a
random walk process (Meysman et al., 2003). This representation is analogous to the turbulent mixing picture presented here
and also leads to the diﬀusion equation in the limiting case.
Bioturbation is the average eﬀect of many short term mixing events—displacements of mass elements of the soil matrix.
These mixing events are stochastic in the sense that they occur
at random times and depths in the profile. Ignoring bulk density changes, we assume that the average mass displacement is
isotropic, i.e. equal in all directions. Here we focus only on
the vertical component of the mixing. Since a soil constituent

where |w′ | represents the average transport rate, independent
of direction. |w′ | is presumably directly related to the soil
fauna activity If we convert the soil reworking activity B
(mass area−1 time−1 ) to units of volume (volume area−1 time−1 ),
we obtain a units of speed (length time−1 ). Hence we propose
that |w′ | can be approximated by:
|w′ | ≈
24

B
,
ρ

(B.8)

where ρ is the bulk density of the soil matrix. Taking the divergence of (B.6) and defining a diﬀusion coeﬃcient as:
D≡

1B
lm ,
2ρ

we obtain the diﬀusion equation:
[
]
∂c
∂
∂c
≈
D
.
∂t
∂z
∂z

(B.9)

(B.10)
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