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Abstract. Climate change and land management practices
are projected to significantly affect soil organic carbon
(SOC) dynamics and dissolved organic carbon (DOC) leaching from soils. In this modelling study, we adopted the Century model to simulate past (1906–2012), present, and future
(2013–2100) SOC and DOC levels for sandy and loamy soils
typical of northwestern European conditions under three land
use types (forest, grassland, and arable land) and several future scenarios addressing climate change and land management change. To our knowledge, this is the first time that
the Century model has been applied to assess the effects of
climate change and land management on DOC concentrations and leaching rates, which, in combination with SOC,
play a major role in metal transport through soil. The simulated current SOC levels were generally in line with the
observed values for the different kinds of soil and land use
types. The climate change scenarios result in a decrease in
both SOC and DOC for the agricultural systems, whereas for
the forest systems, SOC is projected to slightly increase and
DOC to decrease. An analysis of the sole effects of changes
in temperature and changes in precipitation showed that, for
SOC, the temperature effect predominates over the precipitation effect, whereas for DOC the precipitation effect is more
prominent. A reduction in the application rates of fertilisers
under the land management scenario leads to a decrease in
the SOC stocks and the DOC leaching rates for the arable
land systems, but it has a negligible effect on SOC and DOC
levels for the grassland systems. Our study demonstrated the

ability of the Century model to simulate climate change and
agricultural management effects on SOC dynamics and DOC
leaching, providing a robust tool for the assessment of carbon
sequestration and the implications for contaminant transport
in soils.

1

Introduction

Soil organic carbon (SOC) is an important component of the
global carbon cycle, as it is one of the largest carbon reservoirs that exchanges actively with atmospheric carbon dioxide at timescales of human concern (Schimel, 1995; Baldock,
2007). Its paramount role in soil fertility and soil biodiversity has been recognised in many studies and its management is a critical factor for crop production (Reeves, 1997;
Schlesinger, 2000). Moreover, soil organic matter (SOM) and
dissolved organic carbon (DOC) can affect the transport of
toxic substances, like heavy metals, through soil (Sauvé et
al., 2000; Römkens et al., 2004; Unamuno et al., 2009; Groenenberg et al., 2012).
The major role of soil organic matter in metal mobility
has been demonstrated by many studies (Elliott et al., 1986;
Driscoll et al., 1988; Sauvé et al., 2000), as it promotes
metal sorption in soil, thereby reducing metal bioavailability (Impellitteri et al., 2002). However, DOC has been associated with reduced metal retention and thus with facilitated
metal transport in soil through the formation of organometal-
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lic complexes in the soil solution (Guisquiani et al., 1998;
Römkens et al., 1999; Dijkstra et al., 2004). Climate- and
land-management-induced changes in SOC and DOC levels
can be associated with the transport of heavy metals, as well
as pathogenic microorganisms, ultimately affecting the exposure of humans and ecosystems to these contaminants (Schijven and De Roda Husman, 2005).
Climate parameters have been proven to play a crucial
role in the soil mechanisms controlling SOC decomposition
(Jenny, 1980; Paul, 1984; Trumbore et al., 1996; Baldock,
2007; Conant et al., 2008; Álvaro-Fuentes et al., 2012a) and
DOC leaching from soil (Harrison et al., 2008). Global climate models project the global mean temperature to increase
by 1 to 6 ◦ C for the year 2100, compared to 1990 (IPCC,
2007). Most probably, the average temperature in Europe
will increase slightly more rapidly than the world average,
with winter temperatures increasing faster than the world average in northern Europe and summer temperatures increasing faster than the world average in southern Europe (IPCC,
2007). The projected rainfall patterns show seasonal variation across Europe, with wetter winters for northern Europe
and dryer summers for southern Europe (IPCC, 2007; Christensen et al., 2011).
The response of SOC contents to climate change has been
widely investigated at the regional (Liski et al., 2002; Smith
et al., 2005, 2006; Álvaro-Fuentes et al., 2012a) and the
global scale (Schlesinger and Andrews, 2000; Cramer et
al., 2001; Davidson and Janssens, 2006; Gottschalk et al.,
2012). Both positive (Liski et al., 2002; Álvaro-Fuentes et
al., 2012a; Gottschalk et al., 2012) and negative responses
(Cramer et al., 2001; Smith et al., 2005) have been reported.
Changes in temperature-mediated DOC draining from soil
have been suggested as a potential factor influencing DOC
concentration in rivers (Worrall et al., 2003). Alterations of
hydrological parameters due to climate change have also
been associated with changes in DOC leaching through the
soil profile, indicating that changes in the precipitation patterns can strongly influence the leaching rates of DOC (Tranvik et al., 2002; Harrison et al., 2008).
Land management practices have been recognised as propitious strategies for counterbalancing the anthropogenic carbon dioxide emissions through SOC sequestration (Burke et
al., 1995; Paustian at al., 1997b; Post et al., 1999; Lal, 2004).
The use of fertilisers has been associated with enhanced carbon sequestration in agricultural soils due to increased crop
production and associated carbon inputs into the soil (Paustian et al., 1997a; Lal, 2004; Álvaro-Fuentes et al., 2012b).
However, climate conditions, soil type, and land management can strongly influence the systems’ response to fertilisation (Glendining and Powlson, 1991; Alvarez, 2005), resulting in ambiguous effects of fertilisation on SOC levels
(Khan et al., 2007; Reid, 2008).
Alvarez (2005) reviewed published data from field experiments worldwide in order to evaluate the effects of nitrogen
fertilisation on SOC levels. He observed both positive and
Biogeosciences, 13, 1519–1536, 2016

negative responses of SOC to nitrogen fertilisers. Paustian et
al. (1996) suggested that land management was an essential
factor determining SOC dynamics under changing climate in
the USA. Their SOC projections for agricultural systems under climate change and land management change scenarios
revealed that management practices had a greater influence
on SOC levels than climate change. The number of studies
concerning the effects of fertilisation on DOC is limited. Ruark et al. (2009) and Walmsley et al. (2011) suggested that
changes in the fertilisation rates caused no influence on DOC
leaching from soil. In contrast, Adams et al. (2005) found a
potential increase in DOC leaching through the soil profile
caused by nitrogen fertilisation treatments in forest systems.
Apart from climate and land management, land use history
is a critical factor determining SOC stocks. The response of
SOC to land use change is rather slow due to the slow SOC
turnover of the major SOC pools (Verheyen et al., 1999; Sonneveld et al., 2002; Schulp and Verburg, 2009).
The above studies show that the response of SOC and
DOC to climate change and land management is complex
and equivocal and depends on a variety of factors, including
soil properties and land use history. Therefore, for a realistic assessment of SOC and DOC levels and possible changes
thereof, these factors should be taken into account.
This study aims to assess the effects of climate change
and land management on SOC accumulation, SOC distribution across different pools, and DOC leaching for northwestern European conditions. For this purpose, we used the
Century model (Parton et al., 1987, 1988, 1993) to simulate
past (1906–2012), present, and future (2013–2100) SOC and
DOC levels in sandy and loamy soils under three generalized land use types (forest, grassland, and arable land) typical for the Quaternary fluvial, glacial, and aeolian deposits
in northwestern Europe. For the simulation of future development of SOC and DOC levels, we adopted four future climate scenarios of the Royal Dutch Meteorological Institute
(KNMI, 2006) and a land management scenario. The climate
scenarios project average temperatures to rise and seasonal
patterns of precipitation to change resulting in dryer summers and wetter winters in the Netherlands and surrounding
countries. The land management scenario accounted for the
implementation of the EU guidelines concerning the maximum levels of nutrients added to the soil (Alterra, 2011). To
our knowledge, this is the first time that the Century model
has been applied to assess the effects of climate change and
land management on DOC in soil.

2
2.1

Materials and methods
Model description

The key mechanisms that control organic matter dynamics in
soil can be adequately simulated by computer models (Paustian et al., 1992). The Century model, developed by Parton
www.biogeosciences.net/13/1519/2016/
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et al. (1987, 1988, 1993), is one of the most commonly used
soil organic matter models worldwide. Century is a processbased biogeochemical model that simulates the dynamics
of carbon (C), nitrogen (N), phosphorus (P), and sulfur (S)
through an annual cycle to millennia in the top 20 cm of the
soil profile. The model has different plant production submodels for grassland/agricultural land and for forest systems,
both linked to a common soil organic matter submodel, allowing the simulation of a wide range of natural and cultivated systems such as grassland, arable land, forest, and savanna systems. A water budget submodel is incorporated to
calculate water loss and fluxes. The various submodels that
constitute the Century model have been described in detail by
Parton et al. (1987, 1988, 1993) and Metherell et al. (1993).
For this study, we applied version 4.6 of the Century model.
The model runs on a monthly time step, requiring input
information on climate (temperature and precipitation), soil
properties (soil texture, soil pH, bulk density, field capacity,
wilting point, initial organic and mineral soil C, N, P, and
S), and plant chemistry characteristics (e.g. lignin content,
nutrient content). Management practices (e.g. cropping, fertilisation, cultivation, grazing, irrigation) and abrupt events
(e.g. fire, tree removal) can also be included in the model.
In the Century model, the grassland/crop production submodel simulates plant production for different herbaceous
crops and plant communities. The plant production submodel
has carbon and nutrient pools for live shoots and roots and
standing dead plant material. Harvest, grazing, fire, and cultivation directly affect aboveground biomass, while grazing
and fire may also influence root to shoot ratios and nutrient
content. At harvest, grain is removed from the system and
live shoots can either be removed or transferred to standing
dead and surface residue. The forest submodel simulates the
growth of deciduous or coniferous forests in juvenile and mature phases. It allocates carbon and nutrients to leaves, fine
roots, fine branches, large wood, and coarse roots using a
fixed allocation scheme. In both plant production submodels, the monthly plant production is controlled by a maximum production defined for each plant or crop, soil moisture, nutrient supply, and temperature. In addition, in the forest submodel, the monthly plant production also depends on
the live leaf area index and in the grassland/crop production
submodel, the monthly plant production is also affected by
shading by dead vegetation and seedlings (Metherell et al.,
1993).
Soil organic matter and plant residues are partitioned into
different conceptual pools according to their potential decomposition rate. These pools do not fully correspond with
analytical soil organic matter fractions based on physical or
chemical properties (Metherell et al., 1995). Surface litter
and root litter are divided into structural (resistant to decomposition) and metabolic (easily decomposable) material,
depending on their lignin to nitrogen ratio. In the Century
4.6 model, soil organic matter partitions among two surface
pools (an active pool, with a turnover time of several years,
www.biogeosciences.net/13/1519/2016/
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and a slow pool, with a turnover time of 20–50 years) and
three soil pools (active, slow, and passive, with the latter having a turnover time of 400–2000 years). The actual turnover
rates of these pools are a function of soil temperature, soil
moisture, soil pH, cultivation effects, and, for the active pool,
soil texture.
Part of the products from decomposition of the active pool
is lost as leached DOC. The loss of leached DOC from the
top 20 cm of the soil profile is positively related to the decay
rate for active SOM and the water drainage rate from the soil
profile up to a critical level and is inversely related to the clay
content.
2.2

Model input and calculations

In this study, the Century model was used to simulate past
(1906–2012), present, and future (2013–2100) SOC and
DOC levels in sandy and loamy soils under three generalized land use types (grassland, arable land, and forest). The
soil properties, land use types, and land management practices were selected to reflect ecosystems typical for northwestern European conditions. For the purposes of this study,
the simultaneous cycles of C, N, and P were considered. The
values of the plant- or crop-specific parameters, which determine plant production and the allocation of carbon and nutrients across the various pools in response to the site-specific
conditions and events, were borrowed from the default parameter values for a range of crop and forest types, which
were provided with the Century model (see also Metherell et
al., 1993).
Table 1 shows the model input values regarding soil properties. Preliminary model calculations showed that the simulated SOC levels were especially sensitive to soil pH values. Therefore, additional model runs were performed for the
simulated systems with soil pH values increased by 0.2 pH
units to assess the sensitivity of the simulated SOC levels to
changes in soil pH.
To estimate the initial conditions with respect to SOC, N,
and P levels in soil and the partitioning across the various
pools in 1906, the Century model was run for the period from
800 AD onwards as a spin-up period, thereby taking into account the effects of land use history on the current and future
SOC and DOC levels. This period was chosen because the
different land use systems have resulted from a change in
land use from deciduous forest to agricultural land or heathland (the latter only on sandy soils) that took place at around
800 AD due to increasing population growth (Spek, 2004;
Kaplan et al., 2009; Bouman et al., 2013). To initialise the
model simulations for the different land use types in 800 AD,
the forest submodel was applied for a period of several thousands of years to estimate the equilibrium levels of soil organic matter (C, N, and P) for the native deciduous forest
system without any natural or anthropogenic disturbances,
such as fire or logging. We assumed that the simulated systems have not undergone land use changes since 800 AD,
Biogeosciences, 13, 1519–1536, 2016
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Table 1. Model input soil properties for the different generalized land use types and soil types.

Soil texture
Sand, %
Clay, %
Silt, %
Bulk densitya , g cm−3
pH
Grassland
Arable land
Forest
Heathlandb
Soil drainage classc
Grassland and arable land
Forest
Heathlandb

Sandy soil

Loamy soil

75.0
4.0
21.0
1.57

18.0
9.0
73.0
1.36

5.1
5.1
3.2
3.2

6.2
6.1
4.5
–

0.75
1.00
1.00

0.75
1.00
–

Reference
De Bakker (1979)

Century model soil calculator
Province of Noord–Brabant (1996); Bodemdata (2014); RIVM (2014)

Century model parameterization workbook

a Bulk density, as well as field capacity and wilting point (not shown in this table), were calculated by the online Century model calculator based on soil texture. b The
heathland system is found only on sandy soil during the spin-up period (800–1905). c Soil drainage class (as described in the Century model parameterization
workbook): 0.75 somewhat poorly drained soil; 1.00 excessively to moderately well-drained soil.

800 AD

1905 AD
Block 1
Model spin-up period

Sandy /
Loamy

Sandy /
Loamy
DECIDUOUS
FOREST
Sandy

Loamy

2012 AD

1951 AD
Block 2

Block 3
Model simulation period

GRASSLAND

GRASSLAND

GRASSLAND

Stochastic weather
OMAD, GRAZ (GL)

Actual weather data
OMAD, GRAZ (GM)

Actual weather data
OMAD, GRAZ (GH), FERT

ARABLE LAND

ARABLE LAND

ARABLE LAND

Stochastic weather
OMAD, CULT, CROP

Actual weather data
OMAD, CULT, FERT, CROP

Actual weather data
OMAD, CULT, FERT, CROP

HEATHLAND

CONIFEROUS FOREST

Stochastic weather
GRAZ (GM), HARV

Actual weather data

DECIDUOUS FOREST

DECIDUOUS FOREST

Stochastic weather

Actual weather data

OMAD Organic matter addition
GRAZ Grazing
GL no effect on production
GM linear effect on production
GH quadratic effect on production
CULT Cultivation
FERT Fertilization
CROP Crop planted

Figure 1. Scheme of the Century modelling procedure.

except for the forest system on sandy soils. This system was
simulated as a heathland system for the period 800–1905, before it was converted to coniferous forest around 1900 (CBS,
2014a).
Figure 1 provides an overview of the simulated periods of
time (blocks) and the scheduled land management events for
the different land use types. Each block in the Century model
represents a period of time within which climate parameters
and land management practices were left unchanged. Model
input concerning past and present land management practices
was based on the Dutch Central Bureau for Statistics (CBS,
2014b) and expert judgement.
For the heathland system on sandy soil during the model
spin-up period (Block 1), the event scheduling included grazing and removal of aboveground biomass to be used as ferBiogeosciences, 13, 1519–1536, 2016

tiliser in the sandy arable land system. The latter was simulated as harvesting in order to imitate the litter layer removal,
which nevertheless cannot be fully accounted for in the Century model.
In the grassland systems on both soil types, organic matter addition was simulated using the default straw manure
option with a rate of 300 g m−2 yr−1 . The simulated grazing
intensity was considered to gradually increase in the course
of time, being low (no direct effect on biomass production)
for the period 800–1905 (Block 1; model spin-up period),
moderate (linear effect on biomass production) for the period
1906–1950 (Block 2), and high (quadratic effect on biomass
production) for the period 1951–2012 (Block 3). Application
of mineral fertilisers was accounted for after 1950, equalling
300 kg ha−1 yr−1 nitrogen and 40 kg ha−1 yr−1 phosphorus.
In the arable land systems, the simulated organic fertiliser
addition varied for the two different soil types. For the sandy
soil system, the organic fertiliser addition for the period 800–
1905 (Block 1; model spin-up period) was simulated as a
mixture of straw manure and heath plaggen originating from
sod cutting in the heathland system (Schulp and Verburg,
2009), as mentioned above. Until the beginning of the 20th
century, the amount of organic matter added in this system
was 520 g m−2 yr−1 (Schulp and Verburg, 2009). Based on
the default lignin content of straw manure (25 %) and the
simulated lignin content of heather litter, the lignin content of
the organic mixture was estimated to be 43 %. For the sandy
arable land system after 1905, as well as for the loamy soil
system for the entire simulation period, the simulated manure
added consisted only of straw manure, amounting to nearly
30 % of the amount added in the grassland systems.
For the arable land systems on both soil types, 2-year
crop rotation schemes consisting of wheat and potatoes were

www.biogeosciences.net/13/1519/2016/
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considered until the first half of the 20th century (Blocks 1
and 2), whereas 4-year crop rotation schemes also including
sugar beets and maize were simulated for the period after that
(1952–2011) (CBS, 2014b). Application of mineral fertilisers in these systems was introduced at the beginning of the
20th century, with mineral nitrogen amounts increasing by a
factor of 10 after 1950 and mineral phosphorus increasing by
a factor of 2, reaching a value of 150 and 40 kg ha−1 yr−1 respectively (Knibbe, 2000). Tillage practices in these systems
consisted of annual ploughing, which caused an increase in
soil organic matter decomposition by a factor 1.6 during the
month of cultivation (February).
Meteorological data (minimum and maximum monthly
temperatures, monthly precipitation rates) were based on
monitoring data from the KNMI for the period 1925–2012.
The climate reconstruction for the model initialization (before 800 AD), as well as for the model simulations for the
period 800–1905 (spin-up period), was based on scaling
factors calculated by data reported by Brandsma and Buishand (1996) and Van Engelen et al. (2001) (Table S1 in the
Supplement). For the period before 1905, the model was
forced by repeated mean minimum and maximum temperatures for every year and stochastically generated precipitation from a skewed distribution. For the period 1906–2012,
actual weather data from the KNMI were used.
The most important Century model outputs include total
average SOC levels, SOC fractionation in different pools in
the top 20 cm of the soil profile, and DOC leaching from this
soil layer. The DOC concentrations were calculated as annual average flow-weighted concentrations in the leachate.
The simulated current SOC levels were compared to observed SOC values derived from various Dutch soil databases
for the different land use types and soil types (Province of
Noord–Brabant, 1996; Bodemdata, 2014; RIVM, 2014), taking into account the different soil depths the simulated and
observed values referred to. For this correction for different
soil depths, we converted the observed values for grassland
and forest sites using SOC depth distribution data reported
for grasslands (Don et al., 2007) and forests (Braakhekke
et al., 2013) in Germany and the Netherlands. The observed
SOC values for arable were not converted since the SOC distribution within the soil profile of arable land systems can be
assumed to be quite homogenous in the top 20 cm of soil due
to ploughing (De Bakker, 1979).
2.3

2.3.1

Climate change and land management change
scenarios
Climate change scenarios

Based on research outcomes concerning global temperature
changes and changes in atmospheric circulation over Western Europe, the KNMI (2006) developed four future climate
scenarios for the Netherlands, which are considered to comprise the possible range of future climate change (Van den
www.biogeosciences.net/13/1519/2016/
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Hurk et al., 2006). These scenarios were evaluated in 2009
by testing the models in line with more recent national and
international scientific advances and were found to be still
representative of the most likely anticipated climate changes
(KNMI, 2009).
The expected changes until the end of the 21st century, as
projected by the KNMI (2006) for the Netherlands, comprise
of
– rising air temperature
– wetter winters with increased precipitation amounts
– hotter and dryer summers with increased intensity of extreme rain showers and less rainy days
– small changes in wind in comparison to the natural fluctuations.
The scenarios selected for the purpose of this study consisted
of the G+ and W+ scenarios, which refer to the more extreme future predictions that concern important change in
air circulation patterns. Compared to the year 1990 the respective climate scenarios involve a global temperature rise
by 2 ◦ C by 2100 in the G+ scenario and 4 ◦ C in the W+
scenario. Seasonal temperature and precipitation changes in
northwestern Europe for these scenarios are summarised in
Table 2. For more details about the scenarios we refer to
KNMI (2006, 2009) and Lenderink et al. (2007).
To obtain a continuous time series of mean monthly temperature and precipitation for the period 2013–2100 (W+ cc
T , P and G+ cc T , P scenarios), the historic time series
for the 10-year period around 1990 (1985–1994) was transformed according to the G+ and the W+ KNMI’06 scenarios
for successive 10-year periods from 2010 to 2100. The mean
monthly minimum and maximum temperatures were calculated from the mean monthly temperatures using a regression
relation established for the period 1990–2012. In the scenario
calculations, the effects of increased atmospheric CO2 concentrations on plant growth were not taken into account.
To identify the individual effects of temperature and precipitation on SOC levels and DOC leaching rates, as well as
the effects of no change in climate, three more scenarios involving no climate change (No cc), changes only in temperature (W+ cc T ), and changes only in precipitation (W+ cc
P ) were run. The no-climate-change scenario data were derived from transforming the 10-year time series around 1990
to 2010 and using this time series for the subsequent decades
until 2100. An overview is given in Table 2 of the annual averages for total precipitation and mean minimum and mean
maximum temperatures for the period 2013–2100 and for the
different climate change scenarios. In these simulations for
the agricultural systems under the climate change scenarios,
the land management practices were constant for the period
1951–2100.
Biogeosciences, 13, 1519–1536, 2016
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Table 2. Changes in temperature and precipitation during winter and summer between the reference year 1990 and 2100, as well as annual
precipitation, mean monthly minimum (Tmin ), and mean monthly maximum (Tmax ) temperatures in 2100 for the different climate change
scenarios.
Climate change scenario

No cca
W+ cc T , P b
W+ cc T c
W+ cc P d
G+ cc T , P e

1Temp

1Prec

Tempmin

Tempmax

Prec

(◦ C)

(mm yr−1 )

14.8
17.4
17.4
14.8
15.6

850
825
850
825
839

winter

summer

winter

summer

(◦ C)

0 ◦C
+4.6 ◦ C
+4.6 ◦ C
0
+2.3 ◦ C

0
+5.6 ◦ C
+5.6 ◦ C
0
+2.8 ◦ C

0
+28 %
0
+28 %
+14 %

0
−38 %
0
−38 %
−19 %

6.5
8.4
8.4
6.5
7.0

a No-climate-change scenario. b W+ climate change scenario, considering changes in both temperature (T ) and precipitation (P ). c W+ climate
change scenario, considering changes only in temperature (T ). d W+ climate change scenario, considering changes only in precipitation (P ).
e G+ climate change scenario, considering changes in both temperature (T ) and precipitation (P ).

2.3.2

Land management change scenarios

For both the grassland systems and the arable land systems,
the land management change scenarios (G+ cc RF and W+
cc RF) were related to a change in the application rates of organic and inorganic fertilisers under the G+ and W+ climate
change scenarios respectively. For the two systems, the future
(2013–2100) application rate for nitrogen via manure was
kept the same as in the period 1951–2012, while the application rate for phosphorus was reduced by 20 % due to declining phosphorus levels in fodder (LTO, 2013). The inorganic
nitrogen fertilisation rate for the period 2013–2100 was reduced by nearly 60 % in the grassland systems and by nearly
20 % in the arable land systems in comparison to the rates in
the period 1951–2012. The simulated reductions were made
in order to comply with the nitrogen application standards
provided by the Dutch Ministry of Economic Affairs, Agriculture and Innovation (2011), which are based on the EU Nitrates Directive (Commission of the European Communities,
1991) concerning the protection of waters against pollution
caused by nitrates from agricultural sources.
The projected total phosphorus application rates on agricultural land were based on the EU Common Agricultural
Policy (Alterra, 2011) and equalled the amount of phosphorus that is being removed, by either grazing or harvest. Preliminary Century model results for the present conditions in
the grassland systems showed that the amount of phosphorus
returned to the soil during grazing was nearly equal to the
amount of phosphorus removed by standing dead and live
shoots by livestock. For this reason and for the future scenarios in these systems, no phosphorus via artificial fertilisers
was added. Following the same procedure for the arable land
systems, the amount of phosphorus added via inorganic fertilisers in the future simulations was reduced by almost 80 %.

Biogeosciences, 13, 1519–1536, 2016

3
3.1

Results and discussion
Historic development

The simulation results regarding the development of the major SOC pools (0–20 cm) for the period 1906–2012 and for
the different land use types and soil types are presented in
Fig. 2 (plot data are given in Tables S1–S6 in the Supplement). Figure 3 shows the trends for DOC concentrations for
the same systems (plot data are given in Tables S7–S12 in the
Supplement). For the period 1906–2012, SOC levels (Fig. 2)
and DOC concentrations (Fig. 3) show contrasting trends for
the different soil and land use types, with strong interannual
variations for the DOC concentrations. SOC and DOC levels in grassland systems remained nearly constant throughout
the period 1906–2012, with average values around 1.16 %
for SOC and 9.3 mg L−1 for DOC for the system on sandy
soil and 1.52 % SOC and 4.4 mg L−1 DOC for the system
on loamy soil. In the first half of the 20th century, SOC and
DOC levels in the arable land system on sandy soil decreased
considerably from 2.41 to 1.30 % for SOC, with a further decline to 1.02 % in 2012, and from 21.0 to 15.0 mg L−1 for
DOC during the entire period 1906–2012. In the arable land
system on loamy soil, both SOC and DOC showed an increasing trend from 0.90 to 1.32 % for SOC and from 5.0
to 7.0 mg L−1 for DOC for the period 1906–2012. The SOC
levels in the forest system on sandy soil also showed an increasing trend from 2.60 to 2.86 %, whereas the SOC levels
in the forest system on loamy soil remained constant at a
level just above 0.63 %. DOC concentrations for the forest
system on sandy soil decreased considerably from 20.0 to
3.0 mg L−1 during the period 1906–1920, remaining nearly
constant for the period after 1920, whereas DOC shows a
steady trend at around 1.7 mg L−1 for the forest system on
loamy soil. In both the arable land system and the forest
system on sandy soil, the SOC levels did not seem to have
reached equilibrium conditions by 2012.
The decline in SOC and DOC in the sandy arable land system just after 1900 (Figs. 2 and 3) can mainly be attributed
www.biogeosciences.net/13/1519/2016/
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Figure 2. Changes in SOC stocks (0–20 cm) in grassland systems,
arable land systems, and forest systems on sandy and loamy soil
for the period 1906–2012. Total SOC levels, as well as the size of
the individual pools, are shown. “Rest” refers to the sum of SOC
in the smaller pools (sum of active, structural, and metabolic pools
for all systems, except for the forest system on sandy soil for which
“rest” also includes the passive pool). The dotted line represents the
change in total SOC for increased soil pH by 0.2 pH units. Note the
difference in scale of the vertical axes between the sandy and loamy
soil.
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Figure 3. Changes in DOC concentrations (8-year moving averages) in grassland systems, arable land systems, and forest systems
on sandy and loamy soil for the period 1906–2012.

to the drastic reduction in the application rate of manure by
almost 80 % around 1900. In contrast, the application of manure in the arable land system on loamy soil remained constant throughout the simulation period. The increase in SOC
and DOC in this system at the beginning of the 20th century
was mainly caused by the introduction of artificial fertilisers (Figs. 2 and 3). The application of artificial fertilisers in
the grassland systems and the arable land systems after 1950
caused no notable alterations in the SOC and DOC levels.
The increase in SOC levels in the sandy forest system can
be mainly associated with the change in land use from heathland to forest that took place around 1900. This change in
land use also gave rise to a sharp decline in DOC concentrawww.biogeosciences.net/13/1519/2016/
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tions for the sandy forest system at the beginning of the 20th
century.
For all systems, the simulated total SOC levels remained
nearly constant from about 1980. Only slight total SOC gains
were simulated for the grassland systems and for the forest
system on sandy soil, whereas negligible total SOC losses
were simulated for the arable land systems and for the forest
system on loamy soil. These gains and losses in SOC levels
were on the order of 2–27 mg kg−1 yr−1 .
Our outcomes are in line with previous observational studies (Reijneveld et al., 2009; Hanegraaf et al., 2009) and
model studies (Vleeshouwers and Verhagen, 2002), which
reported on average small SOC decreasing trends for arable
lands and small increasing trends for grasslands. Our study
showed that this latter trend is also true for forest systems on
sandy soils and that, in contrast to reports raising concerns
regarding SOC losses in European agricultural soils, e.g. in
Belgium (Sleutel et al., 2003; Meersmans et al., 2009), Norway (Riley and Bakkegard, 2006), southern Germany (Capriel, 2013), and Finland (Heikkinen et al., 2013), the risk for
significant SOC decline in sandy and loamy soils in northwestern Europe is low.
3.2

Current levels

Figure 2 shows that the simulated current SOC levels for
the grassland systems were higher than for the arable land
systems, whereas the highest SOC levels among all systems
were predicted for the forest system on sandy soil. The lowest SOC levels were predicted for the forest system on loamy
soil. DOC concentrations were found to be higher in the agricultural systems and especially in the arable land systems
(Fig. 3). For all systems, the largest amount of total SOC is
present in the slow pool, followed by the passive pool (Table 3). The significantly large passive pool simulated for the
arable land system on sandy soil is associated with the historic land management practices for this system, with application of vast amounts of organic fertilisers (straw manure
and heath plaggen). For the forest systems, nearly all of the
SOC resides in the slow pool.
The results of the pH-sensitivity analysis show that an increase in soil pH by 0.2 pH units lead to a decline in total
SOC for all systems (Table 4), with the decrease being more
pronounced for the forest systems and the agricultural systems on sandy soil, which are more acidic. The reduction in
total SOC is related to a reduction in the size of the slow pool.
The passive pool, consisting of recalcitrant material that turns
over very slowly, remains nearly constant for all cases, also
under changing soil pH and fertiliser application rates.
Comparison between the simulated SOC levels and observed values corrected for the differences in sampling
depths (Table 5) shows that the Century model underestimated the observed SOC levels. Only the simulated SOC
values for the loamy arable land system and the sandy forest
system are within the measured ranges. For all considered
Biogeosciences, 13, 1519–1536, 2016
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Table 3. Simulated fractionation of SOC (% of total SOC) in the different pools for the three generalized land use types for the year 2012.
Grassland

Arable land

sandy

loamy

sandy

loamy

sandy

loamy

2
79
18
1

3
69
27
1

3
47
41
9

5
64
24
7

4
90
2
4

4
84
9
3

Active pool
Slow pool
Passive pool
Rest

Table 4. Simulated total SOC change (in g 100 g−1 ) for the three
generalized land use types for an increase in soil pH by 0.2 pH units,
for the year 2012.
Land use type
grassland
Sandy
Loamy
Arable land
Sandy
Loamy
Forest
Sandy
Loamy

SOC change, g 100 g−1
−0.11
−0.02
−0.08
−0.02
−0.31
−0.17

systems, the mean bias error of the model predictions relative to the medians of the observed SOC contents is −0.53 %
(i.e. g 100 g−1 ), the root mean square error is 0.88 %, and the
Pearson’s correlation coefficient (r) equals 0.35.
The simulated SOC values for the grassland systems are
slightly below the measured ranges. This underestimation
could possibly be due to an underestimation of the organic
carbon input by manure application, which was and is particularly high in the Province of Noord-Brabant in the Netherlands (De Walle and Sevenster, 1998), from which the majority of the observed SOC values were derived. In addition, the
underestimation could also be caused by an overestimation of
the water drainage from the topsoil compared to the measurement sites. Although the grassland systems were simulated
as being somewhat poorly drained (see Table 1), a number of
measured locations could have a poorer drainage status than
simulated, which may considerably increase the SOC levels
in the topsoil (Sonneveld and Van den Akker, 2011). The underestimation of SOC levels in the sandy arable system could
be the result of an overestimation of the decomposition rates
of organic matter derived from heath plaggen. The underestimation of the SOC levels in the loamy forest system may be
attributed to the variability in soil pH. The soil pH of loamy
forest systems appears to be particularly variable (Bodemdata, 2014) and the SOC values are particularly sensitive to
soil pH in forest systems (Fig. 2, Table 4).
The simulated current DOC concentrations are listed in
Tables 6–8. Direct comparison between our model results
Biogeosciences, 13, 1519–1536, 2016

Forest

and values reported in the literature is problematic since
literature values of soil DOC concentrations observed at
20 cm depth in the systems considered in this study are
scarce. Nevertheless, a few studies reported DOC concentrations for grassland, arable land, and forest sites in northwestern Europe. Kindler et al. (2011) studied DOC concentrations and leaching at 12 sites at for soil depths ranging
from 5 to 40 cm. They reported DOC concentration ranges
of 1.9–17.1 mg L−1 for grasslands (N = 4), 3.9–17.3 mg L−1
for arable land (N = 3), and 7.1–43.1 mg L−1 for forests
(N = 5). Michalzik et al. (2001) studied the DOC concentrations in temperate forests. The three northwestern European
sites (Germany and Norway) for which DOC concentrations
at depths ranging from 20 to 30 cm are reported show a range
of 2.6–31.2 mg L−1 . Van den Berg et al. (2012) measured
DOC concentration ranges between 10.2 and 46.1 mg L−1 for
forests (N = 11) and between 2.5 and 29.5 mg L−1 for grasslands (N = 18) in UK soils at sampling depths between 5 and
10 cm. Van den Berg et al. (2012) also reported lower average DOC concentrations in medium and fine-textured Cambisols (mean = 17.4 mg L−1 ) than in coarser-grained Podzols
(mean = 27.4 mg L−1 ). The above studies show broad ranges
of DOC concentrations for the different land use classes,
which may be related to site-specific factors, such as local climate, land management, soil C : N ratio, soil texture,
and sampling depth. The shallower sampling depth in the
study by Van den Berg et al. (2012) is likely the reason that
they found higher DOC values than the other studies. For
the grassland and arable land systems, our model results fall
within the ranges reported. However, for the forest systems,
our model results generally fall in the lower range or below
the reported ranges. This is probably due to the relatively low
soil C : N ratio in our simulated forest systems compared to
the majority of forest soils for which observations are available.
3.3
3.3.1

Future scenarios
Climate change scenarios

Simulated SOC contents and DOC concentrations for the
three systems show different trends for the different climate
change scenarios (Tables 6–8, Fig. 4, plot data for Fig. 4 can
be found in Tables S13–S18 in the Supplement). For the simwww.biogeosciences.net/13/1519/2016/

sandy
loamy
sandy
loamy
sandy
loamy

Grassland

www.biogeosciences.net/13/1519/2016/
3684
4160
3253
3595
8826
1727

Simulated SOCa ,
g m−2
1.17
1.53
1.04
1.32
2.81
0.63

Simulated SOCb ,
%
Observed SOC (median),
% converted to
0–20 cm depth
1.98g
2.49g
2.35h
1.20h
2.19i
1.52i

Observed SOC (median),
% various
soil depth ranges
2.30d
2.90e
2.35d
1.20e
2.65d
1.38f

1.58–3.43d
1.90–3.10e
1.65–3.12d
0.95–1.40e
1.96–3.54d
1.03–2.17f

Observed SOC (rangec ),
% various
soil depth ranges
1.36–2.95g
1.63–2.67g
1.65–3.12h
0.95–1.40h
1.62–2.92i
1.08–2.63i

Observed SOC (median),
% converted to
0–20 cm depth

sandy
loamy
sandy
loamy
sandy
loamy
sandy
loamy
sandy
loamy

W+ cc T , P a
1.16
1.52
1.16
1.52
1.16
1.52
1.16
1.52
1.16
1.52

SOC2013 ,
%
1.10
1.36
1.03
1.33
1.21
1.50
1.15
1.49
1.14
1.45

SOC2100 ,
%
−5.1
−10.5
−10.8
−12.7
4.5
−1.2
−0.6
−1.7
−1.9
−4.9

1SOC,
%
10.51
4.96
10.51
4.96
10.51
4.96
10.51
4.96
10.51
4.96

DOC1992–2012 ,
mg L−1
7.96
2.53
9.32
3.72
6.65
2.56
8.63
3.74
8.11
3.18

DOC2080–2100 ,
mg L−1

−24.3
−49.0
−11.3
−25.0
−36.7
−48.4
−17.9
−24.6
−22.8
−35.9

1DOC,
%

3.67
1.70
3.67
1.70
3.67
1.70
3.67
1.70
3.67
1.70

Leached C1992–2012 ,
g m−2 yr−1

2.95
0.88
3.35
1.28
2.57
0.95
3.28
1.38
2.98
1.13

Leached C2080–2100 ,
g m−2 yr−1

−19.6
−48.2
−8.7
−24.7
−30.0
−44.1
−10.6
−18.8
−18.8
−33.5

1(Leached C),
%

a W+ climate change scenario, considering changes in both temperature (T ) and precipitation (P ). b W+ climate change scenario, considering changes only in temperature (T ). c W+ climate change scenario, considering changes only
in precipitation (P ). d No-climate-change scenario. e G+ climate change scenario, considering changes in both temperature (T ) and precipitation (P ).

G+ cc T , P e

No ccd

W+ cc P c

W+ cc T b

Soil type

Scenarios

Table 6. Changes in total SOC, DOC concentrations and DOC leaching rates for the grassland systems on sandy and loamy soil for the period 2013–2100, under the various climate
change scenarios.

a Total SOC (g m−2 ) simulated by the Century model for the top 20 cm of soil. b Total SOC (%) resulting from the conversion of the simulated Century model outputs (in g m−2 ) to g 100 g−1 soil, considering a soil bulk density of
1570 kg m−3 for the sandy soils, 1360 kg m−3 for the loamy soils (as calculated by the online Century model calculator based on soil texture), and a soil depth of 20 cm. c The range refers to the 10th and the 90th percentiles. d Observed
values reported by the Province of Noord–Brabant (1996) for the top 10 cm of soil (reference year 1995). e Observed values reported by RIVM (2014) for the top 10 cm of soil (reference year 2003 for the grassland system and 2008 for the
arable land system). f Observed values by reported by Bodemdata (2014) for various soil sampling depths ranging from 0 to 28 cm (reference year 1989). g Conversion to 0–20 cm depth based on SOC depth distributions for grassland sites
in Germany reported by Don et al. (2007). h No conversion because SOC is assumed to be uniformly distributed across top 20 cm soil layer. i Conversion to 0–20 cm depth assuming a logarithmic SOC depth distribution based on data
reported by Braakhekke et al. (2013) for deciduous and coniferous forest sites in Germany and the Netherlands.

Forest

Arable land

Soil type

Land use type

Table 5. Simulated and observed total SOC levels (%) for the three generalized land use types and soil types.
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ΔSOC (%)

-0.2

-0.2
No cc

G+ cc T, P

W+ cc T, P

W+ cc T

W+ cc P
Grassland

(a) Sandy soil

No cc
Arable

G+ cc T, P

W+ cc T, P

W+ cc T

W+ cc P

Forest

(b) Loamy soil

SOC2013 ,
%
SOC2100 ,
%

−8.2
−3.7
−10.8
−7.5
−0.6
1.8
−4.1
0.7
−6.2
−1.6

1SOC,
%

15.55
7.22
15.55
7.22
15.55
7.22
15.55
7.22
15.55
7.22

DOC1992–2012 ,
mg L−1

13.32
5.23
15.38
6.46
11.72
4.94
14.07
6.14
13.18
5.31

DOC2080–2100 ,
mg L−1

−14.3
−27.6
−1.1
−10.5
−24.6
−31.6
−9.5
−15.0
−15.2
−26.5

1DOC,
%

5.94
2.76
5.94
2.76
5.94
2.76
5.94
2.76
5.94
2.76

Leached C1992–2012 ,
g m−2 yr−1

5.28
1.98
5.90
2.40
4.91
2.02
5.77
2.48
5.25
2.07

Leached C2080–2100 ,
g m−2 yr−1

−11.1
−28.3
−0.7
−13.0
−17.3
−26.8
−2.9
−10.1
−11.6
−25.0

1(Leached C),
%
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0.93
1.27
0.89
1.21
1.01
1.35
0.96
1.33
0.95
1.30

ulation period (2013–2100), the model predicted SOC losses
for the agricultural systems and SOC gains for the forest
systems. With two exceptions (the sandy arable land system and the sandy forest system), the model results for the
no-climate-change scenario (No cc) show rather steady SOC
levels. Apparently, the invariable climate and land management under this scenario results in equilibrium conditions for
the SOC levels. The radical reduction in manure application
in the sandy arable land system around 1900 causes a continued decrease in SOC stocks under the no-climate-change scenario for this system. In contrast, in the sandy forest system,
the land use change from heathland to forest around 1900
contributes to a considerable and stable increase in SOC levels, which is expected to persist for decades to come. This
suggests that, in contrast to what Senapati et al. (2013) found
for relatively undisturbed land use systems, initialization of
SOC pools is essential for systems that have undergone major changes in land use.
For the agricultural systems, the future projections for total SOC stocks under the two climate change scenarios (G+
cc T , P and W+ cc T , P ) show losses of nearly 5 % for
the period 2013–2100. The losses are higher for the more extreme scenario (W+ cc T , P ). Compared to the no-climatechange scenario (No cc), the losses amount to nearly 4 %
for the grassland systems and 2 % for the arable land systems. Opposite results are projected for the forest systems,
for which the climate change scenarios (G+ cc T , P and
W+ cc T , P ) result in an increase in total SOC levels of
approximately 8 % for the period 2013–2100, with slightly
higher total SOC gains for the W+ scenario. Compared to
the no-climate-change scenario (No cc), the gains amount to
approximately 2 %.
The analysis of the sole effects of changes in temperature
and changes in precipitation reveals contrasting behaviour

1.01
1.32
1.00
1.31
1.01
1.32
1.00
1.32
1.02
1.32

Figure 4. Actual changes in SOC contents (0–20 cm) between 2013
and 2100s in grassland systems, arable land systems, and forest systems under the various climate change scenario (T : temperature;
P : precipitation; No cc: no-climate-change scenario; G+ cc T , P :
G+ climate change scenario considering changes in both T and P ;
W+ cc T , P : W+ climate change scenario considering changes in
both T and P ; W+ cc T : W+ climate change scenario considering
changes only in T ; W+ cc P : W+ climate change scenario considering changes only in P ) in the (a) sandy soil and (b) loamy soil.

Table 7. Changes in total SOC, DOC concentrations, and DOC leaching rates for the arable land systems on sandy and loamy soil for the period 2013–2100 under the various climate
change scenarios.

-0.1

Soil type

-0.1

0

Scenarios

0

W+ cc T , P a

0.1

W+ cc T b

0.1

W+ cc P c

0.2

No ccd

0.2

sandy
loamy
sandy
loamy
sandy
loamy
sandy
loamy
sandy
loamy

0.3

G+ cc T , P e

0.3

a W+ climate change scenario, considering changes in both temperature (T ) and precipitation (P ). b W+ climate change scenario, considering changes only in temperature (T ). c W+ climate change scenario, considering changes only
in precipitation (P ). d No-climate-change scenario. e G+ climate change scenario, considering changes in both temperature (T ) and precipitation (P ).

ΔSOC (%)
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for the several systems. The analysis of the individual effect
of temperature on the future development of SOC dynamics
(W+ cc T scenario) shows that, for all systems, elevated temperature has a positive effect on both carbon inputs via primary production and decomposition by soil biota (Tables S2–
S4 in the Supplement). However, the net effect of more carbon entering the soil and of accelerated SOC decomposition
differs between the systems. In the forest systems, the increased SOC levels under the W+ cc T scenario in comparison to the no-climate-change scenario (No cc) indicates that
the positive effect of temperature on carbon inputs is greater
than that on decomposition. In agricultural systems, however,
the SOC levels under the W+ cc T scenario decrease in comparison to the no-climate-change scenario. In these systems,
removal of biomass by harvest or grazing subdues the effect
of increased carbon inputs, which, under an increase in decomposition rates, causes a net decrease in SOC levels under
increasing temperature.
Results from the simulations addressing the effect of
changes only in precipitation (W+ cc P scenario) indicate
that drier climate conditions in comparison to the no-climatechange scenario has an overall negative effect on both SOC
decomposition and carbon inputs. The antagonistic effect of
decreased primary production and hindered decomposition
causes lower SOC levels in the forest system compared to
the no-climate-change scenario (No cc). As for the agricultural systems under the W+ cc T scenario, the effects on
primary production are attenuated by harvest and grazing,
which cause higher SOC levels in the agricultural systems
compared to the no-climate-change scenario. Thus, the effects of changes in precipitation are opposite to the effects
on temperature, but the effect of temperature predominated
over that of precipitation.
The climate change scenarios for the period 2013–2100
result in a decrease in DOC concentrations and leaching
rates for all systems, except for the W+ cc T for the forest
systems (Tables 6–8). The decrease in DOC leaching rates
is more pronounced for the loamy soils, in which SOC is
absorbed more effectively to soil minerals. Under the noclimate-change scenario (No cc), the model predicted a decline in DOC concentrations for all systems and in DOC
leaching rates for all systems except for the sandy forest system. For this system, the DOC leaching rate shows a slight
upward trend during the period 2013–2100.
The scenario considering the sole effect of changes in temperature (W+ cc T ) (Tables 6–8) shows a decrease in leached
carbon rates for all cases except for the forest system on
sandy soil. For this system, the warmer weather conditions
lead to increased leached carbon fluxes and DOC concentrations for the period 2013–2100. For the forest system on
loamy soil, the model predictions show a decrease in DOC
leaching rates and an increase in DOC concentrations due to
a decrease in the water flux through the soil profile at the end
of the simulation period. The simulated changes (positive and
negative) are comparable to the values resulting from the nowww.biogeosciences.net/13/1519/2016/
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climate-change scenario (No cc), suggesting that temperature
only plays a subordinate role in dissolved organic carbon dynamics. Projected changes in precipitation rates (W+ cc P
scenario) cause a considerable decrease in DOC concentrations and leaching rates in all systems (Tables 6–8), confirming that drier soil conditions during summer, when DOC is
larger than during winter due to larger biological activity and
decomposition rates, constrain the leaching of organic material from the soil profile.
The future SOC predictions that we present in this paper
are in accordance with previous studies that confirmed negative interactions between temperature and SOC levels and
positive interactions between precipitation and SOC levels
(Jenny, 1941, 1980; Parton et al., 1987; Burke et al., 1989;
Schimel et al., 1994; Kirschbaum, 2000; Smith et al., 2005;
Gottschalk et al., 2012). Our projected increases of SOC levels in forest systems under the climate change scenarios is
in agreement with previous studies, but the magnitude of the
projected changes varies. Liski et al. (2002) estimated that
the total SOC stocks in European forest soils will increase
by about 40 % between 1990 and 2040, whereas Smith et
al. (2006) projected an increase of only 3.1 to 4.1 %. For
grasslands, Smith et al. (2005) predicted a slight decrease
by 1 % or even a slight increase 1.6 % in SOC levels for European grasslands between 1990 and 2080, which are much
smaller changes than our results indicate. These smaller or
even opposite changes in grassland SOC levels can be attributed to a much more enhanced effect of the increase in net
primary production and the associated increased organic carbon inputs to grassland soil in the model employed by Smith
et al. (2005). In line with our findings, Smith et al. (2005)
found that as a result of climate change, SOC contents in European croplands are expected to decrease by 2.8 to 4.4 % in
2080 compared to 1990. Post et al. (2008) also projected an
overall SOC decline in arable soils in the Elbe River basin by
4.5 % between 1990 and 2050 due to climate change. This
effect greatly reduced the SOC losses due to direct impacts
of climate change on the soil.
A study on the impact of climate change on SOC in agricultural soils in the Mediterranean climate zone (ÁlvaroFuentes et al., 2012a) showed opposite trends compared to
our findings. Their study projected SOC gains by 4.5 to
10 % in northeastern Spain by the end of the 21st century
due to temperature-induced increase in carbon inputs and
precipitation-induced constraints in soil microbial activity.
In contrast to our conclusion that the effect of temperature
predominates over that of precipitation, Álvaro-Fuentes et
al. (2012a) concluded that soil moisture was the main controlling factor of SOC sequestration in Spanish soils.
In concordance with our findings, Harrison et al. (2008)
concluded that DOC release in various soil types in the
United Kingdom was mainly controlled by precipitation,
but it was also to a smaller extent affected by temperature
through a decrease in soil water leaching (enhanced evaporation). Tranvik et al. (2002) also indicated the importance
Biogeosciences, 13, 1519–1536, 2016
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Scenarios
Soil type

2.86
0.63
2.86
0.63
2.86
0.63
2.86
0.63
2.86
0.63

SOC2013 ,
%

3.15
0.68
3.16
0.69
3.12
0.64
3.13
0.65
3.14
0.67

SOC2100 ,
%

9.9
7.5
10.4
8.8
9.0
0.8
9.3
2.2
9.5
5.1

1SOC,
%

3.48
1.73
3.48
1.73
3.48
1.73
3.48
1.73
3.48
1.73

DOC1992–2012 ,
mg L−1

3.07
1.57
3.63
1.83
2.51
1.26
3.11
1.57
2.92
1.30

DOC2080–2100 ,
mg L−1

−11.8
−9.2
4.3
5.8
−27.9
−27.2
−10.6
−9.2
−16.1
−24.9

1DOC,
%

0.88
0.69
0.88
0.69
0.88
0.69
0.88
0.69
0.88
0.69

Leached C,1992–2012 ,
g m−2 yr−1

0.79
0.56
0.89
0.65
0.74
0.52
0.89
0.66
0.79
0.50

Leached C,2080–2100 ,
g m−2 yr−1

−10.2
−18.8
1.1
−5.8
−15.9
−24.6
1.1
−4.3
−10.2
−27.5

1(Leached C),
%

Table 8. Changes in total SOC, DOC concentrations, and DOC leaching rates for the forest systems on sandy and loamy soil for the period 2013–2100 under the various climate change
scenarios.

W+ cc T , P a

W+ cc T b

W+ cc P c

No ccd

sandy
loamy
sandy
loamy
sandy
loamy
sandy
loamy
sandy
loamy

G+ cc T , P e

a W+ climate change scenario, considering changes in both temperature (T ) and precipitation (P ). b W+ climate change scenario, considering changes only in temperature (T ). c W+ climate change scenario, considering changes only in
precipitation (P ). d No-climate-change scenario. e G+ climate change scenario, considering changes in both temperature (T ) and precipitation (P ).
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of changes in precipitation due to climate change on DOC
leaching.
3.3.2

Land management change scenario

The projected changes in SOC levels under the land management scenarios (G+ cc RF and W+ cc RF) vary between
the agricultural systems. For the grassland systems (Table 9),
the simulated reduction in nitrogen and phosphorus applied
via mineral fertilisers (by 60 and 100 % respectively) and
in phosphorus applied via manure (by 20 %) has a negligible effect on SOC stocks and DOC leaching. This negligible response of SOC to decreased fertilisation rates in the
grassland systems can be explained by the vast amounts of
organic carbon added to these systems via manure throughout the simulation period (almost 3 t ha−1 yr−1 ), which overwhelmed the effect of changes in the application rates of nutrients via mineral fertilisers.
For the arable land systems (Table 10), a reduction in nitrogen and phosphorus applied via mineral fertilisers (by nearly
20 and 80 % respectively) and in phosphorus applied via manure (by 20 %) results in a decline in SOC by approximately
11 % and in DOC leaching rates and concentrations by approximately 15 %, in comparison to the model results for climate change effects alone (W+ cc T , P and G+ cc T , P
scenarios). Organic carbon addition via manure in arable land
systems is much lower than in the grassland systems and is
probably not sufficient to outweigh the effects of a reduction
in nutrients applied via mineral fertilisers.
Similar findings for SOC have been reported by Lugato et
al. (2007), who validated the Century model against observed
data of SOC contents in arable land under different fertilisation treatments, including the use of manure and artificial
fertilisers. Their results suggest that SOC differences among
the systems could be mainly attributed to changes in carbon
inputs via manure, which is added in amounts much higher
than mineral fertilisers. The results of experimental studies
by Ghani et al. (2006), Ruark et al. (2009), and Walmsley et
al. (2011) support our finding that nitrogen fertilisation rates
have no major influence on DOC leaching from soil in various agroecosystems.
Thus, the effect of changes in land management on the decline in SOC levels and DOC leaching rates in arable land
systems is greater than the effect of climate change. This implies that measures to mitigate SOC decline due to climate
change and reduced fertiliser gifts and to increase SOC sequestration in these systems should likely be sought in other
land management options, such as reduced or no tillage, flexible drainage, or changing crop rotation (e.g. West and Post,
2002; Olson et al., 2014).
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sandy
loamy
sandy
loamy
sandy
loamy
sandy
loamy

G+ cc T , P a
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1.16
1.52
1.16
1.52
1.16
1.52
1.16
1.52

SOC2013 ,
%
1.14
1.45
1.14
1.45
1.10
1.36
1.10
1.36

SOC2100 ,
%
−1.9
−4.9
−1.9
−4.9
−5.1
−10.5
−5.2
−10.5

1SOC,
%
10.51
4.96
10.51
4.96
10.51
4.96
10.51
4.96

DOC1992–2012 ,
mg L−1
8.11
3.18
8.11
3.18
7.96
2.53
7.96
2.53

DOC2080–2100 ,
mg L−1
−22.9
−35.8
−22.9
−35.8
−24.3
−49.1
−24.3
−49.1

1DOC,
%
3.67
1.70
3.67
1.70
3.67
1.70
3.67
1.70

Leached C1992–2012 ,
g m−2 yr−1
2.98
1.13
2.98
1.13
2.95
0.88
2.95
0.88

Leached C2080–2100, ,
g m−2 yr−1

−18.7
−33.5
−18.7
−33.5
−19.7
−48.3
−19.7
−48.3

1(Leached C),
%

sandy
loamy
sandy
loamy
sandy
loamy
sandy
loamy

G+ cc T , P a
1.02
1.32
1.01
1.31
1.01
1.32
1.01
1.31

SOC2013 ,
%
0.95
1.30
0.81
1.19
0.93
1.27
0.82
1.14

SOC2100 ,
%
−6.2
−1.6
−19.5
−9.5
−8.2
−3.7
−18.5
−13.3

1SOC,
%
15.55
7.22
15.55
7.22
15.55
7.22
15.55
7.22

DOC1992–2012 ,
mg L−1
13.18
5.31
9.89
4.93
13.32
5.23
10.55
4.84

DOC2080–2100 ,
mg L−1

−15.2
−26.5
−36.4
−31.7
−14.3
−27.6
−32.2
−33.0

1DOC,
%

5.94
2.76
5.94
2.76
5.94
2.76
5.94
2.76

Leached C1992–2012 ,
g m−2 yr−1

5.25
2.07
3.95
1.92
5.28
1.98
4.19
1.83

Leached C2080–2100 ,
g m−2 yr−1

−11.6
−25.0
−33.5
−30.4
−11.1
−28.3
−29.5
−33.7

1(Leached C),
%

a G+ climate change scenario, considering changes in temperature (T ) and precipitation (P ). No changes in land management are considered. b G+ climate change scenario, considering changes in temperature (T ) and precipitation
(P ) and a reduction in the fertilisers’ application rates. c W+ climate change scenario, considering changes in temperature (T ) and precipitation (P ). No changes in land management are considered. d W+ climate change scenario,
considering changes in temperature (T ) and precipitation (P ) and a reduction in the fertilisers’ application rates.

W+ cc RFd

W+ cc T , P c

G+ cc RFb

Soil type

Scenarios

Table 10. Changes in total SOC, DOC concentrations and DOC leaching rates for the arable land systems on sandy and loamy soil for the period 2013–2100 under the land management
change scenarios. Changes attributed only to climate change are also included for comparison.

changes in temperature (T ) and precipitation (P ) and a reduction in the fertiliser application rates.

a G+ climate change scenario, considering changes in temperature (T ) and precipitation (P ). No changes in land management are considered. b G+ climate change scenario, considering changes in temperature (T ) and precipitation (P )
and a reduction in the fertiliser application rates. c W+ climate change scenario, considering changes in temperature (T ) and precipitation (P ). No changes in land management are considered. d W+ climate change scenario, considering

W+ cc RFd

W+ cc T , P c

G+ cc RFb

Soil type

Scenarios

Table 9. Changes in total SOC, DOC concentrations and DOC leaching rates for the grassland systems on sandy and loamy soil for the period 2013–2100 under the land management
change scenarios. Changes attributed only to climate change are also included for comparison.
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Conclusions

In this modelling study, we adopted the Century model to
simulate the development of SOC and DOC for typical northwestern European conditions under various scenarios of climate change and land management practices. To our knowledge, this is the first time that the Century model has been
applied to assess the effects of climate change and land management on DOC concentrations and leaching rates. The
highest current SOC levels were simulated for the forest system on sandy soil (2.86 %). SOC levels of the grassland systems (1.16 and 1.52 % on sandy soil and loamy soil respectively) were higher than those of the arable land systems
(1.02 and 1.32 % on sandy soil and loamy soil respectively),
whereas the lowest SOC levels were predicted for the forest
system on loamy soil (0.63 %). In general, these simulated
SOC levels were within or close to the measured ranges.
For the period 2013–2100, we project a decrease in SOC
by 2 to 10 % in agricultural systems and a slight increase in
SOC by 5 to 10 % in forest systems, under the two climate
change scenarios considered (G+ cc T , P and W+ cc T ,
P ). For all systems, the DOC concentrations and leaching
rates will decrease by up to 50 %. We found that an increase
in temperature causes an increase in both carbon inputs via
primary production and in carbon losses via enhanced decomposition. Changes in only precipitation have an opposite
effect on carbon inputs and decomposition compared to the
effect of temperature. In the agricultural systems, the effects
of temperature and precipitation on carbon inputs are attenuated by harvest and grazing. For SOC, the temperature effect
predominates over the precipitation effect for all systems,
whereas for the DOC leaching rates the precipitation effect
is more dominant. Our results show that a reduction in fertiliser application rates under the land management change
scenario will lead to negligible changes in SOC and DOC
leaching rates for the grassland systems compared to the climate change scenarios and to an additional decrease in SOC
levels and DOC leaching rates for the arable land systems.
These effects of changes in land management on the decline
in SOC levels and DOC leaching rates in arable land systems
are greater than the effect of climate change.
The Century model proved to be a useful tool for modelling past, present, and future SOC contents and DOC concentrations, thus providing essential information for assessing the effects of climate change and land management on
carbon sequestration in soils and the associated implications
for soil contaminant transport.

The Supplement related to this article is available online
at doi:10.5194/bg-13-1519-2016-supplement.
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