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Modelling soil organic carbon sequestration under crops for biofuels in Poland

'Ewa Krasuska, 'Antoni Faber, ' Zuzanna Jarosz, *Radostaw Kaczynski

'Department of Bioeconomy and System Analysis, *Department of Soil Science, Erosion and Land Conservation,
Institute of Soil Science and Plant Cultivation — State Research Institute (IUNG-PIB), Czartoryskich 8, 24-100 Putawy, Poland

Abstract. The soil organic carbon (SOC) stocks have become
of special importance for sustainable biofuels production. We
focused on SOC changes in high activity clay soils in Poland un-
der arable crops for biofuels production. The SOC sequestration
values were calculated using a DNDC model with four different
tillage systems. The initial SOC stocks in Poland were highly spa-
tially variable with values in the range of 35-97 t C ha!. The sim-
ulated regional SOC sequestration rates in topsoils ranged from
-0.17 t0 0.32 t C ha' year' in full tillage, 0.36-0.73 t C ha'' year
in reduced tillage, and 1.69-3.22 t C ha! year! in no-tillage. For
full tillage with straw incorporation the results for SOC seques-
tration were similar to those of the reduced tillage. The uncertain-
ties of the estimations were provided, in addition to the length
of the periods of SOC sequestration. The results for Poland are
relatively high comparted to those from literature which might
suggest that DNDC overestimated the SOC stocks in our study.
Although DNDC was based on long-term tests and proved ad-
equate SOC simulations in many studies, still a comprehensive
model validation is required in a field scale with relevant SOC
measurements, climatic, soil and crop data.
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INTRODUCTION

Agricultural lands hold large reserves of carbon in the
stocks of soil organic carbon (SOC), which is a an important
component of the soil organic matter (58%) (Stockmann et
al., 2013). Historically, soil organic carbon has been lost
from agricultural lands and released to the atmosphere as
CO,. This was primarily caused by the changes in land use
in the transition from natural ecosystems (i.e., woodlands
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and grasslands) into croplands. The conventional cultiva-
tion systems used in Europe have further contributed to
the decrease in soil organic carbon in the past decades
(Mondelaers et al., 2009; Aertsens et al., 2013). Based on
a review by Borzgcka-Walker et al. (2011), the commonly
used agricultural production methods in Poland caused
SOC losses that ranged from -0.31 to -0.47 t C ha! over
the period of 35 years till 2003; which is a very negative
situation because of the low levels of soil organic matter
in the tillage layer of agricultural soils of Poland (on aver-
age 2.2%, equivalent to 1.3% C, compared with 3-6% C in
central Europe) (Gobin et al., 2011).

Simultaneously, many agricultural management prac-
tices result in an increase in the content of soil organic
matter, which leads to the formation of soil organic car-
bon “sinks” (Lal, 2002). When CO, is removed from the
atmosphere by plants and eventually stored in the soil, the
process is soil organic carbon sequestration (Olson, 2013).
Long-term land management practices determine the in-
put-output balance of organic matter and steady levels of
SOC. With regard to this, the sequestration of SOC is lim-
ited over time till a new steady state is reached in the soil
(Olson, 2013; West, Post, 2002).

In the European Union, with the implementation of
Directive 2009/28/EC (EC, 2009), which established sus-
tainability criteria for biofuels production, the SOC stocks
have become of special importance for calculating the
greenhouse gas (GHG) impact of biofuels. For biofuel
feedstock the sustainability criteria require preservation
of the SOC content through avoiding conversion of high
carbon stock areas (i.e., moors, wetlands). Changes of the
SOC stocks related to feedstock production must be in-
cluded in the GHG calculations, both the losses linked to
land use conversion as well as carbon savings from SOC
accumulation via improved agricultural management.

In our study, we investigated the stocks of SOC in high
activity clay soils (HACS) of Poland under arable crops
cultivated for biofuels production. The simulations were
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conducted with a grid of 5050 km. We predicted the
changes in the SOC that would occur with different man-
agement practices applied for the cultivation of crops used
for biofuels. These results could provide support for the
decision makers and the stakeholders, i.e., the agronomists
and farmers, to establish appropriate regimes for SOC
management with regard to GHGs emission reductions
from the cultivation of biofuel feedstock.

MATERIALS AND METHODS

Guidelines for the calculations of SOC stocks
for biofuels

The requirements in terms of the GHGs emission cal-
culation for biofuels were established in the Directive
2009/28/EC (Annex V) and the Commission Decision on
the guidelines for the calculation of land carbon stocks for
the purpose of the above mentioned directive (EC, 2010).
Among others, these apply for the spatial scale of the anal-
ysis, tillage systems, soil types, and the accuracy of the
methodologies applied.

The required spatial resolution for the calculations of
GHGs emissions from agricultural raw material was at
least at level 2 in the nomenclature of territorial units for
statistics (NUTS). In our study, we used a higher resolu-
tion based on a grid of 50x50 km covering the territory
of Poland, which ensured at least three grid-squares per
each NUTS-2 region (Figure 1). Our analysis was per-
formed for HACS, which are soils suitable for crops used
as a feedstock for biofuels in the agro-climatic conditions
of Poland; HACS cover 31.4% of the sown area in Poland.
The tillage systems we analysed in our study directly re-

|~ 7 50%50 km grid

Figure 1. NUTS-2 regions and the 50x50 km grid-squares in Po-
land.
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fer to those included in the Commission Decision. For the
calculation of land carbon stocks, the IPCC Tier-1 meth-
odology was recommended by the Commission Decision
as an appropriate method, however, if resources available,
more detailed methods should be used in order to provide
improved accuracy and precision of the estimates (IPCC,
2006, EC, 2010). In our study, we used a DNDC model,
which is relevant for the IPCC Tier-3 methodology.

DNDC modelling

DNDC

DNDC (Denitrification-Decomposition) is a process-
based model used for agro-ecosystems for the prediction
of soil fluxes of N,O, CO,, and CH,, crop production, NH,
volatilization and NO, leaching (Giltrap et al., 2010). The
model is composed of five interacting submodels, i.e., the
thermal-hydraulic, aerobic decomposition, denitrification,
fermentation, and plant growth (management practices)
submodels (Giltrap et al., 2010). These submodels were de-
scribed in Li et al. (1992, 1994) and Li (2000). The simula-
tions with DNDC were widely used internationally (http://
www.globaldndc.net/information/publications-i-3.html),
and the model demonstrated adequate predictions of crop
yields, carbon fluxes, nitrogen fluxes and the water balance
(Beheydt et al., 2007; De Vries, 2007; Giltrap et al., 2010;
Lietal., 2005; Sales, 2010). Dedicated DNDC applications
for the simulations of SOC dynamics on European crop-
land included research works by Li et al. (1997), Sleutel
et al. (2006 a, b), Leip et al. (2008) and Wattenbach et al.
(2010). To our knowledge the model was not used for the
simulations of SOC stocks under improved agricultural
management as it was defined by the Directive 2009/28/
EC and EC (2010) guidelines.

In our study we used the model DNDC 9.2 version to
investigate long-term (20 year) carbon fluxes, i.e., SOC
sequestration, in different tillage systems with crops that
might be used as feedstock for biofuels. We also simulated
N,O emissions that were reported by Syp et al. (2016).
The simulations were conducted with a grid of 50x50 km.
The model required as input: soil properties, daily weather
data, and crop management practices (crop rotation, fertil-
ization, tillage). To simulate SOC sequestration the DNDC
model calculated at a daily time step: (i) the turnover of
organic matter in the soil, (ii) crop growth, (iii) partition-
ing of crop biomass into grain, stems and roots, and (iv)
soil respiration (Li et al., 1997). In the model, there are
four major pools relevant for SOC: litter residue, microbes,
humads, and passive humus at surface layer. After defining
the total SOC content, the default SOC profile as well the
SOC partitioning values for litter, humads and passive hu-
mus were automatically determined by DNDC, taking into
account the defined cropping system.

The model showed SOC dynamics over time as well as
carbon (C) biogeochemistry (all the C pools and fluxes).
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However, in our study we focused only on the SOC se-
questration values (an aggregate pool of C) relevant for the
0-30 cm topsoil layer. In the DNDC 9.2 version different
layers within topsoil were not distinguished with regard to
SOC stock predictions.

Soil data

The DNDC required as input following data on the high
activity clay soils (weighted averages for the 50x50 km
grid-squares): initial content of total SOC in kg C kg
of soil in the topsoil layer (030 cm), clay content (%),
bulk density (g cm™), and pH. The soil data were derived
from the measurements of 50 000 benchmark soil profiles
located across Poland (IUNG-PIB, 1992). Over 50 soil
parameters, including the SOC content in the soil layer
0-30 cm, were specified for each benchmark profile. An
algorithm was then developed to assign the soil profiles to
polygons on the 1:100 000 agronomic-soil map of Poland
(Stuczynski et al., 2007). The data on SOC contents as well
as the method of SOC mapping in Poland were applied by
Panagos et al. (2013) for the estimations of SOC in Europe.
In this study, for the simulations with DNDC only HACS
of arable land were selected as most suitable for biofuel
crops. Table 1 presents the basic statistics (skewed dis-

Table 1. Statistics for the SOC (% weight) from the benchmark
profiles of HACS of arable land in Poland.

Numb Median
umber Median Min. Max. absolute
of samples -
deviation
12 244 1.25 0.06 13.92 0.34

I~ "7 50%50 km grid

- —

- HACS

Figure 2. High activity clay soils (HACS) of arable land in Poland
and the 50x50 km grid-squares.
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tribution) on the SOC contents measured in HACS of ar-
able land from the benchmark profiles (12 244 profiles) in
Poland. The spatial distribution of HACS was presented in
Figure 2.

The SOC initial content and the other required soil
parameters for the DNDC modelling were established
for topsoils (0-30 cm) of HACS in a grid of 136 squares
50x50 km that covered the territory of Poland. Using the
geographic information system, the SOC levels were es-
timated for each of the grid-squares with reference to the
contours of different soil suitability complexes of HACS
and different levels of SOC assigned to them on the
1:100 000 agronomic-soil map. As a result, the SOC values
were estimated as weighted averages for each of the grid-
squares.

Weather data

The model required long-term (20-year) daily weath-
er data on the maximum temperature, minimum tem-
perature and precipitation. These data were derived from
the JRC Crop Growth Monitoring System (http://mars.
jrc.ec.europa.eu/mars/About-us/AGRI4CAST/Models-
Software-Tools/Crop-Growth-Monitoring-System-
CGMS). The data were interpolated for the 136 grid-
squares that covered Poland. At least one weather station
was allocated to three neighbouring squares. Therefore,
for each square, a 30-year meteorological series was de-
rived for the period of 1975-2004. Then, to fit the 20-year
time series required by the DNDC model, the JRC dataset
was verified for annual precipitation because this param-
eter had large spatial variability, and the SOC simulations
could be strongly influenced by the precipitation (Tum et
al., 2012). The verification was based on a national model
developed by Goérski (unpublished) that was based on over
1000 weather stations located throughout Poland.

Crop rotations and tillage systems
The SOC simulations with DNDC were performed with
the data (i.e., crop rotations, fertilization, tillage methods,
harvest modes) derived from crop production farms, which
were the main suppliers of crops for biofuels in Poland.
These farms (without livestock) were 40.7% of the total
number of farms and covered 36.4% of the arable land in
Poland. Under research were 275 farms with maize grain,
272 with winter wheat, and 1218 with winter rapeseed.
Two crop rotation systems with crops suitable for bio-
fuel production were chosen for the DNDC modelling
(N-fertilization amount in parentheses, kg N ha!):
1. Maize grain (140)/winter wheat (120)/winter rapeseed
(180)/winter wheat (100).
2. Winter rapeseed (180)/winter wheat (100)/winter wheat
(120)/winter triticale (100).
These crops are representative for Poland with win-
ter wheat covering 2,00 Mha (19% of current sown area
in 2014), winter triticale 1,31 Mha (13%), maize grain
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0,68 Mha (7%), and winter rapeseed 0,99 Mha (9%), re-

spectively (GUS, 2015).

With reference to the guidelines for the calculation of
land carbon stocks (EC, 2010), the DNDC simulations
were performed for tillage systems that were defined as
follow:

— Full tillage (FT, the reference system) — A system with
substantial soil disturbance following full inversion
and/or frequent (within the year) tillage operations; and
at planting time, little (e.g. <30%) of the surface is cov-
ered by residues;

— Reduced tillage (RT) — A system with primary and/or
secondary tillage but with reduced soil disturbance
(typically shallow tillage and without full soil inver-
sion); and at planting, the surface is typically covered
with >30% residues;

— No-tillage (NT) — A system with direct seeding without
primary tillage and with minimal soil disturbance only
in the seeding zone; and herbicides are typically used
for weed control.

One additional management system was investigated,
which was considered representative of crop production
farms in Poland:

— Full tillage with ploughed straw (FTS) — A system with
full tillage with all crop residues left in the field for
ploughing into the soil (representative of medium in-
puts of organic matter, as defined in the EC guidelines).
In the DNDC libraries we defined the management sys-

tems as follows: FT — ploughing with moldboard and 30%

of the above-ground crop residue is left in the field, FTS

— ploughing with moldboard and all crop residue is left in

the field, RT — ploughing with disk or chisel (10 cm) and

at least 30% of residue is left in the field, NT — no till, i.e.

only mulching (0 cm) and all residue left in the field.

DNDC recalibration against experimental data and
validation of the recalibrated model

In our study the calibration and validation was done
with crop data only as no relevant long-term SOC mea-
surement were available for Poland in order to perform
a spin-up simulation and verify how the model predict
the initial SOC levels. For modelling SOC dynamics with
DNDC it was crucial to adequately simulate the crop bio-
mass production. Crop growth plays an important role in
regulating the soil C, N and water regimes, which further
affect a series of biochemical or geochemical processes oc-
curring in the soil. Therefore, adequately simulated crop
yields determine the accordance of the simulations of other
processes, and are crucial for the quality of the model pre-
dictions of C in the soil-plant-atmosphere system.

The data from three crop production experiment sta-
tions located in different parts of Poland were used for the
DNDC model calibrations with crops: a 23-year experi-
ment with full tillage, and a 16-year and 17-year experi-
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ments, both with full tillage, reduced tillage and no-tillage.
All established with crops that could be used for biofuels,
i.e. winter wheat, winter rapeseed, maize grain.

By default, the DNDC 9.2 version included coeffi-
cients for C and N fluxes, which were adequate for crops
cultivated in the US. In our study we applied the coeffi-
cients recalibrated by the JRC for crops in the EU-15 as
used for regional simulations with DNDC by Leip et al.
(2008). Further, based on the data derived from the crop
experiment stations in Poland, dedicated model recalibra-
tion for Poland was conducted for the crop C coefficients
(biomass allocation to grain/straw/roots). The relative root
mean square errors (RRMSE) were used to check the con-
sistency of the simulated results with the field experimental
data, and the optimum model calibrations had the small-
est RRMSEs. In our study, a RRMSE that approximated
20% was accepted as an indication of suitable model ac-
curacy. The simulation errors (RRMSE) for the selected
crops were as follow: 19% for maize grain, 20% for winter
wheat, and 20% for winter rapeseed.

The recalibrated model was then verified (validated)
with the crop yields from commercial crop farms, which
are the primary suppliers of feedstock for biofuels in
Poland (see section above). In the validation process, the
simulation errors (RRMSE) for crop yields were as follow:
26% for maize grain, 21% for wheat, and 9% for rapeseed.
Thus, the recalibrated and validated DNDC model was jus-
tified for use in the simulations of yields and C fluxes in
our study.

Estimation of soil organic carbon changes

The net changes in SOC (sequestration or loss) were
calculated as the difference between the DNDC cumula-
tive results (20 year-time) for each improved tillage system
(FTS, RT, NT) and the cumulative results for the reference
full tillage system (FT). The SOC changes were predict-
ed for each of the 136 squares in the 50x50 km grid. The
cumulative values for the improved tillage systems were
expressed with a second-degree polynomial regression, or
when the square effect was not significant statistically, with
a linear regression for the 20-year period. Finally, the SOC
sequestration in tonnes per hectare per year (t C ha! year?!)
was determined as the result of the regression function for
the year 20 divided by 20. The uncertainty was calculated
as the square error of the estimation as a percentage (%).
Because the sequestration of SOC is limited over time till
a new steady state is reached in the soil, the sequestration
was estimated with the second-degree polynomial regres-
sion function: y = ax?+ bx + ¢, with vertex coordinates,
and the formulas A = b%- 4ac, p = -b/2a and ¢ = -A/4a. The
maximum possible SOC sequestration in the long-term
was characterized by ¢ (f(x)max) as t C ha!, whereas the
sequestration time was in years (p).
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RESULTS

The actual soil organic carbon content in the topsoils
(0-30 cm) of the 136 grid-squares was presented in Figure
3. The lowest value was 35 t C ha’!, whereas the highest
value in Poland was 97 t C ha'l. The mean SOC content
was 59 t C ha! (median = 58, standard deviation = 12, vari-
ance = 144). Most of the grid-squares were in the classes of
54.1-60.0 t ha! (37 units) and 60.1-67.0 t ha™! (28 units).

In the descriptions of simulated SOC sequestration,
the ranges of values are provided below, which represent
the lowest and the highest values calculated for the 136
squares in the grid that covered the territory of Poland. The
basic statistics are presented in Tables 2 and 3.

Figure 3. Actual SOC density in topsoils of arable land (HACS)
for squares of the 50x50 km grid.

For the first crop rotation, the SOC sequestration in
the reference full tillage systems (FT) ranged from -0.11
to 0.32 t C ha'! year!. For the reduced tillage systems
(RT), the SOC sequestration was in the range of 0.41—
0.73 t C ha! year!, with levels of uncertainty that ranged
from 17-36%. The no-tillage systems (NT) were char-
acterized with SOC sequestration in the range of 1.69—
3.22 t C ha' year!, with levels of uncertainty of 3—14%.
The full tillage systems with ploughed straw (FTS) had
levels of SOC sequestration and uncertainty that were
similar those in the reduced tillage systems, i.e. 0.43—
0.74 t C ha'! year!, with levels of uncertainty of 16-43%.
Thus, for the accumulation of soil C, the RT systems were
not a better cultivation system than the FTS.

The SOC sequestration in reduced tillage system (RT)
was estimated at 15-30 years and would increase the SOC
by 9-15 t C ha'!, which amounts 11-28% of the initial SOC
level in topsoil. Similar values were recorded for the full
tillage system with ploughed straw. For a no-tillage sys-
tem (NT), the SOC sequestration was calculated at 28-97
years and would result in SOC gain of 50-146 t C ha’,
which was an increase of 62—325% of the initial SOC lev-
el. The estimation of the period of SOC sequestration and
the maximal SOC levels was not possible for each of the
grid-squares, with regard to nonhomogenous time series of
SOC contents.

In the second crop rotation, the SOC sequestration
in the reference full tillage system was in the range of
-0.17-0.20 t C ha'! year!. The SOC storage increased in
the RT systems and was 0.36-0.60 t C ha'! year!, with the
uncertainty of estimation at the level of 16-33%. In the no-
tillage systems, the SOC sequestration was in the range of
1.81-3.07 t C ha'! year!, with the uncertainty at the level
of 1-9%. As it was also observed in the first crop rotation,
the reduced tillage systems (RT) did not increase the gains
in SOC storage compared with the full tillage systems with
ploughed straw (FTS), which had SOC sequestration in the

Table 2. Statistics for soil SOC sequestration (t C ha! year') in topsoils (HACS) of arable land — the first crop rotation.

Tlllage# Number. of Mean Median Min. Max. Variance Star}dgrd Skewness
system observations deviation
FT 136 0.17 0.17 -0.11 0.32 0.01 0.08 -0.76
FTS 136 0.56 0.55 0.43 0.74 0.00 0.06 0.40
RT 136 0.55 0.55 041 0.73 0.00 0.07 0.28
NT 136 2.40 241 1.69 3.22 0.09 0.30 0.08

# FT — full tillage; FTS — full tillage with ploughed straw; RT — reduced tillage; NT — no-tillage

Table 3. Statistics for soil SOC sequestration (t C ha! year!) in topsoils (HACS) of arable land — the second crop rotation.

Tlllagi Numbelj of Mean Median Min. Max. Variance Stat}d:?rd Skewness
system observations deviation
FT 136 0.05 0.06 -0.17 0.20 0.01 0.08 0.20
FTS 136 0.47 0.47 0.30 0.59 0.00 0.04 0.59
RT 136 0.49 0.49 0.36 0.60 0.00 0.04 0.60
NT 136 2.48 2.49 1.81 3.07 0.05 0.21 3.07

# see Table 2
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for NUTS-2 level in HACS in Poland — the first crop rotation.
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Table 4. Initial SOC stock (t C ha') and simulated SOC sequestration values (t C ha™! year') with the uncertainty of the estimates (%)

Tillage system”

SOC initial

NUTS-2 level FT FTS RT NT
SOC seq. SOC seq. Uncert. SOC seq. Uncert. SOC seq. Uncert.
PL11 56 0.20 0.57 24 0.58 25 2.30 5
PL12 52 0.19 0.53 23 0.54 25 241 6
PL21 57 0.19 0.65 21 0.64 21 2.67 5
PL22 49 0.11 0.63 24 0.64 25 2.60 5
PL31 51 0.20 0.53 26 0.52 26 2.46 6
PL32 61 0.14 0.60 24 0.61 25 2.72 5
PL33 69 0.20 0.59 23 0.59 23 2.39 6
PL34 49 0.26 0.54 23 0.56 25 2.53 4
PL41 59 0.14 0.51 23 0.49 26 2.07 8
PL42 69 0.12 0.57 24 0.56 22 2.24 6
PL43 81 0.00 0.47 23 0.46 24 1.93 10
PL51 69 0.11 0.54 21 0.52 23 2.24 7
PL52 60 0.14 0.61 23 0.61 27 2.37 6
PL61 55 0.18 0.51 24 0.51 25 1.97 8
PL62 60 0.20 0.56 26 0.54 27 2.67 5
PL63 70 0.13 0.59 26 0.58 29 2.53 5
# see Table 2

for NUTS-2 level in HACS in Poland — the second crop rotation.

Table 5. Initial SOC stock (t C ha') and simulated SOC sequestration values (t C ha! year') with the uncertainty of the estimates (%)

Tillage system”

SOC initial

NUTS-2 level FT FTS RT NT
SOC seq. SOC seq. Uncert. SOC seq. Uncert. SOC seq. Uncert.
PL11 56 0.09 0.48 22 0.50 23 2.40 3
PL12 52 0.08 0.44 25 0.46 27 2.37 4
PL21 57 0.03 0.50 22 0.51 24 2.60 3
PL22 49 -0.01 0.50 22 0.51 23 2.65 3
PL31 51 0.08 0.45 22 0.48 23 2.53 3
PL32 61 0.00 0.48 23 0.50 25 2.68 3
PL33 69 0.08 0.46 22 0.46 24 2.48 3
PL34 49 0.18 0.47 23 0.50 24 2.50 2
PL41 59 0.04 0.47 22 0.47 23 2.32 5
PL42 69 0.00 0.50 22 0.51 22 2.47 4
PL43 81 -0.07 0.46 19 0.46 19 2.30 5
PL51 69 -0.02 0.47 21 0.47 23 2.38 4
PL52 60 0.05 0.46 24 0.46 24 2.37 3
PL61 55 0.09 0.45 23 0.44 24 2.27 4
PL62 60 0.03 0.49 22 0.51 23 2.69 2
PL63 70 - 0.00 0.49 21 0.48 23 2.61 3
# see Table 2

range of 0.30-0.59 t C ha' year!, with the uncertainty of
13-33%.

In the second crop rotation for the reduced tillage
systems, the soil SOC sequestration time was estimated
at 17-25 years, which would increase the SOC by 8-
10 t C ha'!, an increase of 13—16% of the initial SOC stock
in the topsoil layer (0-30 cm). For the full tillage systems
with ploughed straw, the values of 15-55 years and 7—

14 t C ha'! were determined. In the no-tillage systems, the
sequestration of SOC was longer than that for reduced-
tillage and was 29-99 years, which would result in gains
in the SOC of 38-148 t C ha’!, an increase of 71-257% of
the initial SOC content. The estimation of the period of
SOC sequestration and the maximal SOC levels for each
of the squares was not possible, the same as in the first
crop rotation.
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The simulations produced the widest range of results
for the no-tillage systems in both crop rotations; however,
the uncertainty of the results was relatively low for the no-
tillage management. In general, the second crop rotation
produced lower results for SOC sequestration than the first
rotation for FTS and RT systems, however an opposite ten-
dency was observed for no-tillage.

The simulated SOC values for 136 grid-squares were
aggregated to NUTS-2 level as weighted averages (Table 4
and 5). As such, they could be used to calculate the GHGs
emission reductions from biofuels (actual values) in Poland
as specified in Directive 2009/28/EC (Annex V).

DISCUSSION
Mosaic pattern of initial SOC contents

The arable land (HACS) in Poland was highly variable
for the contents of SOC. The mosaic pattern of SOC con-
tent could be explained primarily by the variation in the
pedogenesis of HACS, water conditions, climatic regions
and historical cropland management regimes. According
to the guidelines for the calculation of land carbon stocks
(EC, 2010), the standard SOC values for HACS were
95 t C ha'! for a cold temperate moist climate and 50 t C ha'!
for a cold temperate dry climate. The climate classification
(http://eusoils.jrc.ec.europa.eu/projects/RenewableEnergy)
is presented in Figure 4. In our study, the maximal value of
the SOC for Poland was 97 t C ha'!, which was very close
to the standard SOC value of 95 t C ha™ for the cold tem-

I cold temperate moist
cold temperate dry

Figure 4. Climatic zones in Poland according to IPCC classifica-
tion and NUTS-2 regions.
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perate moist zone. The generally lower values of the SOC
in the grid-squares than the standard values resulted from
the effects of climate and agriculture land management.

DNDC simulations for Poland compared
with other studies

Our simulations with DNDC model for Poland were
compared with carbon accumulation rates reported in the lit-
erature (Table 6). For full tillage, which is the most common
practice for crop production farms in Poland we received
medians indicating SOC sequestration of 0.06 t C ha! year!
for the first rotation and 0.17 t C ha'! year! for the sec-
ond crop rotation, respectively. Other studies suggest
SOC losses under the current agricultural management in
Europe. Leip et al. (2008) who used DNDC for EU-15 re-
gional simulations presented losses of organic carbon for
a 98-year spin-up simulation (the whole variety of soils
and crops with constant weather data of year 2000) with
an average rate of 0.5t C ha'! year! during the first decade
slowing down to 0.1 t C ha! year! during the last decade.
Sleutel et al. (2006b) in regional simulations with DNDC
for Flemish (Belgium) cropland with intensive agriculture
showed SOC stock decrease by 0.15 t C ha'! year! during
period 2006-2012 compared with 0.48 t C ha! year! in the
1990s. Vleeshouwers and Verhagen (2002) used CESAR
model to calculate SOC loss of 0.84 t C ha'! year! for crop-
land in Europe.

Our estimates for SOC sequestration for full tillage
with straw ploughed under were close to those estimated
by Gobin et al. (2011). They used simple statistical rela-
tionships for the yield of cereals and the carbon sequestra-
tion (humified organic carbon) and showed that leaving all
of the straw in the field resulted in SOC sequestration in
Poland in the range of 0.31-0.45 t C ha'! year!. Our simu-
lations with the DNDC model produced values in the rang-
es of 0.43-0.74 and 0.30-0.59 t C ha'! year! for the two
crop rotations. Notably, the statistical cereal yields used by
Gobin et al. (2011) were lower than the yields simulated
by the DNDC model in our study (yields from commercial
crop production farms), which could explain the higher
values that were simulated. Sleutel (2006a) who validated
DNDC for field experiments in Flandria (Belgium) sug-
gested a flaw in the ability of DNDC to simulate straw de-
composition under temperate conditions, which resulted in
SOC stock overestimation. In a recently published study
by Lugato et al. (2014) the pan-European simulations with
CENTURY model for ploughing with 100% straw incorpo-
ration showed median values of 0.1 and 0.04 t C ha'! year!
by 2020 and 2050, respectively. Smith et al. (2008) and
Vleeshouwers and Verhagen (2002) simulated SOC se-
questration of 0.15 t C ha! year! for this management sys-
tem. These results are significantly lower compared to our
simulations for Poland.
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Table 6. Comparison of simulated SOC stock accumulation rates under different management options, results in t C ha! year.

DNDC simulated

M .
anagement option results, Poland*

Literature

Reference

-0.50 slowing down to -0.10

Leip et al., 2008

Full tillage (FT) 0.17 and 0.06 -0.48 slowing down to -0.15 Sleutel et al., 2006b
-0.84 Vleeshouwers and Verhagen, 2002
0.31-0.45 Gobin et al., 2011
Full tillage with straw 0.10 slowing down to 0.04 Lugato et. al., 2014
. . 0.55 @nd .47 o ioooooooooooooooooio
incorporation (FTS) 0.15 Smith et al., 2008
0.15 Vleeshouwers and Verhagen, 2002
<0.4 Smith et al., 2000
: 0.06% Frank et al., 2015
Reduced tillage 055 A0 0 A9 ++-nmmemmmemmmeemmeeem e e
(RT) <0.10 Lugato et al., 2014
0.10 Aertsens et al., 2013
0.30-0.40 Smith et al., 2000
0.57+0.14 West and Post, 2002
No-tillage
2.41 and 2.49 0-1.30 Soane et al., 2012
(NT) T T
0.16 Oorts et al., 2007
0.10% Frank et al., 2015

# medians for two crop rotations
## recalculated from t CO,ha™' year™!

Experimental data from Europe for reduced tillage
and in particular for no-tillage are scarce; this is primar-
ily because these management systems are not commonly
used in Europe (Soane et al., 2012). The SOC simula-
tions with DNDC for reduced tillage in Poland (0.41-
0.73 t C ha'! year'and 0.36-0.60 t C ha! year" for the two
crop rotations) are similar to those reported by Smith et
al. (2000 in Freibauer et al., 2004), who calculated the
mean SOC sequestration in the EU-15 for reduced till-
age at <0.4 t C ha'! year! (uncertainty >50%) and at 0.3—
0.4 t C ha'! year! (uncertainty >50%) for no-tillage. Our
results for reduced tillage are close or within the range pro-
vided for Europe with 50% uncertainty, but for no-tillage,
we estimated higher sequestration rates.

The analysis of global meta-data for no-tillage (67
long-term experiments) showed that the change from
conventional tillage to no-tillage, using best management
practices, resulted in an average SOC sequestration rate of
0.57+0.14 t C ha'! year' (West, Post, 2002). The review of
11 European studies on no-tillage found only 16 experi-
ments of which only two continued for more than 20 years
(Soane et al., 2012). These experiments showed that the
SOC sequestration ranged from 0 to 1.3 t C ha! year!, with

the high range of values reported for Spain. For France (32
year experiment) SOC sequestration was 0.16 t C ha'! year!
(Oorts et al., 2007). Recently published studies with model
simulations for Europe presented modest SOC sequestra-
tion values for reduced and no-tillage practices. For ex-
ample, Frank et al. (2015) used GLOBIOM-EU model
for European cropland to simulate average savings of
0.06 t C ha! year for reduced tillage and 0.10 t C ha™! year!
for no-tillage (recalculated from t CO, ha' year'). Lugato
et al. (2014) used CENTURY model and received a slight-
ly lower medians than 0.1 t C ha! year! for reduced tillage
by 2020. Also Aertsens et al. (2013) estimated for EU-27
values close to 0.1 t C ha! year! for no/low tillage.

Luo et al. (2010) and Baker et al. (2007) showed that
no-tillage did not significantly increase the total SOC
stock, but rather changed distribution of C in the soil pro-
file. Based on a global meta-data base of 69 paired experi-
ments Luo et al. (2010) reported that in no-tillage systems
the SOC increased by 3.15+2.42 t C ha'! (mean+95% con-
fidence interval) in the surface 10 cm of soil, although a de-
cline was observed by 3.30+1.61 t C ha'! in the 20—40 cm
soil layer. It should be emphasized that the DNDC model
(version 9.2) we used for Poland simulated total SOC
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stocks in the topsoil (0-30 cm) with no information on the
SOC distribution at different levels, which could be very
essential for no-tillage system as it was discussed here.

In summary this review, the simulated SOC sequestra-
tion values in Poland from our study were higher than data
from field trials and model simulations from other studies.
In particular our results for no-tillage might indicate that
DNDC model overestimated the SOC sequestration rates
for Poland.

Possible explanation of DNDC overestimation
for Poland

As it was stated in the method section, the DNDC mod-
el was used in numerous studies and simulated adequate
predictions of SOC dynamics. By receiving comments
and suggestions it continued to be modified and improved
after almost two decades of development (Giltrap et al.,
2010). With regard to that we had confidence in DNDC as
a reliable and capable modelling tool to simulate adequate
SOC predictions. In our study the model was first feed with
crop C coefficients relevant for EU regional simulations
(Leip et al., 2008) and then calibrated and validated with
crop yields in Poland, finally producing reasonable simula-
tions. We used the default distribution of SOC pools in the
DNDC which was based on many long-term tests world-
wide and worked well for most simulations. However, any
local calibration in terms of total SOC partitioned into dif-
ferent pools should improve the model predictions. In our
case relevant data on long-term SOC measurements were
not available.

The comparison with other studies suggested that our
regional simulations with DNDC of SOC stocks in Poland
might be overestimated. A possible explanation is that
the model was not sufficiently validated or calibrated in
terms of SOC changes. Sleutel et al. (2006a) urged caution
with the application of SOC models at regional scales af-
ter limited validation or calibration at the field scale. They
calibrated the DNDC model with two field experiments in
Flanders including crop yields, mineral N inputs and dry
matter inputs and validated the model simulations with
measured SOC levels. They adjusted the crop and soil pa-
rameters in the DNDC 8.1 model to local conditions before
they made a large-scale validation. There is a hypothesis
that an adjustment of the default coefficients for partition-
ing the initial SOC stock into DNDC’s SOC pools (litter =
8%; microbial biomass + humads = 12%; passive humus =
80%) could improve the model availability to predict SOC
stocks in Poland. This could be supported by the model
validation done by Sleutel et al. (2006a) who used a large
data set of SOC medium-term measurements to establish
the initial SOC levels.
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CONCLUSIONS

We used a DNDC 9.2 model to predict SOC stock
changes in Poland under two crop rotations with crops that
could be used for biofuel production. We simulated SOC
stocks (an aggregate pool) in the topsoil (0-30 cm) with
no information on the SOC distribution at different soil
levels. The simulations showed that the change in tillage
system from ploughing to those of reduced and no-tillage
lead to increased concentrations of SOC in topsoils, with
the highest levels of SOC storage for no-tillage. No signifi-
cant difference was found between the reduced tillage sys-
tem and the full tillage system with straw left in the field.
The uncertainty associated with simulated regional values
should encourage careful use of these values. The simu-
lated sequestration of soil organic carbon was limited in
time till a new equilibrium was achieved in the soil. Our re-
sults compared with literature might suggest overestimated
SOC sequestration values received with DNDC for Poland.
Although DNDC was based on long-term tests and proved
good simulated results in many studies worldwide, still
a special care is required with model validation. In our
study DNDC calibration and validation with crop data was
not sufficient itself for the model to prove good SOC pre-
dictions in regional scale. This implied that model valida-
tion with relevant long-term SOC measurements is a nec-
essary condition for a dynamic model such as DNDC to
prove adequate SOC stock simulations.
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