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Abstract. Soil organic carbon (SOC) plays a crucial role in
the global carbon cycle as a potential sink or source. Land
management influences SOC storage, so the European Parlia-
ment decided in 2013 that changes in carbon stocks within a
certain land use type, including arable land, must be reported
by all member countries in their national inventory reports
for greenhouse gas emissions. Here we show the temporal
dynamics of SOC during the past 2 decades in Swedish agri-
cultural soils, based on soil inventories conducted in 1988—
1997 (Inventory 1), 2001-2007 (Inventory I1) and from 2010
onwards (Inventory I11), and link SOC changes with trends
in agricultural management. From Inventory | to Inventory
I, SOC increased in 16 out of 21 Swedish counties, while
from Inventory | to Inventory Il it increased in 18 out of
21 counties. Mean topsoil (0-20 cm) SOC concentration for
the entire country increased from 2.48 to 2.67% C (a rel-
ative increase of 7.7 %, or 0.38 % yr—1) over the whole pe-
riod. We attributed this to a substantial increase in ley as a
proportion of total agricultural area in all counties. The horse
population in Sweden has more than doubled since 1981 and
was identified as the main driver for this management change
(R? =0.72). Due to subsidies introduced in the early 1990s,
the area of long-term set-aside (mostly old leys) also con-
tributed to the increase in area of ley. The carbon sink func-
tion of Swedish agricultural soils demonstrated in this study
differs from trends found in neighbouring countries. This in-
dicates that country-specific or local socio-economic drivers
for land management must be accounted for in larger-scale
predictions.

1 Introduction

The size of the global soil carbon pool exceeds that of the
atmosphere and terrestrial vegetation combined (Lal, 2004).
Land use and land management significantly affect the bal-
ance between soil carbon inputs and outputs. Agriculture has
been identified as the most intensive form of land use, both
as regards the fraction of net primary production exported
annually (Haberl et al., 2007) and the intensity of mechan-
ical soil disturbance by tillage, which may increase carbon
output (Baker et al., 2007). Agriculture therefore plays a
crucial role with respect to the global carbon cycle and the
concentration of atmospheric CO, (Houghton et al., 1999).
All countries complying with Annex | of the United Nations
Framework Convention on Climate Change (UNFCCC) are
obliged to report their annual carbon emissions in national
inventory reports (NIRs). The CO, fluxes from the soil are
usually estimated as the net change in soil organic carbon
(SOC) stocks. However, annual changes in SOC are difficult
to quantify in the short term (<10 years) and can also be
costly to measure on a national scale. Thus, each country has
to find solutions for estimating and reporting SOC changes
according to their needs and the financial resources avail-
able for the task. Many countries estimate SOC changes after
land use change using default methods (Tier 1) described in
the IPCC guidelines on national greenhouse gas inventories
(IPCC, 2006). To date, accounting for SOC changes within
arable soils has been voluntary. Major trends in SOC due to
changes in agricultural land management, e.g. in fertilisation,
ploughing depth, residue management, crop rotation or crop
type, are therefore overlooked. However, it has been shown
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that land management changes can have significant effects
on soil carbon (Kétterer et al., 2012, 2014; Sleutel et al.,
2003). Socio-economic drivers, such as the current demand
for bioenergy crops, can lead to drastic and rapid changes in
land management. In 2013, the European Parliament there-
fore decided that member states of the European Union must
include arable land and grazing land management in their in-
ventory reports (Anonymous, 2013a). Sweden is one of the
countries reporting annual soil carbon changes in agricul-
tural soils within the land use, land use change and forestry
(LULUCF) sector according to an IPCC Tier 3 method. This
is done by means of the introductory carbon balance model
(ICBM), which has been calibrated on long-term field ex-
periments (Andrén and Katterer, 1997; Andrén et al., 2004).
The approach uses national statistics on the proportion of
agricultural land within different cropping and animal pro-
duction systems, together with data on net primary produc-
tivity reflecting temporal changes in management practices.
In addition, the Swedish Environmental Protection Agency
(SEPA) has long had a national soil monitoring programme,
with SOC as one of the parameters included. The first inven-
tory was conducted during 1988-1997 and this database was
used in the initialisation calculations with the ICBM model
(Andrén et al., 2008). In the inventory, the SOC content at
3146 sampling locations was determined. Now, two more in-
ventories (2001-2007; from 2010 onwards) have been con-
ducted, providing a solid base for evaluating the temporal
dynamics of SOC in Swedish agricultural soils. Similar work
is being carried out for agricultural soils in the neighbouring
countries of Finland and Norway (Heikkinen et al., 2013; Ri-
ley and Bakkegard, 2006), as well as in England and Wales,
Belgium and the Netherlands (Bellamy et al., 2005; Reijn-
eveld et al., 2009; Sleutel et al., 2003). In the Netherlands,
a slight increase in SOC was observed between 1984 and
2004, but could not be clearly attributed to specific land
use, climate or management changes. In all other countries,
a significant decline in SOC was detected for the past 3-4
decades and was attributed to increasing decomposition of
SOC due to global warming or to changes in management.
In recent decades, the Swedish agriculture sector has under-
gone a number of changes, with loss of total agricultural area
accompanied by increasing imports of agricultural products,
decreased milk and meat production and increased organic
farming being indicators of ongoing extensification (official
statistics of the Swedish Board of Agriculture, downloaded
from http://statistik.sjv.se). The aim of the present study was
to assess the temporal dynamics of SOC in Swedish agricul-
tural land based on the results currently available from the
ongoing soil monitoring programme and to evaluate the po-
tential relationships with changes in management or climate
reflected in national statistics.
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2 Materials and methods
2.1 The soil carbon data sets

In the soil monitoring programme initiated by SEPA, agri-
cultural soils are sampled in the depth intervals of 0-20 cm
(topsoil), representing the plough layer, and 40-60 cm (sub-
soil; Eriksson et al., 1997). Within a radius of 5m around the
specified sampling coordinate, nine core samples are taken
and pooled to a composite sample. Fresh samples are sent to
the laboratory for air-drying. The air-dry samples are passed
through a 2 mm sieve and later analysed for pH (H20), to-
tal carbon, nitrogen and sulfur content, base cations, phos-
phorus, soil texture (only in Inventory I) and different trace
elements. To date, only the topsoil samples have been anal-
ysed, while the subsoil samples are in storage. Samples with
pH (H,0) exceeding 6.7 are treated with 2 M HCI to remove
carbonates and repeatedly analysed for organic carbon con-
tent. The dry weight of each sample is determined by dry-
ing a subsample at 105°C. Carbon concentrations reported
in this study are thus on a soil dry weight basis. As men-
tioned above, three inventories have been conducted to date,
the first (Inventory 1) in 1988-1997, the second (Inventory
I1) in 2001-2007 and the third (Inventory 111) from 2010 on-
wards. Due to strategic considerations within the monitoring
programme and budgetary constraints, Inventories I-I11 dif-
fer in terms of number of sampling points and partly also lo-
cation of the sampling plots. Inventory I includes 3146 sam-
pling points, whereas Inventory Il only comprises 2034 sam-
pling points. In addition, the fields from which the samples
were taken are not the same for these two inventories. Inven-
tory 11l was initiated as a resampling of the 2034 locations
in Inventory Il and is still ongoing. Within Inventory IlI, a
total of 1113 locations have been resampled to date, but the
last results are not likely to be available before 2018. An in-
depth investigation of SOC dynamics between Inventories 11
and Il in relation to sampling location is therefore not in-
cluded in this study. Due to use of a stratified sampling grid,
it can be assumed that a representative part of the agricul-
tural area in Sweden has been resampled so far in Inventory
I11. In the most northern counties the resampling was com-
pleted in 2014, irrespective of the sampling year in Inventory
I, leading to slightly higher data coverage there than in other
Swedish counties (Table 1). All soils with a SOC content
exceeding 7% are classified as organic soils (Andrén et al.,
2008) and excluded from analysis due to the fact that C losses
or gains in organic soils cannot be accounted for by sim-
ply measuring the SOC concentration at a certain soil depth.
To detect changes in organic soils, the height of the organic
layer has to be monitored over time, which is not done in the
SEPA inventories. The total amount of mineral soil samples
available for the present study were 2923, 1878 and 932, for
Inventory 1, 11 and 11, respectively. Soil carbon concentra-
tions of all inventories were measured in the same labora-
tory by dry combustion with an elemental analyser (LECO,
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St Joseph, MI, USA). For quality control and to exclude mea-
surement bias, a subsample of a soil from Inventory | has
been analysed repeatedly at regular intervals over the years.
The Inventory I-111 data sets are similar regarding their dis-
tribution into different “size classes’ of SOC concentration,
as can be seen in Fig. 1. Potential shifts in regional average
SOC concentrations are thus not biased by e.qg. relative over-
representation of a certain size class. We deemed it appropri-
ate to use regional mean values of SOC as the only way to
evaluate temporal SOC dynamics over all three inventories.
To assess the dynamics of the average regional SOC content
over time and link those to certain drivers, we used county
as the spatial unit with the highest resolution of management
data. A list of the 21 counties in Sweden and the agricultural
area represented by one sampling point (mineral soil) is pre-
sented in Table 1. To check whether the counties are equally
represented in the county averages, we divided the number of
points in each county by the agricultural area. The temporal
trends in agricultural area were thereby taken into account.
In Inventory I, 11 and 111, each sampling point represented an
average area of 918 +89, 1468 4233 and 2845 + 1034 ha,
respectively. The large standard deviation in Inventory 111 can
be attributed to the low coverage of the counties Gotland and
Blekinge, where only 17 (out of 54) and 5 (out of 20) points,
respectively, have been resampled to date (Table 1). Carbon
dynamics findings for these two counties, at least when con-
sidering Inventory Il1, have thus to be interpreted with cau-
tion. Apart from those counties, sampling points were rather
equally distributed across the agricultural land in Sweden,
which was achieved using a random starting point and then
a fixed grid related to that point. The observed variance can
primarily be explained by the differing abundance of organic
soils, which were excluded a posteriori, among the counties.
Furthermore, for various reasons, such as land use change,
several sampling points could not be resampled in Inventory
I11. The management history or the current crop at each sam-
pling point was not reported during sampling.

2.2 Management and climate data

In the present study, we used national agricultural statis-
tics to derive different explanatory variables and evaluated
them against the regional trends in SOC. The statistics were
downloaded from the website of the Swedish Board of Agri-
culture (http://statistik.sjv.se). The regional units in which
Swedish agricultural statistics are available are production
regions (n =8) and counties (currently n =21; Fig. 2, Ta-
ble 1). In order to use the highest spatial resolution possi-
ble, we decided to compute statistics at county level. For
each year since 1981, we compiled county-wise data for the
whole country on the total area on which a certain crop type
has been grown (20 different crops), expressed as propor-
tion of total agricultural area. We also compiled data on total
number of animals and animal categories in agriculture. As
a rough characterisation of agricultural production in each
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Figure 1. Histogram of measured carbon concentration (0.5% C
increments) for (a) Inventory I, (b) Inventory Il and (c) Inventory
1.

county and an overview over Swedish agriculture, we sum-
marised the 20 different crops into three categories: (i) cere-
als, (i) perennial crops and (iii) root crops, oilseed crops and
other crops, and plotted their areal frequency (Fig. 3). Total
area of fallow land was divided into green fallow and un-
cultivated fallow using a fixed ratio of 2.45 as a mean value
of reported proportions over time and for different Swedish
production regions (Thord Karlsson, personal communica-
tion, 2015). Green fallow is defined as long-term (3 years or
more) set-aside land that mostly consists of old leys, while
uncultivated fallow is usually short-term (1 to 2 years) set-
aside land which is defined as arable land with the stubble
left in the field after harvest and weeds growing. The propor-
tion of land under cover crops is reported in statistics only
for the eight different agricultural production regions of Swe-
den instead of counties, and only for the last 6 years (Helena
Aronsson, SLU, personal communication, 2014). We aver-
aged those 6 years and assigned the counties to the different
regions as best possible.

The number of animals in each category was used to
estimate total annual manure mass [Mgha~!] produced in
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Table 1. List of Swedish counties and their average agricultural area since the start of the inventories (1988), total number of sampling points
used in Inventories (Inv.) I, 11 and 111 and the coverage of one sampling point in each inventory.

Total number of

Coverage of one

Agricultural sampling points in: point [thousand ha]
Code County arealkha] Inv.l1 Inv. Il Inv. 1l Inv.l  Inv. 1l dnv. I
1 Stockholm 88 94 68 34 098 1.28 243
3 Uppsala 157 178 107 55 0.86 141 3.02
4 Soédermanland 130 148 87 42 091 1.50 3.00
5 Ostergotland 208 205 154 74 103 136 2.73
6 Jonkdping 91 111 64 30 0.83 1.45 2.93
7 Kronoberg 51 56 36 16 0.99 1.43 2.96
8 Kalmar 126 147 86 46 0.89 1.48 2.64
9 Gotland 85 82 54 17 1.02 1.60 5.03
10 Blekinge 33 43 20 5 083 1.67 6.21
12 Skéne 454 548 310 142 0.84 1.48 3.13
13 Halland 115 133 79 33 0.91 1.47 3.32
14 Vastra Gotaland 477 479 376 180 1.01 1.28 2.60
17 Véarmlands 110 123 73 32 0.90 1.52 3.34
18 Orebro 108 109 79 37 1.02 1.36 2.83
19 Véastmanland 117 109 77 32 1.14 1.61 3.17
20 Dalarna 61 62 39 18 101 1.57 3.35
21 Gévleborg 71 74 a7 41 1.01 152 1.64
22 Vasternorrland 53 64 33 30 0.90 1.58 1.63
23 Jamtland 42 45 23 21 0.99 1.85 1.92
24 Vasterbotten 73 69 48 33 1.13 1.49 2.11
25 Norrbotten 38 43 16 13 1.00 2.39 261
Il Cereals
[ Leys
[ ] Root crops, Oil seed crops and Others
[ ] Fallow
1 Stockholm I
3 Uppsala [ 7 ]
4 Sédermanland [ T ]
5 Ostergétland I
6 Jonkoping [T ]
7 Kronoberg [ 1]
8 Kalmar [ T 1]
9 Gotland [ T ]
10 Blekinge [ T ]
12 Skéne [ T ]
13 Hallands l&n [ T ]
14 Vastra Gétaland [ T ]
17 Vérmland [ T ]
18 Orebro I
19 Vastmanland I
20 Dalarna [ T ]
21 Gavleborg [T ]
22 Vasternorrland [ T ]
23 Jamtland [ 1]
24 Vasterbotten [T ]
25 Norrbotten N
' [ [ [ [ ' I
0 0.2 0.4 0.6 0.8 1

Figure 2. (Left) Map of Sweden showing the current division into counties, numbered according to the codes listed in Table 1. (Right)
Relative proportions of different crops grown on the agricultural area in each county, averaged for the period 1988-2013.

each county by applying coefficients published in a guide-
line report on manuring by the Swedish Board of Agricul-
ture (Anonymous, 2015). These coefficients were also used
in a model called STANK in MIND, which is the official

Biogeosciences, 12, 3241-3251, 2015

model for input/output accounting on farm level in Sweden
and is used in the Swedish National Inventory Report for
greenhouse gas emissions under the framework of UNFCCC
(Swedish Environmental Protection Agency, 2013).
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Figure 3. County-average carbon concentrations from Inventories
I-I11 plotted against each other, with 1: 1 line to visualise shifts in
carbon concentration.

A large proportion of Swedish horses are not reported in
the statistics, since they are associated with holdings smaller
than 2 ha, which are not included in the official agricultural
statistics. To date, only two specific horse surveys have been
conducted in Sweden, by Statistics Sweden (SCB) in 2004
and 2010 (Anonymous, 2005, 2011). In both surveys, the to-
tal number of horses and the number of horses in agriculture
are given for each county. The number of horses in agricul-
ture exactly matched the value in the animal statistics pub-
lished by the Swedish Board of Agriculture and accounted
for less than one-third of the total number of horses in Swe-
den. In the present study, the county-specific ratios (horses in
agriculture/total horses) in 2004 and 2010 were averaged and
applied to all other years in the agricultural statistics to obtain
an estimate of the temporal change in total number of horses
in Sweden from 1981 to 2013. However, only horses in agri-
culture were considered in the manure statistics, based on the
assumption that manure from non-agricultural horses would
not find its way to fields on farms larger than two hectares.

www.biogeosciences.net/12/3241/2015/

Daily climate data from 1980-2009 (to create 30-year
averages) across Sweden were obtained from 23 different
weather stations managed by the Swedish Meteorological
and Hydrological Institute (SMHI). These stations were ini-
tially selected to cover all agricultural land in Sweden and
were linked to the eight production regions, but were not per-
fectly equally distributed over all counties. Eleven of the 21
counties were associated with one climate station, six coun-
ties had two (values from which were averaged) and four
counties had none. For those counties which had no climate
station, we used average climate data for their neighbouring
counties to the north and south.

2.3 Statistics

To assess the potential impact of different variables on SOC
concentrations, we correlated management and climate vari-
ables averaged over the whole period 1988-2013 to average
SOC concentration (Inventories I-111) per county. We used
the Spearman’s Rho Test to assess the significance of the
correlations. The explanatory variables used were: propor-
tion of a certain crop to total agricultural area, total manure
production, soil pH, soil texture, mean annual temperature
(MAT) and mean annual precipitation (MAP). For pH and
soil texture we used county-averaged measured values from
the Inventories. To test the hypothesis that the change in SOC
concentration between two inventories for all of Sweden dif-
fers from zero, we calculated differences in arithmetic county
means between two inventories and tested them against zero
in a weighted one-sample Student’s ¢-test. As a weighting
factor we used the amount of sampling locations in each
county (in Inventory I) to account for the different size and
agricultural area of each county. A normal distribution was
obtained for all three cases (Inventory | vs. II, I vs. Il and
I1 vs. I11). Temporal changes in SOC and as changes in man-
agement and climate over time were expressed as response
ratio (RR):

RRy = V2013/Vyear, (1)

where V013 is the magnitude of an explanatory variable in
2013 and Vyeqar that of the same variable in a previous year,
1991 in most cases, which was the year with the highest data
coverage of all years considered in the approximate centre of
the period 1988-1997 (sampling period for Inventory I). The
area of ley was not reported for the years 1992-1995, so a
robust average of the whole period in Inventory | would have
biased the RR values of this variable. For the management
variables of the counties Skane and Vastra Gotaland, we used
the years 1997 and 1998, respectively, as reference years,
since both counties were founded only in these years. Thus,
the total time span of all management variables (excluding
Skane and Vastra Gotaland) was 22 years. Those ratios, as
well as the mean predictors mentioned in the previous sec-
tion and the starting carbon concentrations (SOCsgtart), Were
used in maximum likelihood estimations to fit robust multi-
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ple linear regressions explaining the variability of observed
changes in SOC (RRspc) between counties. Robust regres-
sions are not overly affected by the violation of assump-
tions such as heteroscedasticity and slight non-normal dis-
tributions of the variables or single outlying data points, and
are therefore an advantage when combining variables with
differing dimensions (Andersen, 2008). We used p =0.05 as
the significance limitin all tests. All analyses were performed
using the R software.

3 Results and discussion

3.1 Effect of management and climate on average soil
carbon concentrations

Among all crops grown, only the proportion of leys (includ-
ing green fallow) was able to explain a significant part of
the variation in average carbon concentration between coun-
ties (R = 0.64; Table 2). The average SOC concentration was
found to be highest in the counties with the highest propor-
tion of leys grown (Fig. 2). This might be explicable by the
fact that leys produce much more belowground biomass and
exudates than most other crops (Bolinder et al., 2007b). For
example, a review by Bolinder et al. (2012) found an aver-
age belowground biomass of 7.8 Mgha~? for perennial for-
age crops, compared with only 2 Mg ha—! for small-grain ce-
reals. Roots and their exudates are known to contribute more
to the stable soil carbon pool than aboveground plant ma-
terial (Katterer et al., 2011; Rasse et al., 2005). It is also
well known that ley-based crop rotations are less suscep-
tible to SOC losses through erosion, because of the per-
manent surface cover. Indeed, numerous studies have re-
ported higher SOC concentrations under grassland soils com-
pared with arable soils, despite similar aboveground net pri-
mary productivity (Bolinder et al., 2012; Leifeld and K&gel-
Knabner, 2005; Poeplau and Don, 2013). A recent review of
SOC stocks under Nordic conditions (Kétterer et al., 2013)
showed that on average 0.52 Mg ha—! yr—! more carbon was
retained in soils in ley-arable systems than in exclusively an-
nual cropping systems (mostly cereals). In the present study,
the average areal application rate of manure by county, which
was directly derived from the number of animals, was also
positively correlated to SOC concentration. Farmyard ma-
nure has been shown to be among the most effective or-
ganic amendments for carbon sequestration in soils (Kétterer
et al., 2012; Smith et al., 2005), so this positive correlation
is reasonable. There was a tendency for a negative correla-
tion between MAT and SOC concentration, but this was not
significant. A colder climate usually leads to decreased soil
biological activity and thus decreased SOC decomposition
(Bolinder et al., 2007a). However, lower C inputs as a result
of lower net primary production are likely to compensate for
much of the difference in decomposition. Finally, we found
that soil pH was a strong predictor of soil carbon content.

Biogeosciences, 12, 3241-3251, 2015

Table 2. Correlation matrix showing rank correlation coefficient (R-
value) for the different predictors of SOC in each county (averaged
over Inventories I-111), with £ indicating the direction of the corre-
lation. The selected predictors were: average mass of manure pro-
duced and potential application rate [Mg ha—1 yr_l], ley as a pro-
portion of total agricultural area [%], the condensed climate variable
re and average soil pH. MAT = mean annual temperature.

Ley MAT pH SOC
Manure  0.51 (+) ns ns 0.53(+)
Ley 0.61(-=) 066(—) 0.64(+)
MAT ns ns
pH 0.56 (—)

However, all predictors were intercorrelated, and compar-
isons are not straightforward (Table 2). Agricultural manage-
ment is always adapted to climate. In colder regions, mostly
in the northern counties of Sweden, the proportion of ley is
higher than in milder southern parts, because the short north-
ern growing season and low growing season temperature sum
exclude the production of typical cash crops (Bolinder et al.,
2010). In Jamtland, Vésterbotten and Norrbotten, the most
northerly counties of Sweden, ley as a proportion (averaged
over the past 2 decades) of total agricultural area was 78,
62 and 67 %, respectively (Fig. 2). Consequently, farms in
the north tend to specialise in livestock farming, which in
turn leads to higher manure application to fields. Liming
is probably carried out more regularly in highly productive
regions (southern Sweden), where the proportion of ley is
lower, which might explain the negative correlation between
pH and soil carbon content. In addition to that, calcareous
bedrock leads to high pH values in certain parts of southern
Sweden. However, soil biological activity, and thus carbon
decomposition, decreases with decreasing soil pH, further in-
dicating that a direct link between soil pH and soil carbon is
also possible. A negative effect of perennial grasses on soil
pH due to a strong base cation consumption has also been
found (Mclintosh and Allen, 1993), which might explain the
strong negative correlation between pH and proportion of ley.
Since management is adapted to climate and affects both abi-
otic and biotic soil properties, this highlights the relevant and
difficult question of whether management or abiotic condi-
tions are the most important driver of SOC dynamics. How-
ever, the data sets used here indicate that even at the national
scale, changes over time in the proportion of leys, manure
application, soil pH and possibly climate can be used as po-
tential predictors of changes in SOC.

3.2 Temporal dynamics of soil organic carbon and its
causes

The average county-scale SOC concentration significantly

increased between Inventory | and Inventory Il (p <0.001)
in 16 out of 21 counties (Fig. 3a). This positive trend con-

www.biogeosciences.net/12/3241/2015/



C. Poeplau et al.: Positive trends in organic carbon storage in Swedish agricultural soils 3247

2.7 —052
. -

i 048 &

z

_ ° . 2
9 s
= 26— 044 ¢
] 3
® . >
- ©
8 . —0.40 <
C >
[e] - [0
2 o
(o]

8 2.5 ~0.36 ¢
17} ° | £
2

. 032 9

o

2.4 T I T I T I T 0'28
1980 1990 2000 2010 2020

Figure 4. Country-average carbon concentrations for Inventories I-
Il and trends in ley and green fallow as a proportion of total agri-
cultural area.

tinued between Inventories Il and 111, with the SOC concen-
tration increasing in 13 out of 21 counties (p <0.001). Fi-
nally, between Inventory | and Ill, representing the longest
period of observations, SOC concentration increased in 18
out of 21 counties (Fig. 3b, p <0.001). The country-average
SOC concentration increased from 2.48 to 2.67 % during
the whole period (Fig. 4), which constitutes a relative in-
crease of 7.7, or 0.38%yr~1. This provides evidence that
Swedish agricultural soils have indeed acted as a net carbon
sink over the past 2 decades. This is in contrast to the trends
observed in neighbouring countries, e.g. for Finland Heikki-
nen et al. (2013) reported a net SOC loss of 0.2-0.4 % yr—1
from the period 1974-2009. They attributed this loss partly
to a shift in agricultural management and farming structure,
with less perennial ley in the rotation and more monoculture
in recent years. Severe losses of SOC from agricultural soils
have also been observed in Southeast Norway and have been
attributed to land drainage, climate change and changes in
the rotation (Riley and Bakkegard, 2006). In Belgium, Sleu-
tel et al. (2003) identified the ‘Manure Action Plan’ intro-
duced by the Belgian government, which placed restrictions
on the excessive use of manure, as the major cause of de-
clining SOC stocks in that country. However, Bellamy et
al. (2005) claimed that climate change was the driver for
soils in England and Wales acting as a carbon source over
recent decades. Consequently, SOC in agricultural soils on a
national scale has shown to be mainly sensitive to changes
in the presence of ley in the rotations, the amount of ma-
nure applied and climate conditions. All these factors were
also tested as predominant predictors of SOC concentration
in the present study.

The data showed that the proportion of ley in Swedish
agriculture has increased steadily since 1981, the earliest
year investigated in this study (Fig. 4). In all counties, ley
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has become more abundant over time, with increases rang-
ing from 24 % in Norrbotten to 96 % in Stockholm county.
In 2013, 47 % of the agricultural area in Sweden was used
for ley and green fallow, whereas in 1981 it was only 32 %
(Fig. 4). In the same period, the average amount of manure
applied to soils in Sweden decreased by 5% (1981-2013)
or remained stable (+1 %, 1991-2013), presumably because
of the decreasing numbers of cattle and pigs. During recent
decades, meat imports have become more important in Swe-
den (Cederberg et al., 2009). Therefore, the observed posi-
tive trend in soil carbon cannot be explained by recent trends
in manure production and application rates to soil. Further-
more, averaged over the 22 SMHI stations, the climate con-
ditions did not change within the study period. Soil pH in-
creased by only 1.7 % as an average for all counties and is
thus unlikely to be of any relevance for the trend in SOC. The
most likely explanation for the increasing trend observed for
SOC is thus the increase in ley. When using the pedotransfer
function reported by Katterer et al. (2006) to estimate bulk
density, the average SOC stock in the first Inventory was
66 Mg Cha~—! in 0-20cm soil depth. The found annual in-
crease of 0.38% would thus correspond to 0.25 Mg Cha~1.
The proportion of ley and green fallow increased between
1991 and 2013 by 33 %, so the expected change in SOC
stock would be 0.17 Mg C ha—2, when the reported accumu-
lation rate of Katterer et al. (2013; 0.52 Mgha~1) is consid-
ered. Conant et al. (2001) reported an annual increase in SOC
stock of 1 Mg C ha~! after cropland to grassland conversion,
which would account for 0.33 Mg C ha~L. The calculated ac-
cumulation of 0.25 Mg C ha~1 is the exact mean of those two
estimates. Furthermore, Heikkinen et al. (2013) report an an-
nual decrease in SOC of 0.4 %, which equals the annual in-
crease of 0.38% found in our study. As the first reason for
this decline, they mention significant changes from perma-
nent grasslands and perennial crops to cultivation of annual
crops. We conclude that attributing the increase in SOC to
the increase in ley and green fallow area is reasonable.
Having identified ley as a major predictor, we tested this
by correlating the change in SOC in each county over the
whole period (RRsoc) to the change in ley area in each
county (RRpey). We found a weak, non-significant posi-
tive correlation (R = 0.31) between the two, indicating that
higher SOC accumulations occurred in counties with strong
increases in the proportion of ley. We then applied several
different explanatory variables in a robust linear regression
model in an attempt to explain more of the observed varia-
tion in SOC concentration across counties. The best model
fit explained 41 % (adjusted R? =0.41) of the variance and
consisted of: RRey+ RRmanure+ SOCstart— Organic farm-
ing area (Fig. 5), in which all four variables were signif-
icant. The positive response of soil carbon to the increase
in the proportion of ley was thus less pronounced in coun-
ties where the strongest decreases in manure production oc-
curred, which is reasonable. The variables RRmanure and
RR_ey were not correlated. The negative effect of the propor-
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Figure 5. Measured versus modelled county-average car-
bon concentration changes (RRgpc) with model equation:

RRsoc = —0.04 4 0.29 x RRey+ 0.38 x RRManure+ 0.17 X Cstart—

0.8 x Organic farming area.

tion of organic farming could be explained by the fact that
since it bans the use of mineral fertilisers, it generally leads
to a reduction in yield (Kirchmann et al., 2008) and thus to
lower carbon inputs to the soil (Leifeld et al., 2013). Further-
more, Ammann et al. (2007) showed that nitrogen deficiency
can lead to increased decomposition of the existing soil car-
bon pool. The increase in organic farming in the past decade
may therefore explain why the response of soil carbon to an
increasing proportion of ley was weaker between Inventory
Il and 111 than between Inventory I and Il (Fig. 4). The aver-
age starting concentration of SOC (SOCstart) as a predictor
of the response of SOC to an increase in ley is not easy to
understand, but it was the most powerful explanatory vari-
able, leading to significance of all other variables considered
even without being correlated to RRspc as such. A link to
soil texture, with e.g. the highest starting carbon concentra-
tion and the highest accumulation of carbon in fine-textured
soils, was not found. A weak positive, but not significant, cor-
relation (R = 0.33) was found between the change in soil car-
bon and the proportion of agricultural area under cover crops.
This confirms recent findings by Poeplau and Don (2015)
that cover crops can be an efficient measure to increase SOC.
In the southern counties of Sweden, where cover crops were
introduced in 2001 to prevent nitrate leaching during humid
autumns, up to 17 % of the total agricultural area was culti-
vated with cover crops during the period 2007-2013. How-
ever, including cover crops as an explanatory variable did
not increase the predictive power of the multiple regression
model in this study.

3.3 Socio-economic drivers for the observed land
management change

Ley is primarily used as animal feed, especially for cattle and
horses. Therefore the increase in the proportion of ley seems
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to run contrary to the decrease in cattle numbers in Sweden
since 1981 (—23 %) and 1991 (—11 %). However, the num-
ber of horses has more than doubled since 1981 (+124 %),
and has increased by 48 % since 1991. At present, the es-
timated number of horses in Sweden is 370000, while it
was only 165000 in 1981. A horse with normal activity (1 h
of daily activity) needs 8kg hay or silage and 1.5kg oats
per day (Anonymous, 2013b). With the average ley yield of
2013, 1 hectare of ley could feed 1.06 horses for a year. Thus
30 % of the ley area and 13 % of the total agricultural area
in 2013 were used for horses alone. The increase in ley area
(288000 ha) is in fact of the same order of magnitude as the
estimated increase in horses (205 000). Considering the area
and yield statistics against the need for forage for the official
number of animals in agriculture in Sweden, it has been es-
timated that there is overproduction of ley corresponding to
200-300 000 hayr— (Anonymous, 2008). This is perfectly
explained by the number of horses not included in the agri-
cultural statistics (those kept on holdings of <2 ha) and thus
not included in the calculations by Anonymous (2008). More
than two-thirds of the 370 000 horses in Sweden are not kept
on officially recognised farm holdings but on private prop-
erty, e.g. around urban areas. With increasing wealth, an in-
creasing number of people can afford to keep a horse. The
increase in the Swedish horse population was found here to
be highly correlated with the increase in ley per county, with
Stockholm, the wealthiest county, having the highest rise in
both (R? =0.72; Fig. 6). This correlation provides evidence
that horses may be the most important driver for the increase
in the proportion of ley in total Swedish agriculture. While
farmers may not own most of these horses, they can sell
hay at a good profit to (often wealthy) horse owners, lead-
ing to increased interest among farmers in producing hay.
The Swedish predilection for owing horses may thus have
contributed significantly to the observed increasing trend in
SOC, indicating a link between national/regional/local socio-
economic trends and soil carbon sequestration. The amount
of fallow land, particularly green fallow, has also contributed
to the temporal changes in leys. This type of land use is de-
pendent on farm subsidies in member countries of the Euro-
pean Union (EU). For example, because the clause on “oblig-
atory’ fallow in the EU was removed in 2007, by 2008 the to-
tal area of fallow in Sweden declined drastically (by 33 %) to
134000 ha, its lowest level since 1994, the year before Swe-
den became a member of the EU. In the intermediate years,
green fallow had increased from about 100000 ha in 1995
to a little more than 200 000 ha in 2007 (Anonymous, 2008).
A certain proportion of the ley increase could also be ex-
plained by the increase in organic farming during the last 10
years, when many conventional farms switched their produc-
tion to organic farming. The proportion of total agricultural
area used for organic farming was literally non-existent in
the beginning of the 1980s, but by the end of the 1990s had
increased strongly due to subsidies. This increase was most
pronounced during the period between Inventory Il and I,
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area (RRpey) as a function of the increase in horse population
(RRHorses) for each Swedish county, 1981-2013.

where the areal share of organic farming increased from 6.9
in 2005 to 16.5 % in 2013 (http://statistik.sjv.se). However, as
in many other European countries (Maeder et al., 2002; Ole-
sen et al., 2000), organic farming in Sweden concentrates on
milk and beef production (Kirchmann et al., 2014), so the
main change occurred in a sector that was already forage
based. Thus, although the typical rotation in organic farm-
ing includes more ley than in conventional farming (Olesen
et al., 2000), the increase in organic farming can only ex-
plain a small proportion of the countrywide increase in ley.
Poeplau et al. (2011) have shown that land use change from
arable to grassland can double the SOC stocks in topsoil and
that this sequestration effect can last for more than 100 years,
depending on climate and soil texture. Thus, even if the trend
for increasing ley area levels off in the near future, the trend
for increasing SOC will probably persist for decades. In a
global context, the explosion of the Swedish horse population
may be exceptional and reflect the wealth of a rich country
However, incentives for increasing the area of leys or other
perennial crops may also be provided elsewhere, e.g. by sub-
stituting annual crops grown for bioenergy by perennials. To
cope with a steadily increasing food demand, the potential to
increase the proportion of ley in global agriculture is limited.
Other options, such as cover crop cultivation, might be more
realistic and were shown to have a comparable positive effect
on SOC (Poeplau and Don, 2015).

3.4 Further research

We did not calculate SOC dynamics in terms of stock
changes, since this requires data on bulk density and stoni-
ness, which were not measured in this study, and since the
uncertainty introduced by estimating both parameters would
have been too large. This most likely did not affect the
trends observed, since SOC stock changes when calculated
on an equivalent soil mass basis are directly proportional to
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changes in SOC concentration. Only in cases of severe com-
pactions or heavy erosion would the fixed sampling depth of
20cm lead to a certain amount of subsoil added during the
resampling. Most Swedish croplands are however ploughed
to a depth of at least 23 cm. However, stoniness is an impor-
tant factor to account for in certain regions of Sweden, and
estimates of both bulk density and stoniness in future sam-
pling campaigns would improve determination of the abso-
lute sink strength of Swedish agricultural soils. At this de-
gree of resolution, 2 decades is a fairly short period and it is
important to maintain the monitoring programme. A longer
period, with potentially higher response ratios for soil car-
bon and the different drivers, might yield a higher degree of
explanation. A striking example of this is the strong corre-
lation for the trends in horse population and ley proportion.
When using the response ratio 2013 /1981, an R? of 0.72
was found, while when using the response ratio 2013 / 1991,
the R? decreased to 0.21 (data not shown). When estimating
the total sink strength of Swedish agricultural soils, the sub-
soil should also be taken into account, especially due to the
fact that a large part of the accumulated carbon is most likely
root derived. Finally, we are in the process of obtaining grid-
ded temperature and precipitation data from climate models
that could better characterise the climatic conditions of each
county.

This database will be used in continuous validation of the
Swedish national system for reporting quantitative changes
in SOC stocks, which uses the ICBM model within the IPCC
Tier 3 methodology. In addition to the conventional driv-
ing variables currently used in that system, such as the to-
tal amount of manure produced and the yield of different
crop types, this study indicates that national/regional socio-
economic conditions and trends are important factors con-
tributing to the changes in some of the other variables used.
The challenge is to obtain good input data with high temporal
and spatial resolution. This study also showed that the intro-
duction of carbon stock changes after management changes
in the IPCC reporting scheme is reasonable.

4 Conclusions

This study provided firm evidence that Swedish agricultural
soils have acted as a net carbon sink over the past 2 decades,
which is in contrast to trends in neighbouring countries. This
is attributable to a strong increase in ley production in each
Swedish county of up to 96 % during the last 3 decades. The
main driver for this increase has been the rise in the horse
population. These results indicate that not only continental-
scale socio-economic drivers, such as the demand for bioen-
ergy crops, but also national- or regional-scale drivers can
lead to drastic land management changes with effects on
SOC. In post-industrial and wealthy societies in particular,
local lifestyle ‘fashions’ can have strong impacts on land
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management and can play a significant role in large-scale
predictions of land management change.
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