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ABSTRACT

A successful crop rotation choice is key to the profitability and sustainability of farm man-
agement and may simultaneously have an impact on soil organic carbon (SOC) content. In
this study, we estimated how changes in crop rotations affected SOC balance in Finland
between 2009 and 2018, using geospatial data and Bayesian modeling. The area designated
for perennial-dominated and diverse cereal rotations increased over the study period.
Perennial grassland rotation was found to have a positive impact on SOC balance, while
rotations dominated by annual crops did not differ in their impacts on SOC content. At the
national scale, changes in Finnish crop rotations resulted in an estimated annual mitigation
of the loss of SOC content by 1336 Mg C year ' in mineral soils and reduced the carbon
dioxide emissions of organic soils by 10,475Mg C year™'. The combined effect of these two
contributions is 11,811 Mg C year™', with an 80% probability interval of (—6600; 30,300) Mg
C year . While the overall impact of changes in crop rotations on SOC is relatively small, a
continued change to more diverse and perennial-dominated crop rotations may have other
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agronomic and environmental benéefits, e.g. on resilience and biodiversity.

Introduction

Soil stores a significant amount of carbon as soil
organic matter [1,2]. Given the enormous absolute
size of this carbon stock, even relatively minor
changes in soil organic carbon (SOC) content can
have a significant effect on the CO, level of the
atmosphere. It has been suggested that with
proper management, soils could store significantly
more carbon than presently, and carbon sequestra-
tion in soils could therefore be utilized to counter-
act anthropogenic greenhouse gas (GHG) emissions
[3,4]. It has even been proposed that improved soil
management strategies could lead to an accrual of
SOC stock at a rate that would substantially com-
pensate for the CO, emissions from the consump-
tion of fossil fuels [5,6], although some other
researchers regard such an objective unattainable
[7-10]. An additional driving force for SOC accrual
in arable topsoil is the role of SOC content in main-
taining and improving important soil physical func-
tions [11,12]. However, despite the calls to increase
SOC stocks, several European studies indicate that

SOC content is systematically decreasing in agricul-
tural soils [13-18].

In general, soil management practices may sig-
nificantly influence soil carbon sequestration [6,19],
and diverse crop rotations, including perennial
grasses, promote SOC accrual [18]. Long-term
modeling of SOC dynamics has indicated that the
inclusion of grasslands within crop rotation and
extending their duration are effective means of
increasing SOC stocks compared to many other
management practices [20,21]. Grassland establish-
ment leads to high inputs of organic matter and
reduces soil disturbance, which slows the degrad-
ation of organic matter. In young grasslands, this
leads to the accumulation of SOC, which can per-
sist over long periods [22]. However, tillage of
grasslands or even a single plowing event in a
grass-to-grass renovation have been found to sig-
nificantly reduce carbon stocks [23,24]. In crop
rotations including perennial grasslands, these
counteracting processes lead to a new SOC equi-
librium, and the increase in the proportion of
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temporary grasslands in the rotation may have an
incremental effect on the SOC accrual [25].

After a change in soil management, SOC stocks
evolve toward a new steady state, which may
mean either a higher or a lower SOC content,
depending on how the management practices are
altered. Typically, the time needed to reach a new
equilibrium is long, which is why it can be difficult
to determine whether a soil has reached a stable
level of SOC at a given time [26]. After deploying
new management practices, the SOC change typic-
ally occurs on a decadal time scale [27] but may in
some cases take more than a century [22,28]. To
further complicate the issue, SOC loss related to
the conversion of cropland to grassland may hap-
pen on a shorter time scale than the restoration of
SOC in the reverse process [29]. It is thus likely
that most soils are in a transient state between
two equilibria, and their SOC content does not
fully reflect the SOC stock corresponding to the
current SOC inputs and degradation.

Changes in SOC content following the deploy-
ment of novel soil management practices have
been determined in long-term experiments [27,30-
32]. Oscillations in SOC have been observed during
crop rotation phases where certain phases accu-
mulate, and others diminish, SOC [33]. It has also
been found that equilibrium SOC values may
change over time due to the continuously chang-
ing climate [26].

In Finnish arable soils, the SOC content has
been found to decrease almost linearly in the last
four decades [16]. Changes in SOC stock have
been associated with land-use history, manage-
ment practices, and climate change [18]. This study
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aims to explore the recent changes in crop rota-
tions in Finland and to quantify their impact on
the nationwide SOC content by combining several
geospatial datasets with the results of the national
soil monitoring network. We aim to quantify the
overall effect of the ongoing short-term changes
in crop rotations on SOC balance and to put this
into perspective by comparing it with Finland’s
total annual GHG emissions.

Materials and methods

The cultivated areas for each crop rotation in
Finland were calculated based on two geospatial
datasets: (1) the database of management and cul-
tivated crop plants by the Finnish Food Authority;
and (2) the Finnish Soil Database [34]. The Soil
Database was used to identify whether the soil
type of a field parcel should be classified as a min-
eral or an organic soil. Changes in SOC content in
mineral soils were estimated by combining the
results of the national soil monitoring network
with the European observational (E-OBS) climate
data grid [35] and the database of the Finnish
Food Authority. Emissions of organic soils were
estimated by using default emissions factors by
the Intergovernmental panel on climate change
(IPCQ) [36]. A flowchart of the analysis is presented
in Figure 1.

National soil monitoring network

Finland’s arable soil monitoring network was
established in 1974, and plots were resampled in
1987, 1998, 2009, and 2018. However, coordinates

Organic soils

E-OBS gridded climate data:
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different crop rotations
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Effect of crop rotations on SOC
content

h

Change in temperature and
precipitation between 2009 and
2018

IPCC default emission factors
for annual and perennial crops
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l Change in the cultivated areas of different crop rotation divided in mineral and organic soils using the Finnish Soil Database l

h 4

h 4

‘ Nationwide estimate for the effect of crop rotation changes on SOC content in mineral soil and on CO2 emissions in organic soils l

Figure 1. Schematic illustration of the workflow and the geospatial datasets used in the study. Notes: SOC refers to soil
organic carbon, E-OBS is the European observational climate grid, and IPCC is the Intergovernmental Panel on Climate

Change.



of all sampling plots have been determined using
Global positioning system (GPS) from 2009
onward, resulting in much less scatter in the data
due to the inaccuracy of the sampling plot loca-
tion compared with earlier sampling campaigns
(see [16,18]). This study was therefore based on
the SOC content of the mineral soil samples col-
lected in 2009 and 2018. In 2018, the soil monitor-
ing network had a total of 620 sampling plots. For
this study, the number of sampling plots was 323,
as organic soils (as defined by organic matter >
20%), plots that had not been sampled in both
2009 and 2018, and plots for which crop rotation
could not be classified were omitted. Figure 2
presents the location of the plots.

Soil samples were collected from 10m x 10m
areas using a soil corer with a diameter of 2cm.
Samples were taken from the topmost 15cm soil
layer. The samples were air-dried, ground, and

._}\-r\}"’\'\'\
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passed through a 2mm sieve. The soil organic C
content of the samples was determined by the dry
combustion method using a LECO CN-2000 ana-
lyzer (LECO). Soil texture was determined using the
sieve-pipette method [37].

Classification of crop rotations

The crop rotations were classified as in earlier stud-
ies [38]. The classification is based on the occur-
rence of different crop species in a five-year
rotation. Rotations were classified for two periods:
from 2009 to 2013, and from 2014 to 2018, based
on the database of the Finnish Food Authority.
The above periods were selected because they
coincide with the sampling campaigns of the
national soil monitoring network.

The crop rotations were classified as: (1) cereal
species monoculture rotation, in which the same

300 Km
+ |

Figure 2. Location of parcel-scale sampling plots of the Finnish national soil monitoring network utilized in this study

(n=323).
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cereal species was grown in a field for at least four
years (usually barley (Hordeum vulgare L.) or oats
(Avena sativa L.) only); (2) cereal monoculture rota-
tion, in which two or more cereal species were
included in the rotation (often spring or winter
wheat (Triticum aestivum L.) and winter rye (Secale
cereale L.)); (3) a rotation with a break-crop, in
which a crop species other than cereals (often a
grain legume or rapeseed) appeared once in the
cereal-dominated crop rotation; (4) diverse crop
rotation, in which spring and winter cereals
appeared for one or two years, and at least two
other crops were included in the rotation; (5) per-
ennial grassland rotation, in which nonpermanent
grass was produced for at least three years (the
fields used for grazing and ones with harvested
hay or silage could not be differentiated); and (6)
green fallow rotation, in which green fallow,
nature-managed fields, or diverse game fields
were grown for at least three years. Fields in the
green fallow rotation encompass a range of exten-
sively managed fields sown with perennial or
annual grasses, meadow plants or forage plants
with the purpose of increasing biodiversity and
providing feed and shelter for wild game animals
(moose, dear, fowl). These fields may also be used
for grazing and need to be mown to prevent
growth of trees and bushes.

Farmers often divide field parcels into several
agricultural parcels in which different crop species
are grown. Locations of agricultural parcels cannot
be positioned exactly within the field parcels, and
only those field parcels for which the largest agri-
cultural parcel covered >70% of the total field par-
cel area were therefore included in this study.

Effect of crop rotation on SOC

For mineral soils, the statistical analysis is based on
a Bayesian framework [18]. The model captures the
high and non-trivial spatial variation in SOC content
with a mixing model where the changes in SOC lev-
els follow a mix of two normal distributions, one
narrower and one wider. Details, justifications,
model performance, and extensive discussion of the
model and the necessity of each part of it were
reported earlier [18]. For this study, the main inter-
est is the effect of crop rotations. In addition, the
model was controlled for changes in precipitation
and temperature, as well as the organic-carbon-to-
fine-soil ratio, which also affects the SOC levels.

The basic idea behind the model is that after
controlling for climate, management practices, a
random effect associated with the measurement

group, and soil properties, the unexplained
residual variation in SOC change follows a distribu-
tion, which is a mix of two normal distributions
(instead of the standard one normal distribution in
a basic linear model). The two normal distributions
have the same mean, but one is wide, and one is
narrow. When the two measurements, which were
carried out almost a decade apart, have been done
very close to each other, the variation is relatively
small, and the observation is from the narrow dis-
tribution. However, if the measurements differ in
location even by some meters, the variation can
be much larger due to the huge spatial variation
of SOC, and thus the observation is from the wider
distribution. As we cannot know for which plots
the re-location has been successful (as it depends
on the local variation in SOC), each measurement
has some non-zero probability of belonging to
either one of the distributions.

The formulation of the model may appear
somewhat complicated, but regarding the research
questions of this study, the majority of the param-
eters are nuisance parameters, i.e. parameters
which are not of interest, but which are needed to
properly capture the structure of the data.
Formally, the model can be written as

ASOGj|w, o ~ N(w, o?),

1

H=v+ ZreRotationsB"Jr"ROt"i + Bchange PPi
+ Bchange TTi + Bﬁnelog (Org C/ﬁne So”)i

+uGroup(i)'
ciln ~ Cat(ocy, o1 +03 W 1—m)

UGroup(i) ~ N(O’ Géroup)'

where for plot i : ASOC; is the change in SOC, v is
an intercept term corresponding to cereal species
monoculture rotation with no changes in tempera-
ture or precipitation, and an organic-carbon-to-
fine-soil-ratio of 1, Rot,; is an indicator variable
which has the value of 1 if the plot i is farmed
using the rotation r and 0 otherwise. P; and T;
denote changes in total rainfall and annual aver-
age temperature, respectively. (Org C/fine soil); is
the organic-carbon-to-fine-soil-ratio, s are the
regression coefficients to be fitted, Ug.oyp() IS a
measurement-group-specific random effect, and
the os form the covariance structure, with o;
being the standard deviation of the narrow distri-
bution, o + o, that of the wide distribution, and
Oaroup(i) that of the random effect, with © being
the probability that the observation is from the
narrow distribution, and 1 — nt the probability that
the observation is from the wide distribution. N



refers to a normal distribution and Cat to a cat-
egorical distribution. We use uninformative priors
and sufficient efficient sample sizes as specified by
Heikkinen et al. [18]. The fit was done using JAGS
software (Just Another Gibbs Sampler [39]), and
the statistical software R [40].

For the purposes of this study, we are interested
in the parameters B,, which describe the differ-
ence in annual SOC sequestration/loss between a
given rotation r and the cereal species monocul-
ture rotation. With the Bayesian approach, by spec-
ifying a model and fitting it with our data we get a
probability distribution P(,), known as a posterior
distribution, from which we can infer a likely value
for the parameter B, and its probability distribu-
tion. A natural point estimate for the parameter is
the expected value of the distribution E(P(B,)). For
hypothesis testing, the probabilities P(p, > 0) and
P(B, < 0) are analogous to frequentist one-sided
p-values, as they describe the probability that the
parameter has a given sign. Probabilities above
95% are considered here as solid evidence of a dif-
ference between the rotations. A range of likely
values is described by a probability interval (i.e.
the posterior interval or Bayes interval) which is
analogous to the frequentist confidence interval,
but the interpretation is more straightforward, as it
directly produces a probability that the value of
the parameter is contained within the interval. In
Bayesian statistics, the traditional choice is to use
an 80% probability interval (80% PI), which we also
adopt for this work. For further information about
Bayesian statistical analysis, see Gelman et al. [41].

Emissions of organic soils were estimated using
the default emissions factors from the IPCC [36],
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which are 7900kg C ha™'year™' (95% confidence
intervals, ranging from 6500 to 9400kg C
ha'year™') for annual crops and 5700kg C
ha~'year™' (2900-8600kg C ha~'year™') for per-
ennial grasses. Organic soils were identified using
the Finnish Soil Database [34] by extracting the
soil type based on the coordinates of the center
point of the field parcel.

Results
Changes in crop rotation area

In mineral soils, the cultivated area of cereal species
monoculture and rotation with break-crops
decreased between 2009-2013 and 2014-2018
(Figure 3a). A decrease by 52,800 ha in cereal spe-
cies monoculture and 47,100 ha in rotation with
break-crops was observed. On the other hand, the
greatest increase in cultivated area was found for
cereal monoculture rotation (53,100 ha), followed by
perennial grassland (28,400 ha) and green fallow
rotation (22,100 ha). The cultivation area designated
for diverse rotations was found to have increased
by 10,000 ha. In mineral soils, the crop rotation class
changed in 52% of the cultivated area between the
periods 2009-2013 and 2014-2018.

In organic soils, the changes were qualitatively
similar to those in mineral soils, with the area
occupied by cereal monoculture, diverse rotation,
green fallow rotation, and perennial grass rotation
increasing, while the total area for other rotations
decreased (Figure 3b). However, in organic soils,
the greatest area increases were those of green fal-

Cereal species monoculture

Cereal monoculture -

Rotation with break-crop

Green fallow rotation

Perennial grassland rotation

Other [

low and perennial grassland rotations, with
a. Mineral soils b. Organic soils
Diverse rotation j ]
60 -40 20 0 20 40 60 -6 -4 2 0 2 4 6

Change in cultivated area (1000 ha)

Change in cultivated area (1000 ha)

Figure 3. Changes in cultivated area under different crop rotations in the entire country of Finland between 2009-2013
and 2014-2018 in hectars (ha) for (a) mineral and (b) organic soils.
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increases by 5100 and 4800ha, respectively.
According to the present data, the share of organic
soils is 10.6% of the total agricultural area. In
organic soils, the proportion of fields where the
rotation changed was 45% between the classifica-
tion periods 2009-2013 and 2014-2018.

Effect on SOC content

Mineral soils

Table 1 presents the results from the Bayesian
model fit for mineral soils. Perennial grassland rota-
tion stood out as the most beneficial cropping sys-
tem with respect to SOC accumulation between
2009 and 2018. As indicated by 80% Pls, the peren-
nial grassland rotation has a clear indication of devi-
ating from cereal species monoculture with respect
to its effect on SOC concentration. For green fallow
rotation the point estimate was also positive, but the
size of the effect was smaller — only about 10% of
that of the perennial grass rotation — and the 80% PI
includes both negative and positive values. The
point estimates for monotonous cereal species
sequencing, rotation with break-crop, and diverse
rotation are negative, meaning that based on this
dataset, it is possible that these rotations are coun-
terproductive with respect to SOC accrual compared
to cereal species monoculture.

Other variables included in the model show
that changes in SOC concentration were strongly
associated with the initial SOC-to-fine-fraction
ratio, indicating that soils with a large amount of
SOC or coarse texture tend to lose more carbon
than soils with a higher amount of fine fraction
particles relative to the SOC concentration. The
results also indicate that an increase in both

temperature (May-September) and precipitation
led to SOC losses. These findings are in line with
the earlier study [18] but are beyond the scope of
this study, as the variables were included in the
analysis only to control for effects unrelated to
crop rotations.

The overall national-level impact of crop rotation
changes was calculated by combining the estimated
changes in SOC content per hectare with the culti-
vated areas of each conversion class combination
(Table 2). By summing up the effects of each con-
verted crop rotation class combination, the nation-
wide accumulation of SOC can be estimated to be
approximately 1336 Mg C year™' in mineral soils.
However, the 80% Pl is extremely wide, varying from
an order of magnitude higher SOC loss to an order
of magnitude higher SOC accumulation.

Organic soils

The area of perennial grassland rotation in organic
soils increased by 4800 ha between the classification
periods of 2009-2013 and 2014-2018 (Figure 3).
Using the IPCC default emission factors, the increase
in area of perennial grassland rotation corresponds
to an annual emissions reduction of approximately
10,475 Mg, with the 80% PI varying from an emis-
sions reduction of 476 Mg to 20,476 Mg. Regionally,
the emissions of organic soils decreased in the
regions where perennial-dominated crop rotations
increased in area (Figure 4). As the uncertainties
related to mineral and organic soils can reasonably
be assumed to be independent given that the num-
bers originate in different models and datasets, the
combined effect of mineral and organic soils on SOC
is 11,811 Mg C year ', with an 80% Pl of (—6600;
30,300) Mg C year™".

Table 1. Effect of crop rotations, climate change, and SOC-to-fine-fraction ratio on soil organic carbon (SOC) content
change (E(0y)) using E-OBS climate data, 80% (equally tailed) probability interval, and probability of positive effect

(P(O > 0)).

Effect on SOC concentration E(6y)

(g kg™ year™) 80% PI (g kg™ year™") Probability P(® > 0)
Crop rotation (vs. Cereal species monoculture) f3,
Cereal monoculture —0.084 (—0.202, 0.036) 18
Rotation with break-crop —0.051 (=0.177, 0.076) 30
Diverse rotation —0.186 (—0.459, 0.089) .19
Green fallow rotation 0.014 (—=0.129, 0.160) .55
Perennial grassland rotation 0.136 (0.032, 0.240) 95
Other —0.043 (—0.168, 0.081) 33
SOC to fine fraction Biog(orgc/fine) —-0.189 (—0.236, —0.143) <.0001
Climate change
1 mm increase in precipitation sum Behange P —0.0030 (—0.0061, —0.0003) .078
1°C increase in temperature Behange T —-0.541 (=0.962, —0.129) .049
Other parameters
Constant n 0.177 (—0.042, 0.397) 0.85
Narrow distribution fraction b 0.79 (0.72, 0.85) 1
Wide distribution fraction 1-n 0.21 (0.15, 0.28) 1
SD of narrow distribution o1 0.289 (0.252, 0.328) 1
SD of wide distribution G3 131 (1.111, 1.544) 1
Measurement group effect Ggroup 0.083 (0.028, 0.142) 1

Here, 6 denotes an arbitrary parameter of interest.
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Table 2. Cultivated area of each crop rotation class combination in 2009-2013 and 2014-2018, corresponding emission
factors (kg C ha year™"), and overall effect on soil organic carbon (SOC) stock (Mg C year™'). The effects (EF) have been

given per hectare (ha).

Rotation 2009-2013 Rotation 2014-2018 Area (ha) EF (kg C ha™' year™) Effect on SOC (Mg C year™")
Cereal monoculture Cereal monoculture 75,684 0 0
Cereal species monoculture 38,567 133 5132
Diverse rotation 3375 —-162 —545
Green fallow rotation 4513 155 701
Other 21,740 65 1412
Perennial grassland rotation 15,529 348 5412
Rotation with break-crop 42,434 52 2218
Cereal species monoculture Cereal monoculture 62,666 -133 —8338
Cereal species monoculture 107,993 0 0
Diverse rotation 2329 —-295 —686
Green fallow rotation 8361 22 185
Other 31,412 —68 -2140
Perennial grassland rotation 27,880 215 6006
Rotation with break-crop 48,597 —-81 —3926
Diverse rotation Cereal monoculture 4283 162 692
Cereal species monoculture 1237 295 364
Diverse rotation 6162 0 0
Green fallow rotation 1368 317 433
Other 7965 227 1804
Perennial grassland rotation 6111 510 3117
Rotation with break-crop 7316 214 1565
Green fallow rotation Cereal monoculture 3544 —155 —550
Cereal species monoculture 4001 -22 -89
Diverse rotation 1681 -317 —533
Green fallow rotation 127,904 0 0
Other 18,558 -90 —1676
Perennial grassland rotation 35,403 193 6842
Rotation with break-crop 8380 -103 —863
Other Cereal monoculture 25,837 —65 —-1678
Cereal species monoculture 23,263 68 1584
Diverse rotation 12,090 —227 -2739
Green fallow rotation 22,345 90 2018
Other 97,367 0 0
Perennial grassland rotation 92,329 284 26,179
Rotation with break-crop 48,485 -13 —-614
Perennial grassland rotation Cereal monoculture 11,072 —348 —3859
Cereal species monoculture 14,484 -215 -3120
Diverse rotation 6238 -510 —3182
Green fallow rotation 46,469 —-193 —8980
Other 79,977 —284 —22,677
Perennial grassland rotation 450,767 0 0
Rotation with break-crop 30,540 —296 —9046
Rotation with break-crop Cereal monoculture 71,875 —52 —3757
Cereal species monoculture 46,896 81 3789
Diverse rotation 12,573 214 —2689
Green fallow rotation 10,662 103 1098
Other 50,887 13 645
Perennial grassland rotation 39,928 296 11,827
Rotation with break-crop 112,745 0 0
Total 2,031,822 1336 (—14,000, 17,000)

Emission factors have been calculated as (Ez014-2018 — E2009-2013)/34.09 X 54, where 34.09g kg™' is the average SOC content in 2009, 54 t C ha™'
is the average nationwide SOC stock in 0-15cm soil layer [16], and E is the change in SOC concentration as given in Table 1 (E(6y)). The 80%
probability interval for the overall nationwide effect is given in parentheses.

Discussion

The diversification of agricultural land use has
been identified [42] as one of the key measures for
improving the sustainability and resilience of agri-
culture. In Finland, cereal species monocultural
rotations (usually either barley or oats) have given
way to more diverse cereal-dominated rotations
and to some extent to diverse rotations. On the
other hand, the area designated for a single break-
crop during a five-year rotation has been reduced,
which is probably attributable to a reduction in
the cultivation of turnip (Brassica rapa L.) driven by
increased uncertainties and yield losses experi-
enced by farmers [43,44]. Changes in land use to

higher diversity in Finland [45] have primarily been
driven by systematic increases in farm size, the
warming of the climate, and the opening of
domestic markets for diversifying special crops
[38,45,46]. On the other hand, agricultural policies
have increasingly pressed for a transition to the
use of environmental grasslands (i.e. green fallow
rotations, Figure 2), though this has taken place in
parcels with a low production capacity and struc-
tural, functional, and logistic weaknesses [47].
Among the six crop rotations considered, peren-
nial grassland rotation, which was defined as three
or more grass years in a five-year period, was dis-
cerned as the most efficient for SOC sequestration.
The conversion of cropland to grassland is known
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Figure 4. Changes in cultivated area under different crop rotations in specific regions of Finland between 2009-2013 and

2014-2018 in (a) mineral and (b) organic soils.

to induce SOC accumulation [28,48]. Temporary
grass cultivation, i.e. rotational leys, has also been
identified as an option for soil carbon management,
though potentially not as efficient as the use of
grasslands [49,50]. The tendency of perennial vege-
tation to accumulate SOC is attributed to high root-
derived C input, which is more persistent in soils
than carbon originating in residues of aboveground
biomass [51-53]. In addition, a reduction in the fre-
quency and intensity of disturbance through tillage
in rotations containing temporary leys contributes
to enhancing SOC storage [54]. The observed rates
of gains (or, in some cases, losses) of SOC in grass-
lands vary depending on soil and environmental
conditions (e.g. soil C sink capacity, the age of the
ley, temperature, and precipitation) and manage-
ment practices [55]. Improvements in management,
such as the fertilization and sowing of new plant
varieties, tend to increase SOC [56,57].
Consequently, in the current data, extensive man-
agement may at least partly explain the lack of a
positive effect of the green fallow rotation, includ-
ing nature-managed fields, on SOC content change.
Furthermore, in this crop rotation class, fields of
inherently low biomass production potential are
known to be common [47,58].

An increase in the diversity of plant species
within annual rotations did not promote SOC

buildup or maintenance according to the current
data. Similar results are common in other published
crop-rotational studies [59]. However, in a previous
study using a different classification for the rota-
tions using Finnish data [18], diverse cropping sys-
tems (Shannon index > 0.8) exhibited a positive
SOC effect compared with annual less diverse
(Shannon index < 0.8) systems. This was thought to
be potentially associated with an increased C input,
as rotation phases with perennials were also pos-
sibly included. Another reason suggested was
changes in the chemical composition of plant resi-
dues favoring SOC accumulation, changes in soil
microbial community, or cultivation operations
associated with the diverse rotations [59-61]. In this
study, we identified crop rotations based on the
five preceding years for both study periods, which
may be too short a period to record any large-scale
impacts on SOC, even though many diversifying
crops cause immediate yield benefits for the follow-
ing crops in rotation. This was evident according to
the large-scale studies on farmers’ fields that used
satellite data to identify changes in biomass pro-
duction capacities depending on pre- and following
crop combinations used in crop sequencing [62].
The apparent discrepancy between the two studies
may stem from their difference in the definition of
perenniality. Moreover, the higher number of



rotational classes in the present study decreases the
number of observations per class and the statistical
power of the comparisons.

Based on European agroecosystem modeling,
an annual SOC increase of 400-800kg C
ha 'year™' was found after the conversion of
arable land to grassland [20]. In turn, a review of
115 studies from 17 different countries [57]
showed a corresponding organic carbon increase
rate of 540kg C ha~'year™'. Another study [50]
reported a SOC increase rate of 490kg C
ha~'year™' based on a large French soil database
[63]. These values are in line with the results of the
present study, showing that a change from annual
to perennial grassland rotation leads to SOC restor-
ation at a rate of 193-510kg C ha 'year ',
depending on the preceding annual rotation.
However, our study showed that changes in SOC
content depend greatly on the initial SOC-to-fine-
fraction ratio. Thus, even though conversion from
annual to grassland rotation has a beneficial
impact on SOC balance, it does not necessarily
result in SOC sequestration (i.e. an absolute
increase in SOC content). Soils with a high level of
SOC especially can lose carbon despite the cultiva-
tion of perennial grasses, but the rate of decrease
is lower than in the case of annual rotations.

According to the national GHG inventory, the
total emissions in Finland without the land use,
land-use change, and forestry sector were 47.8 Mt
CO, equivalent in 2020. The estimated climatic
impact of the crop rotation changes in mineral
and organic soils amount to 11,811 Mg C year™'
(80% PI (—6600; 30,300) Mg C year™'), correspond-
ing to approximately 0.1% of total GHG emissions
in Finland, with an 80% PI of (—0.05%, +0.23%). In
the national GHG inventory, the CO, emission
from cultivated soils has been reported to be
7.7 Mt CO, equivalent, of which 6.6 and 1.1 Mt
results from organic and mineral soils, respectively.
In comparison, the contribution of crop rotation
changes is about 0.6%. Despite the fact that we
had a decade-long high-quality data set, and used
state-of-the-art modeling, the uncertainties regard-
ing the effects of individual crop rotations are still
large. These uncertainties should be carefully con-
sidered when making strategic decisions regarding
climate and environmental policy. In particular,
basing policy on point estimates from individual
studies should be discouraged, and a sufficiently
large range of probable values (e.g. an 80% PI
from a Bayesian analysis, or the widely used 95%
confidence interval from a frequentist analysis)
should be considered in the decision-making
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process. On the other hand, methodological devel-
opments are needed to improve the accuracy of
the estimates, which would make the decision-
making process more straightforward.

The present study focused only on the effect of
crop rotations on SOC balance. The study did not
consider the climatic impact of possible changes in
dietary or livestock feeding, which are closely asso-
ciated with the choice of cultivated crop plants.
Quantification of overall climatic impact would
require comprehensive life-cycle assessment,
including e.g. emissions of ruminants, transporta-
tions, and food processing. Furthermore, it should
be noted that changes in crop rotation are only
one possible mitigation measure and, particularly
in organic soils, raising the water table level (con-
trolled subsurface drainage, paludiculture, or peat-
land restoration) has proved to be a far more
efficient way to reduce the emissions [36,64].

Despite the rather limited contribution of crop-
rotation-induced changes on SOC and, further, on
national C balance, the diversification of cropping
systems may generate many substantial agronomic
and environmental benefits, e.g. improved resilience
in variable weather conditions, increased biodiver-
sity, higher yields, improved soil water holding cap-
acity, a reduction in pests and diseases, and
enhanced water quality [65]. A crop-rotation-
induced boost in belowground microbial diversity
and activity would support soil functioning by
enhancing nutrient cycling and strengthening soil
structure formation and structural stability [66].
Furthermore, creating spatial crop diversity via ver-
satile temporal rotations serves to promote above-
ground arthropod diversity and density, thus
supporting ecosystem resilience [67]. As with water
quality, crop rotation diversification can help in
reducing nutrient leaching and soil erosion [68],
and diverse crop rotations have been shown to
reduce nitrogen leaching [69]. Regarding soil ero-
sion, for fixed SOC content, the inclusion of grass in
crop rotation has been observed to have only a
minor effect on soil aggregate stability compared
with cereal monoculture [69]. However, as SOC con-
tent has a positive effect on aggregate stability,
crop rotations can have a positive influence
through an increased SOC level [70].

Conclusions

During the last decade, increased farm size, the
warming of the climate, and increased demand for
special crops has resulted in a diversification of
crop rotations and the adoption of perennial-
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dominated arable systems in Finland. An increase in
the cultivation area designated for perennial grasses
was found to have a positive climatic impact
through the accumulation of SOC into cultivated
mineral soils, and by decreasing the emissions of
organic soils. However, a nationwide estimate of
the effect of crop rotation on SOC balance proved
to be highly uncertain in both mineral and organic
soils, drawing attention to the need for methodo-
logical development to assess the national-scale cli-
matic impacts. Compared with the total GHG
emissions at the national level, the climatic impacts
of changes in crop rotations were ultimately rela-
tively small, accounting for approximately 0.1%
(80% PI (—0.05%, +0.23%)) of total Finnish GHG
emissions. Considering that the large-scale changes
in crop rotations which have occurred nationwide
have had at most a minute impact on the climate,
policy measures aimed solely at increasing carbon
in the soil do not appear to be very effective.
Instead of large-scale policies focused on soil car-
bon alone, policies that facilitate targeted site-spe-
cific measures with multiple simultaneous goals,
including soil productivity, biodiversity, and water
body impacts in addition to soil carbon sequestra-
tion, might be more justifiable.
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