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Abstract: Combining organic farming and biogas production from agricultural feedstocks has been
suggested as a way of achieving carbon (C) neutrality in Europe. However, as the long-term effects
of C removal for methane production on soil organic carbon (SOC) are unclear, organic farmers
in particular have questioned whether farm biogas production will have a positive effect on soil
fertility. Eight years of data from an organic long-term field trial involving digestate fertilisation and
various crop rotations (CRs) with differing proportions of clover-grass leys were used to calculate C
inputs based on the CANDY model, and these modelled changes compared with measured changes
in SOC content (SOCc) over the same period. Measured SOCc increased by nearly 20% over the
eight years. Digestate fertilisation significantly increased SOCc. Fertilised plots with the highest
proportion of clover-grass in the CR had the highest SOCc. The C inputs from clover-grass leys, even
if they only made up 25% of the CR, were high enough to increase SOCc, even with the removal of
all aboveground biomass and without fertilisation. Our results show that biogas production based
on clover-grass leys could be an important part of sustainable farming, improving or maintaining
SOCc and improving nutrient flows, particularly in organic farming, while simultaneously providing
renewable energy.
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1. Introduction

Organic farmers in particular are reliant on organic inputs as nutrient sources, as
the use of synthetic chemical fertilisers is not permitted in organic farming (see, e.g., The
Council of the European Union [1]). Organic fertilisers, however, are usually available in
lower amounts than synthetic fertilisers. The nutrients in organic fertilisers often have
to be mineralised in soils first before they can be used by crops [2]. As a result, organic
farmers are therefore also reliant on soil organic matter acting as a reservoir for nutrients
necessary for crop growth [3]. It is, hence, particularly important in organic agriculture that
soil organic matter contents are, at the very least, maintained. Preservation of soil organic
matter also has other benefits such as improved soil structure and therefore increased
water infiltration and storage, and lower erosion risk. Improving soil quality is hence
an important part of climate change adaptation in agriculture. Carbon (C) sequestration
consequently contributes to food security by improving soil quality [4].

C sequestration in soils is itself essential for climate change mitigation, as is the
transition to renewable energies. A scenario for achieving C neutrality in Europe developed
by Aubert et al. [5] recommends reducing livestock numbers and instead using grassland
biomass for biogas production. As the proportion of farms without livestock is increasing
in organic farming in Germany [6], a similar approach could also appeal to organic farmers.
Harvesting the biomass from forages such as clover-grass leys for biogas production
instead of mulching provides an additional source of income and has been shown to be
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more profitable, despite the large investment required [7]. There are also other advantages,
such as lower nitrous oxide emissions [8] and improved nitrogen (N) fixation [9].

Digestates resulting from the anaerobic digestion of organic material for the production
of biogas can have higher ammonium (NH4

+):N ratios than the original feedstocks, and
crop NH4

+-N recoveries equivalent to mineral fertilisers [10]. This relatively high content
of plant-available N means digestates are valuable organic fertilisers, particularly for
organic farmers. The timing of N availability from mineralisation of soil organic matter
and crop residues is difficult to control, and this is one reason for lower yields in organic
agriculture [11]; being able to provide N to crops when they require it could improve yields.
Higher productivity also contributes to more C sequestration in soils, as more crop residues
and root biomass can be incorporated into soils [12]. However, improved N supply and
availability may lower C/N ratios in crop litter and residues, increasing decomposition
rates [13,14]. Nonetheless, this C may still be incorporated into stable soil organic matter
fractions [15].

During anaerobic digestion, labile, easily decomposable organic compounds are
broken down and transformed into methane and carbon dioxide. C content is therefore
generally lower in digestates than in the substrates, such as animal manures, used in their
production [16]. Lower C content and higher content of available N could lead to the
priming effect increasing C losses from soils [17,18]; this could particularly be the case in
organically-managed soils, which usually have lower levels of available N [11]. Digestate
application could also change soil microbial community composition, as labile C fractions
have already been decomposed during the digestion process. There could therefore be a
reduction in soils of microbes specialised in the decomposition of these compounds [19].
In addition, digestates themselves consist of microbial biomass [20], but most likely with
a different composition than that of the original substrate [21,22]. The proportion of C
remaining in digestates that is more resistant to decomposition is higher than in the original
substrates [23]. However, the compounds contained in this “stable” fraction, such as lignin,
will vary according to the substrates used [24], and thus digestate stability in soil will
also vary [17]. Organic farmers in particular have therefore questioned whether anaerobic
digestion of organic amendments, such as manures, composts and crop residues, and then
fertilising with digestate has a positive effect on soil organic matter and fertility [25] in
comparison to simply using the substrates themselves, particularly as the long-term effects
on soil C content of digestate fertilisation in the field are unclear [26].

Legumes are one of the main sources of N in organic farming systems and green
manures such as clover-grass leys are often used in organic arable farming to provide N to
subsequent crops [11,27]. Another advantage is that clover-grass leys increase C content in
the topsoil compared with arable crops [28,29], due, for example, to higher C input to soils
from clover-grass leys than for other arable crops such as maize [30]. Börjesson et al. [31]
calculated negative greenhouse gas emissions (i.e., C removal from the atmosphere) for a
biogas system based on clover-grass leys due to significant soil organic C accumulation.
However, many life cycle assessments or C footprint analyses of energy production from
biomass do not include changes in soil C as the methodology is unclear [32]. In addition,
while there are models available that can be used to calculate changes in soil C due to the
addition of organic fertilisers, these do not currently include digestates [33].

The aim of this paper is to investigate the effects of digestate fertilisation and crop
rotations for biogas production based on clover-grass leys on soil organic carbon content
(SOCc). Eight years of data from an organic long-term field trial involving digestate
fertilisation and various crop rotations (CRs) with differing proportions of clover-grass
leys were used to calculate C inputs based on the CANDY model [34], and these modelled
changes compared with measured changes in SOCc over the same period. Most studies
to date investigating the effects of digestate fertilisation on SOC have been short-term lab
experiments rather than field experiments [25]. It can, however, take many years before
changes in soil C become apparent [35], and complex feedback mechanisms may be at work
that substantially modify short-term responses in the long run. In addition, many of these
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studies use digestates based on liquid animal manures and/or maize silage, whereas the
digestate used in our field trial is produced by an organic farm and is based on clover-grass
and grass silage, and therefore more accurately represents the types of digestates that could
be used in future sustainable farming scenarios [5].

2. Materials and Methods
2.1. Experimental Site

Our field trial (Figure 1) was situated at the Technical University of Munich’s (TUM)
agricultural research station in Viehhausen. Viehhausen is located approximately 8 km
west of Freising in southern Germany, 490 m above sea level in the Tertiary hill country,
an undulating landscape developed in unconsolidated Tertiary sediments and overlain
by a thin loess cover. Using the US soil taxonomy [36], the soil at the experimental site is
categorised as a Hapludalf derived from loess with silty loam texture down to at least 1 m.
Using the World Reference Base [37], the soil is a Haplic Luvisol (Manganiferric, Siltic).
Average clay content was 25%. The experiment was situated on a slope facing north-east
with a gradient of about 9%. Average annual temperature and precipitation for the period
2010–2017 in Viehhausen were 9.0 ◦C and 799 mm a−1, respectively. The field trial began
in late 2004 and has been running in its present form since 2007.
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Figure 1. Field trial plot plan 2017. For dimensions see text. Crop rotations are indicated in the
top row.

2.2. Digestate and Fertilisation

The main factor studied in the field trial was fertilisation using biogas digestate, which
was assigned in two levels to plots within the factor CR; there were ten different CRs and
the 32 plots of each CR were divided into 16 fertilised and 16 unfertilised plots (Figure 1).
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Each unfertilised plot was neighboured laterally by a fertilised plot on one side across
the slope and on one side along the slope. There was no difference in treatment between
fertilised and unfertilised plots except that fertilised plots were fertilised using biogas
digestate. Each CR received a different amount of digestate, depending on the theoretical
amount of digestate that could be produced from the estimated crop biomass of clover-
grass, rye (wholecrop) (Secale cereale L.), silage maize (Zea mays L.), triticale (wholecrop)
(x Triticosecale Wittmack) and sunflower (wholecrop) (Helianthus annuus L.) grown in the
fertilised plots of each CR. The total amount of digestate was then divided among the
crops in the CR according to estimated nutrient requirements. The amount of C added via
digestate to each plot therefore ranged from 0 to 3 t ha−1 a−1. The digestate was applied
using a slurry tanker fitted with trailing hoses. The digestate was produced by a local
organic farmer from a feedstock mix of, on average, 61% silage from clover-grass ley/grass
ley/grassland biomass, 30% solid cattle manure, 5% silage maize and the remainder cereal
grains. From 2010 onwards, the digestate was separated into liquid and solid phases and
the liquid phase used in this field trial (for the sake of simplicity, we refer only to digestate).
The average dry matter content of the digestate after separation of the solids was 7.9%, with
a total C content of 39% (Table 1). Digestate pH was 7.8 (data from 2015 only). Digestate
samples were analysed according to the following German standards: DIN 38414-S2 or
DIN EN 12,80 (S 2a) for dry matter content, DIN 38414-3 (S 3) for loss on ignition, DIN ISO
13878 for total N, DIN 38406-5 (E 5) for ammonium N, DIN EN ISO 11885 for phosphate,
potassium and sulphur, and total C according to Dumas.

Table 1. Average composition of the digestate applied in the field trial (liquid phase) 2010–2017
(n = 13, standard deviation in parentheses, laboratory analysis by Agrolab Labor GmbH).

Variable Content
(%, Dry Weight Basis)

Loss on ignition 71.4 (1.9)
Total carbon 39.2 (0.9)

Total nitrogen 6.1 (0.9)
Ammonium nitrogen 3.4 (0.7)
Phosphate (as P2O5) 2.2 (0.2)
Potassium (as K2O) 8.9 (0.9)

Sulphur 0.47 (0.04)

2.3. Experimental Design

The factor CR comprised 10 different four-year crop rotations (Table 2). The CRs were
laid out in a replicated control design. CR1a was located at the start of the field, repeated
in the middle (CR1b) and at the opposite end of the field (CR1c) in order to capture any
trends in yield potential across the site. Each crop of every CR was cultivated each year; the
CRs were therefore laid out in columns running down the field, divided into four blocks.
The crops moved up a block each year. Within each CR there were 8 replications in each
block (4 fertilised and 4 unfertilised plots). Plots measured 6 m × 12 m (plots on both outer
edges of the trial measured 9 m × 12 m), with alleys of 3 m between each row of plots and
9 m between each block. The field trial therefore had a total size of nearly 4 ha.

The first year in each CR was a lucerne-clover-grass ley or clover-grass ley. The clover-
grass leys were mixtures of red clover (both diploid and tetraploid, Trifolium pratense L.)
and white clover (Trifolium repens L.) with various grasses, such as orchard grass (Dactylis
glomerata L.), meadow fescue (Festuca pratensis Huds.) or Italian ryegrass (Lolium multiflorum
Lam.). The lucerne-clover-grass leys also included lucerne (Medicago sativa L.). For the
sake of simplicity, we refer only to clover-grass. The ley year was followed by a year of
winter wheat (Triticum aestivum L.); the CRs differed in the third and fourth years. All
aboveground biomass was harvested and removed (including wheat straw), with the
following exceptions: field bean (Vicia faba L.) and soybean (Glycine max (L.) Merr.) straw
in CRs 3 and 4; year 3 cover crops in CRs 3, 4, 7 and 8 (mulched); white clover in CRs 5 and
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6 (mulched). Leys were cut 3–5 times per year. Conventional tillage (ploughing to a depth
of approximately 22 cm) was used. As ploughing depended on which crop was grown,
plots were not ploughed every year.

Table 2. Plan of crop rotations and mean amount of digestate fertilised in the fertilised plots,
2010–2017 (numbers in parentheses indicate digestate amount in the fertilised plots, m3 ha−1 a−1).

Crop
Rotation Year 1 Year 2 Year 3 Cover

Crop Year 3 Year 4

CR1a Lucerne-
clover-grass Wheat (40) Rye (16) Maize (55) Triticale (38)

CR2 Lucerne-
clover-grass Wheat (30) Rye (16) Maize (53) Wheat (31)

CR3 Lucerne-
clover-grass Wheat (28)

Legume/
non-legume

mixture
Field bean Wheat (29)

CR4 Lucerne-
clover-grass Wheat (31)

Legume/
non-legume

mixture
Soybean Wheat (29)

CR5 Lucerne-
clover-grass Wheat (45) White clover

(3)

Maize and
white clover

(45)
Triticale (40)

CR6 Clover-grass Wheat (43) White clover
(3)

Maize and
white clover

(42)

Maize and white
clover (44)

CR1b Lucerne-
clover-grass Wheat (40) Rye (16) Maize (55) Triticale (38)

CR7 Lucerne-
clover-grass Wheat (38)

Legume/
non-legume
mixture (8)

Maize (38) Triticale (40)

CR8 Lucerne-
clover-grass Wheat (45)

Legume/
non-legume
mixture (8)

Maize (36)

Sunflower and
undersown

lucerne-
clover-grass (34)

CR9
Lucerne-

clover-grass
(40)

Wheat (69) Lucerne-
clover-grass

Lucerne-
clover-grass Triticale (45)

CR10
Lucerne-

clover-grass
(50)

Wheat (77) Lucerne-
clover-grass

Lucerne-
clover-grass

Lucerne-
clover-grass (20)

CR1c Lucerne-
clover-grass Wheat (40) Rye (16) Maize (55) Triticale (38)

2.4. Sampling

Soil samples (6–8 per plot) were taken in October 2009 and again in October 2017 in all
plots (n = 384) to a depth of 30 cm, using a Pürckhauer auger. The soil samples were sieved
to 2 mm and air-dried. The results of analyses of the 2009 soil samples were assumed to be
the starting values for the soil in 2010.

Biomass and grain yields (Table 3) were determined each year using a plot harvester
and plot combine, respectively. Straw and cover crop biomass yields were also measured,
but not in all years. The C content of soil and crop grain and biomass samples was
analysed using a C and N analyser (Vario Max, Elementar Analysensysteme GmbH,
Dumas combustion method). The mean crop C content was between 43 and 45%, with the
exception of soybean, where the mean C content was 52%. For the 2017 soil samples, if the
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pH indicated the presence of carbonates (pH > 6.8), carbonate-C content was additionally
determined after treatment in a muffle furnace at 550 ◦C [38]. The pH of the soil samples
was measured in a 0.01 M CaCl2 solution using a pH meter.

Table 3. Mean crop yields 2010–2017 (DM = dry matter).

Crop Mean Yield

Biomass (DM, t ha−1 a−1) Grain (86% DM, t ha−1 a−1)

Unfertilised Fertilised Unfertilised Fertilised

Clover-grass 12.6 14.3
Field bean 2.4 2.8

Maize (silage) 6.8 11.6
Rye (wholecrop) 3.9 6.0

Soybean 3.2 3.3
Sunflower

(wholecrop) 5.2 8.2

Triticale (wholecrop) 6.7 13.0
Wheat 4.2 6.9

Soil bulk density was measured in August 2014 in block 2 and CRs 8, 10 and 1c, using
intact soil cores to a depth of 5 cm. Mean bulk density was 1.4 g cm−3 [39], which was used
for the calculation of the size of SOC stocks.

2.5. Modelling

C input (kg ha−1) for the period 2010 to 2017 was calculated using Equation (1).

Cinput = CRHR + CS + CSF + CGM + CD, (1)

CRHR = C input from root and harvest residues (kg ha−1)
CS = C input from seed (kg ha−1)
CSF = C input from straw fertilisation (kg ha−1)
CGM = C input from green manure (kg ha−1)
CD = C input from digestate (kg ha−1).
As the C content of seed was not measured, values for CS were taken from the REPRO

model [40]. CSF, CGM and CD were calculated based on field trial data for yield, grain and
biomass C content, and digestate amount and composition data, for the period 2010–2017.
CRHR was calculated using yield data and Equation (2). Equation (2) was taken from the
CANDY model [34].

CRHR = KRHR + FRHR × Y, (2)

CRHR = C input from root and harvest residues (dt ha−1)
KRHR = Yield-independent C input (dt ha−1)
FRHR = Yield-dependent C input (dt dt−1)
Y = Fresh matter yield (dt ha−1).
The crop parameters KRHR and FRHR (Table 4) were adapted from the CANDY

model [34] as follows. The averages of the individual values for lucerne, clover and
grass were used as the KRHR values for lucerne-clover-grass and clover-grass. The FRHR
value for lucerne was used as the FRHR value for lucerne-clover-grass. The crop parameters
for soybean, sorghum and triticale were assumed to be the same as the crop parameters for
field bean, silage maize and rye, respectively. The crop parameters for wholecrop sunflower
were derived from the parameters for grain sunflower, using the ratio of the parameters for
grain maize and silage maize. As CRHR for undersown clover-grass was not available in
the CANDY model, the value from REPRO was used.
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Table 4. Crop-specific C input parameters KRHR, FRHR and synthesis coefficient S used to calculate
CRHR and C input to soil organic carbon (SOC), adapted from the CANDY model [34].

Crop KRHR (dt ha−1) FRHR (dt dt−1) S (dt dt−1)

Clover-grass 26.0 0.45
Cover crops 5.0 0.60
Field bean 10.0 0.55

Lucerne-clover-grass 24.0 0.014 0.45
Maize 10.4 0.005 0.45

Rye 4.5 0.004 0.45
Sorghum 1 10.4 0.005 0.45

Soybean 10.0 0.55
Sunflower 9.2 0.014 0.50

Triticale 4.5 0.004 0.45
Wheat 4.0 0.08 0.55

Digestate 0.60
Green manure 0.35

Straw 0.45
1 Sorghum instead of field bean and soybean was grown in CRs 3 and 4 prior to 2012.

The C input to SOC (the C that remains after respiration and therefore contributes to
SOC stock) was calculated using CRHR, CSF, CGM and CD and the synthesis coefficients S
(Table 4), according to Equation (3). Equation (3) and the values for S were taken from the
CANDY model [34].

Cinput to SOC = Cinput × S. (3)

It was assumed that CS was used by the growing crop and therefore did not contribute
to SOC stocks. The S for the digestate used in our field trial was assumed to be the same as
the S for animal-based organic fertilisers (e.g., solid or liquid manure), and the S for bean
straw was assumed to be the same as S for cereal straw.

2.6. Statistical Analysis

Statistical analyses were carried out using R version 3.5.2 [41]. To analyse the differ-
ences in SOCc between years and fertilised and unfertilised plots, a linear mixed model
using restricted maximum likelihood estimation criterion (REML) with the fixed effects
year, fertilisation and block was fitted. Intercepts were allowed to vary for the random
effect CR field position along the x-axis (n = 12). To analyse the differences in SOCc between
years and CRs, a linear mixed model using REML with the fixed effects year, CR and block
was fitted, and field position of each plot along the x-axis was used as the random factor.
A type III ANOVA with Satterthwaite degrees of freedom approximation was calculated,
followed by Tukey post hoc tests of the estimated marginal means. The R packages lmer4
and emmeans were used for these analyses. A two-way factorial ANOVA was used to
analyse the differences in SOCc between CRs 1a, 1b and 1c, with the factors year and
fertilisation. Linear regression was used to analyse the relationships between digestate
fertilisation, CR components and SOCc.

3. Results

SOCc increased significantly from 1.10% in 2010 to 1.31% in 2017 (t(378) = 30.94,
p < 0.001). This increase was significant in both the fertilised and the unfertilised plots
(Table 5; for illustration see Figure 2). The increase was larger in the fertilised plots than in
the unfertilised plots (23% versus 15% of the SOCc in 2010).

In 2010, six years after the start of the experiment, SOCc in the fertilised plots was 4%
higher than in the unfertilised plots and, in 2017, 11% higher, indicating that the effect had
increased over time.



Agronomy 2021, 11, 1393 8 of 18

Table 5. Soil organic carbon content (%) in 2010 and 2017 (means sharing a letter are not significantly
different, p < 0.001).

Soil Organic Carbon (%)

2010 2017

Unfertilised plots 1.08 a 1.24 c

Fertilised plots 1.12 b 1.38 d
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Figure 2. Correlation between SOCc (%) in 2010 and 2017. Unfertilised plots are represented by grey
triangles, fertilised plots by black circles. The dashed line is the 1:1 line. The grey line shows the
mean increase for the unfertilised plots (y = 0.16 + x) and the black line shows the mean increase for
the fertilised plots (y = 0.26 + x).

An increase occurred in nearly all plots (all data points above the 1:1 line in Figure 2)
but the scatter was considerable when looking at individual (unreplicated) plots, with
random variation in both the 2010 and in the 2017 measurements.

In 2010, SOCc was highest in CR6 with 50% maize undersown with white clover in the
rotation, and lowest in CR2 and CR3, both with two years of wheat in the rotation. SOCc
increased significantly (p < 0.001) in all CRs between 2010 and 2017 (Figure 3). In 2017 in
both the fertilised and unfertilised plots, SOCc was highest in CR10, with 75% clover-grass
ley in the rotation, and lowest in CR3. Digestate fertilisation was lowest in CR3. CR10 also
had the biggest increase in SOCc between 2010 and 2017 (26%), whereas in CR4, with two
years of wheat and one year of soybean in the rotation, SOCc increased by only 13%. In the
fertilised plots the increase was lowest in CR6; however, these plots did have the highest
mean SOCc in 2010. In CR9 SOCc was 14% higher in 2017 in the fertilised plots than in
the unfertilised plots, whereas in CR4 SOCc in the fertilised plots was only 6.5% higher.
CR9 received the largest amount of digestate in the experiment, whereas CR4 received the
second-lowest amount. Despite this, the difference between the fertilised and unfertilised
plots changed (increased) the most in CR4. In comparison, the relative difference between
the fertilised and unfertilised plots stayed almost constant in CR6.

Despite identical treatment, SOCc was significantly lower in CR1a than in CR1b or
CR1c in both 2010 and 2017, for both the fertilised and unfertilised plots, p < 0.01.
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Table 6. Soil organic carbon content (%) for each crop rotation (fertilised and unfertilised plots
combined, n = 96 for CR1, n = 32 for all other CRs) in 2010 and 2017 (estimated marginal means;
means sharing a letter are not significantly different, p < 0.01).

Crop Rotation
2010 2017

Soil Organic Carbon (%) Soil Organic Carbon (%)

CR1 1.11 abcd 1.32 fg

CR2 1.02 ab 1.23 defg

CR3 1.00 a 1.21 cdef

CR4 1.04 abc 1.25 defg

CR5 1.14 abcde 1.35 fg

CR6 1.15 abcde 1.35 fg

CR7 1.12 abcd 1.33 fg

CR8 1.09 abcd 1.30 efg

CR9 1.14 abcde 1.34 fg

CR10 1.19 bcdef 1.39 g

There was a significant correlation between the proportion of clover-grass leys on a plot
and the SOCc (Figure 4). SOCc in 2017 was higher, for both the fertilised and unfertilised
plots, in those plots that had had more years of clover-grass leys. Correspondingly, CR10
(75% clover-grass leys in the CR) and CR9 (50% clover-grass leys in the CR) had the
highest SOCc in 2017 (Figure 4). The correlation was slightly stronger for the fertilised
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plots, however the difference between the slopes of the regressions for the fertilised and
unfertilised plots was not significant. This indicates that the effect of the clover-grass leys
on SOCc in 2017 was independent of the effect of digestate. Using a combined slope for
the fertilised and unfertilised plots and keeping the fertiliser effect constant yielded the
following equation that, although it includes only two parameters, explained 44% of the
variation:

SOCc = 1.13 + 1.8 × 10−5 × F + 0.003 × L, (4)

F = Fertiliser total C amount (kg ha−1)
L = Ley proportion (%)
R2 = 0.44, n = 379.
Both effects were very highly significant (p < 0.001).
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Figure 4. Correlation between the proportion of clover-grass leys on a plot in the period 2005–
2017, and the SOCc (%) of that plot in 2017. Unfertilised plots are represented by grey triangles,
fertilised plots by black circles. The dashed line is the combined regression line (y = 1.19 + 0.004x,
R2 = 0.13, p < 0.001, n = 379). The grey solid line is the regression line for the unfertilised plots
(y = 1.13 + 0.004x), the black solid line is the regression line for the fertilised plots (y = 1.26 + 0.004x),
assuming no interaction between the proportion of clover-grass and fertilisation. Jitter was added to
the proportion of clover-grass leys to improve visibility of symbols.

In the CRs with only one year of clover-grass there was a significant positive cor-
relation between SOCc in 2017 and the proportion of row crops with undersown crops
(Figure 5). Note that, for the sake of simplicity, we refer to the white clover in CRs 5 and
6 as an undersown crop, although the maize was sown into the clover cover crop. This
correlation was significant for both the fertilised and unfertilised plots (p < 0.05) but again,
the slopes of the regressions for the fertilised and unfertilised plots were not significantly
different (p = 0.19). A combined slope could therefore be assumed, which resulted in the
following equation:

SOCc = 1.21 + 1.7 × 10−5 × F + 0.002 × U, (5)

U = Proportion undersown row crops (%)
R2 = 0.38, n = 316.
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Figure 5. Correlation between the number of years of row crops with undersown crops (white clover
in maize in CR5 and CR6, clover-grass in sunflower in CR8) on a plot in the period 2005–2017, and
the SOCc (%) of that plot in 2017. Unfertilised plots are represented by grey triangles, fertilised
plots by black circles. The regression line is the combined (fertilised and unfertilised) regression line
(y = 1.27 + 0.002x, R2 = 0.04, p < 0.001, n = 316). Jitter was added to the proportion of row crops to
improve visibility of symbols.

Both effects were again very highly significant (p < 0.001). The effect of undersown
row crops was about half as strong as the effect of the clover-grass leys. The effect of
fertilisation was the same for this subset of data as for the complete dataset. Combining all
three influences for the complete data set yielded:

SOCc = 1.11 + 1.7 × 10−5 × F + 0.004 × L + 0.002 × U, (6)

R2 = 0.46, n = 379.
All effects were very highly significant (p < 0.001). R2 indicated that these three

influences explained 46% of the variation in SOCc, while 54% can be attributed to random
variation and other influences (e.g., crop type, interactions).

Mean total C input, as calculated using Equation (1), was 1.98 t ha−1 a−1 in the
unfertilised plots and 3.17 t ha−1 a−1 in the fertilised plots. Of this, 0.89 t ha−1 a−1 in the
unfertilised plots and 1.59 t ha−1 a−1 in the fertilised plots were estimated, according to
Equation (3), to have been added to SOC. In the unfertilised plots, nearly 90% of the total
C input was from crop residues and roots. In the fertilised plots, 60% of the total C input
came from crop residues and roots, and 33% from digestate fertilisation.

C inputs, both total and input to SOC, were highest when clover-grass was grown, due
to crop residues and roots. Consequently, the calculated C input was highest for CR10, with
75% clover-grass in the rotation. Row crops such as maize and sunflower were calculated
as having higher C inputs than wheat or triticale. CR8 therefore had the third-highest
(after CRs 9 and 10) C inputs of the fertilised plots, particularly as the sunflower crop was
undersown with clover-grass. CR3, with two years of wheat in the rotation, had the lowest
C input of the fertilised plots. C inputs from digestate were highest in CRs 9 and 1, and
lowest in CRs 3 and 4. The relationship between the estimated C input to SOC per crop
rotation and the change in SOC for that crop rotation was very highly significant (Figure 6)
and close to the 1:1 line, even without model calibration. Note that, in particular, the data
points for CRs 1a, 1b and 1c are close together, for both the fertilised and unfertilised plots.
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These CRs were identical but differed in their positions within the experimental site. Their
initial SOCc spanned the whole range of values for all CRs. This indicates that initial SOCc
had no influence on either the calculated or measured change in SOC stocks.
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Figure 6. Correlation between estimated total (sum) C input to SOC (t ha−1) for each CR in the
period 2010–2017, and the measured change in SOC stock (t ha−1) of that CR between 2010 and
2017 (n = 24). Each data point is the mean of 16 plots to reduce propagation of uncertainty resulting
from the subtraction of the SOC stock in 2010 from the SOC stock in 2017. Unfertilised plots are
represented by grey triangles, fertilised plots by black circles. The number next to a data point is the
CR. The solid line is the regression line (y = 0.61 + 0.81x, R2 = 0.74, p < 0.001, n = 24). The dashed line
is the 1:1 line. The data point marked with a square is an outlier (CR4 unfertilised plots).

Estimated C inputs to SOC varied between 5.9 and 15.5 t ha−1 depending on the CR
and fertilisation, whereas the measured changes in SOC stocks ranged between 4.4 and
15.8 t ha−1. The data indicated that the increase in SOC stocks was, on average, 1.3 t ha−1

less than the calculated amount of C added to the SOC stocks. The data points for both the
fertilised and unfertilised plots for CR10, which had the highest proportion of clover-grass
leys (three out of four years), were close to the 1:1 line, indicating that the C inputs for
clover-grass were predicted correctly by the model. This was corroborated by CR9, with
the second-highest proportion of clover-grass leys in the rotation (two out of four years).
The data points for CR9 arranged only slightly below the 1:1 line. CRs 4 and 7, and to a
lesser extent CR3, deviated most. These three CRs all had a legume/non-legume cover
crop in common. However, CR8 also had a legume/non-legume cover crop but the results
for this CR corresponded with the modelled values.

4. Discussion

The majority of studies to date investigating the effects of farm biogas production
on soils have either been pot experiments or short-term conventional field experiments.
Our study is based on data from a long-term field trial run according to organic principles
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and, as such, biogas production on the basis of clover-grass leys. It is also one of the few
biogas field trials where the amount of digestate applied is based on nutrient cycling, i.e.,
on the estimated yield of the respective crop rotation, and which therefore represents more
realistic conditions [26].

Even though the experiment had already been running for five years before the data
we used in this study were collected, SOCc still increased in 96% of plots, irrespective
of the CR or if plots were fertilised or not. This effect was particularly remarkable for
the unfertilised plots, given that nearly all aboveground biomass had been removed for
13 years and there was no nutrient return in the form of fertilisation.

Our regression model showed that this was due to the effects of the clover-grass leys
and the undersown row crops. If there were no fertilisation, clover-grass leys or undersown
row crops (i.e., if F, L and U were equal to zero in Equation (6)), then our regression model
would result in an SOCc of 1.11%, which is very close to the mean SOCc of 1.10% in 2010.

This effect was found across CRs and site position, and therefore any variation in soil
properties. Our modelling of the C input to SOC corroborated these results and showed
that an increase in SOCc based on these effects is feasible. Our results also corresponded
with results from an earlier period (2010–2014) [42].

Increasing the proportion of row crops undersown with clover or clover-grass by 10%
would increase SOCc by 0.02%, according to our regression model. Although only three
out of 12 CRs included undersown row crops (up until 2012 CR4 also included sunflower
undersown with clover-grass), the plots in these CRs still represented a wide range of
differing proportions of undersown row crops. Aside from the positive effects of clover and
clover-grass on SOC, undersowing row crops means more vegetation cover, which leads to
more C input from roots and, in our field trial, from shoot biomass when the undersown
crops were mulched. Yields of the undersown clover and clover-grass were similar in both
the fertilised and unfertilised plots (data unpublished); however, yields of the main crops
were lower in the unfertilised plots. Maize yields, for example, were 70% higher in the
fertilised plots than in the unfertilised plots. When N is limited, crops tend to allocate more
resources to the roots than aboveground biomass [43] and the root:shoot ratio increases.
Nonetheless, it is likely that due to the large differences in aboveground biomass, root
systems of the main crops were smaller in the unfertilised plots. The undersown crops
in the unfertilised plots could therefore have produced more belowground biomass, as
there was less competition for space and nutrients. Cong et al. [44], for example, found that
although undersown legume-grass leys produced less aboveground biomass in unfertilised
plots, there was no difference in root biomass between fertilised and unfertilised plots.

Fertilisation with digestate had the biggest effect on SOCc. In addition to the direct
effect of the digestate itself on SOC, fertilisation increased yields in our trial, meaning
C input from root and harvest residues was modelled as being higher in the fertilised
plots. The effect of digestate fertilisation on root growth is, however, at present unclear,
particularly as most studies to date have been pot experiments and data from field trials is
lacking. Digestate fertilisation increased the root biomass of wheat in a field trial [45] and
grass in a pot experiment [46], but in other pot experiments digestate fertilisation either
had no effect [47] or inhibited root growth of grasses [48]. If both the solid and liquid
phases of the digestate had been used instead of just the liquid phase as in our field trial,
the effect on SOCc would have been even greater according to Equation (6), given the
larger amount of C applied to the soil [49,50]. Further research would, however, be needed
to ascertain if Equation (6) also applies to the solid digestate phase.

The highest inputs to SOC from crops in our field trial were when clover-grass was
grown. CR10, with 75% clover-grass in the rotation, had the highest SOCc and the largest
increase in SOCc between 2009 and 2017, which agrees with the finding that increasing the
proportion of leys in organic CRs (also in combination with organic fertilisers) increased
SOCc [28]. This increase seemed to be constant, even over a 13-year period, with an increase
of 0.004% in SOCc when the proportion of clover-grass leys in the CR was increased by 1%.
Given that in most rotations there was only one year of clover-grass, whereas with 75%
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clover-grass ley in CR10 there was no tillage in these plots for three of the four years of the
CR, this indicated that tillage did not have an important influence on this effect, although
it is often assumed that tillage destroys soil aggregates and exposes the SOC protected
in these aggregates to mineralisation, increasing decomposition rates [51]. An important
implication of the linear increase of SOCc with the proportion of clover-grass in the CR is
that the length of the period between clover-grass years seemed to be of minor importance
and did not cause any substantial loss of SOC. The longest break between clover-grass
years was only three years in our field trial, and hence this inference is restricted to a
rather short period, but given that turnover is always highest in the first few years, a
low degradation rate can be expected to last longer. Freibauer et al. [52] estimated that
increasing the duration of leys would lead to an increase in the potential SOC accumulation
rate of 0.1–0.5 t ha−1 a−1. Our results are consistent with this estimate. Using the average
bulk density to calculate C stocks, the plots in CR10 accumulated 1.58 t ha−1 a−1. In
comparison, the plots with only one year of clover-grass ley accumulated 1.26 t ha−1 a−1, a
difference of 0.32 t ha−1 a−1. It is important to note, however, that in CR10 ley composition
changed over time, with the proportion of grass increasing, and total yield decreasing,
by the third year (data unpublished). Nevertheless, we have not had any disease or pest
problems in this or any of the other rotations, despite the short break between leys.

As our regressions suggest that any addition of ley to a rotation will increase SOCc,
for the CRs with only 25% clover-grass leys in the rotation and no undersown row crops, it
appears that the C input from the root and harvest residues from these leys was enough
to increase SOCc, even without additional fertilisation. Models have estimated that C
inputs of 1.5 t are enough to maintain SOC [53,54]. This is lower than the mean C input of
1.8 t ha−1 a−1 in these unfertilised plots, which could explain why SOCc did not decrease
in these plots.

The correlation between the measured change in SOC and the estimated C input
to SOC indicated an average respiration rate of 0.3% per year. This is lower than the
mineralisation rates normally seen for arable soils [55]. Our model could therefore have
underestimated the C input to SOC. The crop parameters we used were developed for
conventionally-grown crops; however, it has been shown that root:shoot ratios are higher
for organically-grown crops, presumably due to lower nutrient (particularly N) availabil-
ity [56]. This would also explain why the difference between the measured change in SOC
and the estimated C input for the unfertilised plots was smaller than for the fertilised plots,
and why the measured change was higher than the C inputs in nearly half of the CRs for
the unfertilised plots. However, increasing the yield-dependent parameter FRHR to take
into account higher root biomass at lower yields in organic crops would only have a small
effect on the estimated C input to SOC, as the parameter KRHR generally makes up a much
larger proportion of the calculated C input to SOC. As KRHR is a constant independent
of yield, this already allocates a larger proportion of biomass to belowground biomass at
low yields.

Alternatively, it could be that the mineralisation rates in these plots were so low that
barely any C was lost due to mineralisation, and therefore the C input to SOC was roughly
equal to the increase in SOC. In CR10 with 75% clover-grass in the rotation, for example, in
both the fertilised and unfertilised plots the measured change in SOC was greater than the
estimated C input. Acharya et al. [57] found that mineralisation rates were lower in the
second and third years of leys than in the first year, and that root biomass increased with
ley age. This was not taken into account in our model (we used the same crop parameters
for all leys), and therefore our estimated C input to SOC could have been too low for CR10.

The unfertilised plots in CR4 were an outlier in this correlation, with a much lower
increase in SOC than predicted by the level of C inputs. This CR includes soybean, which
is a relatively new crop in Germany. We assumed the same crop parameters for soybean as
for field bean, which is a well-established crop in Germany. However, despite higher yields
for soybean in our field trial than for field bean, it could be that, under German conditions,
the harvest and root residues are lower. Nonetheless, reducing KRHR and the synthesis
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coefficient for soybean in our model, or even removing this CR from our model entirely,
did not change the slope of the regression and only increased R2 to 0.80.

Differences in yields and SOC between CRs 1a, b and c, despite identical treatment,
indicate that there could be soil heterogeneity across the site. Further analysis of pH
values indicated the presence of carbonates in a distinct pattern across the site. Analysis
of historical records showed the presence of an old road running through the field trial.
Although the 2017 soil samples were reanalysed depending on pH, this was not the case
for the 2009 samples. Removing carbonates from the 2009 samples would have lowered
the SOC values for these plots, and would make the difference between SOCc in 2010 and
2017 even larger. A preliminary analysis indicated, however, that it would not change the
results of modelling [58]. This needs to be taken into account in the future when samples
are analysed. However, this possible heterogeneity also means that our results would be
valid for a wide range of initial soil conditions.

The effects of the three predictors in our regression were additive, also over time. This
means our results can be applied to a broad range of situations. For example, if there are
no undersown crops in the CR (i.e., U = 0 in Equation (6)), the effects of the leys on SOCc
will still remain the same. Our regressions show farmers how increasing the proportion
of clover-grass and/or undersown crops in their CRs will impact SOCc. The regressions
can therefore also be used by governments when planning subsidy schemes for farmers
with the aim of improving SOCc (for example, for C sequestration and climate change
mitigation). Our additive model also means that separate subsidies could be paid for each
of our three variables, so even if farmers only include one of our variables in their farming,
they would still increase SOCc and could also receive a subsidy. Our results hold true for
a period of at least ten years, which is a longer period than most farmers plan for and is
longer than the duration of most farm subsidy schemes.

In the CANDY model, calculating the C input to SOC is also additive, where the
C input from various sources is simply added together. CANDY is based on data from
long-term field experiments. Despite possible sources of error, such as assuming that bulk
density was the same for all plots and very simply adapting the crop parameters, our
model correlated well with our measured data. This corroborates that a simple additive
model based on long-term field trial data can be used to predict changes in SOCc.

5. Conclusions

Our long-term experiment showed that clover-grass leys have a remarkably posi-
tive effect on SOCc, increasing it by 0.004% for every year a ley is grown, even if the
aboveground biomass is removed for renewable energy production and not returned as
organic fertiliser. Returning the nutrients and part of the organic matter as biogas digestate
increased biomass production and, in turn, SOCc even further, by 0.017% for every 1 t ha−1

of digestate C applied. When row crops were undersown with clover or clover-grass this
also had a positive effect on SOCc, increasing it by 0.002% every year undersown crops
were grown. Digestate fertilisation gives organic farmers the opportunity to control the
timing and quantity of N fertilisation, improving yields of other crops and hence increasing
C inputs to soil. Our results therefore support scenarios for sustainable farming involving
the anaerobic digestion of agricultural feedstocks such as ley and crop biomass.
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