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A B S T R A C T   

Grass-clover leys in crop rotations on dairy farms may contribute to mitigation of climate change through soil 
organic carbon (SOC) sequestration. However, accurately quantifying SOC sequestration potential of grass-clover 
leys is a challenge as long-term experiments with regular soil sampling and crop rotations with varying grassland 
proportion are extremely rare. 

Based on a long-term organic dairy crop rotation experiment at Foulumgaard Experimental Station (Denmark) 
initiated in 1987 with contrasting crop rotations (2 or 4 years of grass-clover in a six-course rotation) and cattle 
slurry input from 2006 to 2018, we examined the effect of grassland proportion (31 to 69% grass-clover) and 
slurry C-input (0 to 1.45 Mg C ha− 1 yr− 1) on SOC storage in the top soil layer (0–20 cm). 

At steady-state conditions, the SOC stock based on equivalent soil mass (SOC stockFM) increased by 5.0 Mg C 
ha− 1 when converting soil with a prehistory of cereal dominated cropping to a crop rotation with 1/3 grass- 
clover. The steady-state condition was established after 20 years, and the rate of change was largest in the 
initial years. A multiple regression model including grassland proportion, slurry C-input and the initial SOC 
stockFM explained 47% of the variation in the SOC stock from 2005 to 2018. The SOC stockFM increased 4.2 Mg C 
ha− 1 when increasing the grassland proportion from 1/3 to 2/3 during the 13 years (0.32 Mg C ha− 1 yr− 1). Of the 
applied slurry-C, 11% was retained in soil, which means that an annual increase in cattle slurry input of 1.5 Mg C 
ha− 1 (150 kg total-N ha− 1) will increase SOC stockFM by 2.2 Mg C ha− 1 (0.17 Mg C ha− 1 yr− 1) during the 13 
years. Further, our study showed that soil nitrogen is stored along with SOC in equal proportions.   

1. Introduction 

Intensive dairy farming is associated with a major impact on 
greenhouse gas emissions (Knudsen et al., 2019). At the same time, 
grass-clover leys are a key component in cropping systems on dairy 
farms in NW Europe and is seen as a substantial element in mitigating 
climate change through soil organic carbon (SOC) sequestration (Sous-
sana et al., 2010). It is well-known that grasslands can significantly in-
crease SOC sequestration (Conant et al., 2017). Following establishment 
of permanent grasslands on soil with cereal dominated cropping, studies 
have shown a substantial and continued accumulation of SOC (Chris-
tensen et al., 2009; Hu et al., 2019). For grass leys the SOC change is 
determined by the ratio between grass and annual crops in the crop 
rotation (Knudsen et al., 2019) and studies have shown that the SOC 
concentration increased with an increasing share of grassland in the crop 
rotation (Eriksen et al., 2008; Poulton et al., 2018; Stumpf et al., 2018). 

However, estimates of SOC sequestration potential of high-yielding 
grass-clover leys is lacking, but highly needed for climate change ac-
counting, validation of C models (Smith et al., 2020) and improvement 
of life cycle assessments (Knudsen et al., 2019). Organic fertilizer such as 
cattle slurry is used on dairy farms in NW Europe and may contribute to 
an increased SOC storage (Poulton et al., 2018). Studies used for 
quantifying the effect of organic fertilizer on SOC storage, however, are 
often lacking important information such as manure application rate 
and C concentration making assessments dubious (Maillard and Angers, 
2014). Further, the interaction between grass-clover and organic fertil-
izer on SOC storage has not been investigated. 

A change in management will result in annual sequestration rates, 
which is highest in the initial years and declining as soil reaches a new 
steady-state condition (Jensen et al., 2022; West and Six, 2007). 
Consequently, reliable assessments of management-induced changes in 
SOC storage require the initial SOC content and frequent soil sampling 
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until reaching steady-state conditions. Long-term experiments including 
crop rotations with varying grassland proportion and use of organic 
fertilizer fulfilling these requirements are extremely rare, but essential 
due to the long-term nature of soil C sequestration (Smith et al., 2020). 

Likewise, quantitative documentation of changes in soil total N 
(STN) stocks for grass-clover leys are lacking (Rashid et al., 2022). N 
surplus is assumed a proxy for environmental emissions such as N 
leaching and N2O emissions, but if STN storage is not accounted for, 
biased conclusions may be reached. The same goes for determination of 
N utilization on dairy farms, where changes in STN have to be included. 

The objective of this paper was to quantify the influence of grassland 
proportion and cattle slurry input as well as their interaction on SOC and 
STN storage in the top soil layer under NW European conditions. We 
based our study on a field experiment initiated in 1987 on a loamy sand 
soil at Foulumgaard Experimental Station (Denmark). The experiment 
includes twelve fields with varying grassland proportion and within 
these fields varying cattle slurry input, and frequent soil sampling. 

2. Materials and methods 

2.1. The organic dairy/crop rotation experiment 

The organic dairy crop rotation experiment was established in 1987 
at Foulumgaard Experimental Station, Aarhus University, Denmark 
(56◦29′N, 09◦34′E, 53 m asl). Average annual temperature and precip-
itation are 8.2 ◦C and 673 mm, respectively (means of 1991–2020). The 
soil is a loamy sand with 7.7% clay (<2 µm), 9.9% silt (2–20 µm), 48.1% 
fine sand (20–200 µm) and 34.0% coarse sand (200–2000 µm) in the 
topsoil (0–20 cm) (Heidmann, 1989) and classified as a Typic Hapludult 
(Soil Survey Staff, 2014) and Mollic Luvisol (IUSS Working Group WRB, 
2015). Prior to the experiment (1978–1986), cereal crops were mainly 
grown (Heidmann, 1988). 

A six-year rotation with two years of grass-clover was introduced in 
1987. From 2006, the six-year rotation was split in two crop rotations 
differing in grassland proportions being 1/3 in rotation 1 and 2/3 in 
rotation 2. Rotation 1 consisted of spring barley with grass-clover 
undersown, two years of grass-clover, spring barley for wholecrop 
silage with Italian ryegrass undersown, oat with an undersown catch 
crop of perennial ryegrass and finally a spring barley/pea with a winter 
rye catch crop. Rotation 2 consisted of spring barley with grass-clover 
undersown, four years of grass-clover and spring barley for wholecrop 
silage with Italian ryegrass undersown. The grass-clover ley was cut four 
times a year. Each of the six fields in the two rotations was divided into 
two blocks, in which five treatments with varying cattle slurry input 
were randomly allocated (Fig. S1, Supplementary material). The five 
cattle slurry treatments changed during the experimental period and 
were e.g. 0, 50, 100, 200 and 300 kg total-N in cattle slurry in 2017 and 
2018. The cattle slurry treatments were only present in grass-clover leys, 
whereas the other crops were uniformly fertilized. An overview of the 
crops grown and cattle slurry C-input at plot level during 2006–2018 can 
be seen in Table S1, Supplementary material. The plot size of slurry 
treatment 1, 2 and 3 is 15 × 18 m, while the plot size of slurry treatment 
4 and 5 is 15 × 9 m. Cattle slurry was applied in spring once a year for 
the grass-clover ley plots and fields with annual crops being fertilized. 
The dry matter content of the slurry was 7% (SEM = 1.0%), the NH4-N 
content 56% (SEM = 0.4%) of the total-N and the total C content of the 
slurry dry matter was 44%. This results in an application of e.g. 0.99 Mg 
C ha− 1 if 100 kg total-N in cattle slurry is applied. The dry matter yield of 
the various crops under contrasting cattle slurry input can be seen in 
Table 4 in Eriksen et al. (2015) and Thers et al. (2022). For more details 
about the experiment and previous results, see Eriksen et al. (1999), 
Eriksen et al. (2004), Eriksen et al. (2014) and Eriksen et al. (2015). 

2.2. Soil sampling and analysis 

Soil was sampled in the 0–20 cm soil layer in 1986, 1993, 2005, 2009 

and 2018, air-dried and then archived. The sampling in 1986 was done 
prior to setting up the field experiment and served as a baseline for 
various soil properties. A square grid was developed and consisted of 45 
points across the whole field, where soil was sampled (Fig. 1). Each 
composite sample from 1986 consisted of 12 subsamples extracted with 
a soil auger (5.5 cm diameter). Soil was sampled at plot level in 1993, 
2005, 2009 and 2018, and each composite sample consisted of 16 sub-
samples extracted with a soil auger (2 cm diameter). Soil from 1986 and 
1993 were no longer available, but has previously been analyzed for 
SOC and STN by high-temperature dry combustion using a Leco IR-12 
analyzer and the Kjeldahl method, respectively (Heidmann, 1988). 
Soil sampling was in October to December from 1986 to 2018. Archived 
soil samples were crushed, sieved (<2-mm) and analyzed for SOC and 
STN by dry combustion at 950 ◦C using a Vario Max Cube. The SOC and 
STN contents were expressed as g 100 g− 1 oven-dry soil (105 ◦C for 24 
h). In autumn 1986, six undisturbed soil cores (100 cm3) were extracted 
from 6-to-10-cm soil layer in six sampling points across the experimental 
field following harvest of spring barley (Heidmann, 1988). The soil cores 
were used to measure bulk density (BD), and served as a baseline value 
for BD for all plots in 1986. The sampling depth was chosen to be 
representative for the 0–20 cm plough layer. In autumn 2020, a more 
detailed sampling was carried out. Three undisturbed soil cores (100 
cm3) were extracted from the 6–10-cm soil layer in each plot providing 
360 samples in total. The soil cores were oven-dried at 105 ◦C until 
constant mass was reached. The calculated BD was corrected for mass 
and volume of > 2-mm particles. The stone mass was determined after 
wet sieving and drying, and the stone volume was calculated by using a 
fixed particle density of stones of 2.65 g cm− 3. Bulk density values from 
1986 were corrected for mass and volume of > 2-mm particles using the 
average value from 2020. 

2.3. Data analysis 

Empirical Bayesian kriging (EBK) was used to generate prediction 
maps for clay content, SOC and STN contents (Figs. 1 and S2) based on 
data from Heidmann (1989). EBK constitutes a geostatistical interpola-
tion method and was implemented within ArcGIS Pro 2.8.3 (ESRI, 
2021). This method differs from classical kriging methods as it auto-
matically calculates parameters through a process of subsetting and 
simulations (Pilz and Spöck, 2008). Within EBK, semi-variogram pa-
rameters are estimated using restricted maximum likelihood instead of 
weighted least squares for ordinary kriging. Standard errors of predic-
tion for this method generally are lower than for other kriging methods. 
In this study, default settings were selected for subset size (100) and 
number of simulations (100) since no significant improvement in pre-
diction results occurred by adjusting these two parameters. 

Summary statistics were calculated from the prediction map for SOC 
and STN contents for each of the experimental plots (using the “Calcu-
late Statistics” tool within ArcGIS Pro 2.8.3). 

The SOC stock was calculated based on a fixed soil mass equivalent to 
20 cm in soil with annual crops and performed at plot level. The 
equivalent soil mass basis approach is recommended when assessing 
changes in soil mass-based properties (von Haden et al., 2020). SOC 
stock to a fixed depth (SOC stockFD) was determined as the SOC content 
multiplied by BD and the plough layer depth (20 cm). Subsequently, 
SOC stockFM was calculated by first calculating the mass of soil to the 
designated depth for all plots: 

Msoil = BD × 20 cm × 100 (1) 

where BD is bulk density (g cm− 3) and Msoil is the mass of soil to 20 
cm depth (Mg ha− 1). Soil with annual crops was the reference (Mref) as it 
had the lowest soil mass being in accordance with the procedure 
described in Ellert et al. (2007) and Johnston et al. (2017). Next, the soil 
mass to be subtracted from the core segment so that mass of soil is 
equivalent in all sampling points was calculated: 
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Mex = Msoil − Mref (2) 

where Mex is the excess of mass of soil to be subtracted from the core 
segment. Finally, SOC stockFMwas calculated: 

SOC stockFM = SOC stockFD × ((Msoil − Mex)/Msoil ) (3) 

The STN stock based on equivalent soil mass (STN stockFM) was 
calculated as described for SOC stockFM. 

Further statistical analysis relied on the R-project software package 
Version 3.4.0 (R Foundation for Statistical Computing). Linear mixed 
effect models were used to test the significance of crop rotation (CR: 1/3 
or 2/3 grass-clover in the rotation), cattle slurry input (SI: 19, 22, 69, 93 
and 118 kg total-N ha− 1 yr− 1) and their interaction on SOC, STN, soil 
CN-ratio, SOC stockFM, STN stockFM and BD using the lmer function of 
the lme4 package (Bates et al., 2015). The cattle slurry input is the 
average annual input in the period 2006–2018. CR and SI were fixed 
effects while block was set as random effect. The significance of CR and 
SI and their interaction were assessed by analysis of variance (ANOVA) 
Type III. The criterion used for statistical significance was P < 0.05. 
When CR, SI or the interaction between them were significant, further 
analyses were made to isolate differences between them (pairwise 
comparisons) using the estimated marginal means (emmeans) function 
implemented in the R emmeans package (Lenth et al., 2022) and the 
Kenward-Roger method to calculate degrees of freedom (Kenward and 
Roger, 2009). Post hoc comparisons were performed by use of the Tukey 
HSD test. The assumptions of normality and homoscedasticity were 
checked with the Shapiro-Wilk test and visual examination of the re-
siduals against fitted values. 

The asymptotic regression model (ARM) was fitted to the SOC data: 

SOC = SOCEquilibrium −
(
SOCEquilibrium − SOC0

)
exp( − cX) (4) 

where SOCEquilibrium is the maximum attainable value for SOC 
(plateau), SOC0 is the initial SOC value (at X = 1986) and c is propor-
tional to the relative rate of increase for SOC when X increases. X is 
number of years after 1986, where the experiment started and the first 
sampling was conducted. The parameters of the ARM were obtained by 
nonlinear regression analysis to achieve the smallest residual sum of 
squares. Similarly, the ARM was fitted to the STN, SOC stockFM and STN 
stockFM data. 

Multiple linear regression was used to explain the changes in SOC 

stockFM and STN stockFM from 2005 to 2018 based on grassland pro-
portion (31 to 69%), cattle slurry C-input (0 to 1.45 Mg C ha− 1 yr− 1) and 
initial SOC stockFM or initial STN stockFM in 2005. The regression 
analysis was based on the average of the two blocks providing 60 data 
points for the modelling exercise. 

3. Results 

The clay content varied from 6.7 to 8.7%, SOC from 1.48 to 1.74% 
and STN from 0.128 to 0.160% in the 0–20 cm soil layer in 1986 when 
the experiment was initiated (Figs. 1 and S2). The little spatial variation 
in topsoil texture allowed us to investigate the effects of grassland pro-
portion and cattle slurry input without confounding effects related to 
soil texture, while the initial SOC and STN contents served as a baseline 
for assessing changes in SOC and STN stocks. 

The average BD value of 1.43 g cm− 3 measured in six sampling points 
across the experimental field when the experiment was initiated 
(Heidmann, 1989) was used as BD for all plots in 1986. In autumn 2020, 
significant differences in BD of soil from different crops in the two ro-
tations were found (Table 1). However, no significant differences in BD 
were found for grass-clover ley of different age and in the different crop 
rotations. Soil from grass-clover ley had larger BD than the annual crops. 
This can be explained by that the annual crops were ploughed in spring, 
while the grass-clover leys were ploughed at least 1.5 year prior to 

Fig. 1. The field with soil observations from 1986 in the 0–20 cm layer and prediction maps for soil organic carbon content (left) and soil total nitrogen content 
(right) based on Empirical Bayesian kriging. The experimental plots are indicated. 

Table 1 
Bulk density sampled in 2020 for the different crops in the two crop rotations 
(CR: 1/3 or 2/3 grass-clover in the rotation). Within columns and rows, letters 
denote statistical significance at P < 0.05.  

Rotation 1 
(1/3 grass-clover) 

Bulk density Rotation 2 
(2/3 grass-clover) 

Bulk density  

(g cm− 3)  (g cm− 3) 
Barley/grass-clover 1.37bcd Barley/grass-clover 1.30abc 
1st yr grass-clover 1.44d 1st yr grass-clover 1.43cd 
2nd yr grass-clover 1.46d 2nd yr grass-clover 1.46d 
Barley wholecrop/ 

Ital. ryegrass 
1.30ab 3rd yr grass-clover 1.43d 

Oat/Ryegrass 1.30abc 4th yr grass-clover 1.46d 
Barley/pea wholecrop 1.39bcd Barley wholecrop/ 

Ital. ryegrass 
1.23a  
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sampling. For robustness, the average BD of the six grass-clover leys and 
of the annual crops being 1.45 and 1.32 g cm− 3, respectively, were used 
when calculating SOC and STN stocks for 1993, 2005, 2009 and 2018. 

The ANOVA for SOC and STN contents for individual years during 
1986–2018 are presented in Table 2, while the temporal development 
for the two crop rotations can be seen in Fig. 2. The corresponding table 
and figure for SOC stockFM and STN stockFM are presented in Table 3 and 
Fig. 3. As treatment differences and temporal development for SOC and 
STN based on contents or stocks showed an almost similar pattern, focus 
will be on SOC stockFM and STN stockFM in the following. No significant 
interaction between crop rotation and slurry input was observed for SOC 
stockFM and STN stockFM for any of the sampling times (Table 3). Hence, 
the effect of crop rotation and slurry input can be considered additive. 
Fig. 3a shows the SOC stockFM in topsoil sampled during 1986 to 2018 
from plots with either 1/3 grass-clover in the crop rotation (Rotation 1) 
throughout the period or 1/3 grass-clover in the period 1986–2006 and 
2/3 grass-clover in the remaining period (Rotation 2). As expected, no 
significant differences were observed between plots in the period with 
1/3 grass-clover in both rotations (1986, 1993 and 2005; Table 3). 
Increasing the grassland proportion to 2/3 increased the SOC stockFM 
significantly as compared to continuing with 1/3 grass-clover (2009 and 
2018; Table 3). No significant effect of slurry input was found (Table 3). 
However, slurry input was close to being significant in 2018 (P = 0.09) 
and the treatment with the largest average annual input in the period 
2006–2018 had the numerically largest SOC stockFM. From 1986 to 
1993, the SOC stockFM increased with 2.56 Mg C ha− 1, while the SOC 
stockFM increased with 2.78 Mg C ha− 1 from 1993 to 2005. The crop 
rotation with 1/3 grass-clover throughout the period seemed to have 
reached steady-state condition in 2005 (Fig. 3a). The ARM described the 
change in SOC stockFM well for crop rotation 1: 

SOC stock = 47.48 − (47.48 − 42.46) exp( − 0.115X), R2 = 0.94 (5) 

Based on the ARM, 50% of the change in SOC stockFM was reached 
after 6 years, while 90% was reached after 20 years. In contrast, SOC 
stockFM continued to increase linearly for the crop rotation with 
increased grassland proportion and no sign of steady-state condition was 
observed (Fig. 3a). From 2005 to 2018, the SOC stockFM increased by 
2.65 Mg C ha− 1 when changing the grassland proportion from 1/3 to 2/3 
in the crop rotation. 

The changes in STN stockFM was close to being equivalent to changes 
in SOC stockFM (Fig. 3b). However, the STN stockFM was less affected by 
slurry input and more affected by grassland proportion in 2018 as 
compared to the SOC stockFM (Table 3). The soil CN-ratio was also 
significantly affected by grassland proportion in 2018 being 11.6 and 
11.1 in the crop rotation with 1/3 and 2/3 grass-clover, respectively 
(Table S2, Supplementary material). Similar to SOC, the ARM described 

the change in STN stockFM well for crop rotation 1: 

STN stock = 3.75 − (4.10 − 3.75) exp( − 0.182X), R2 = 0.95 (6) 

Based on the ARM, 50% of the change in STN stockFM was reached 
after 4 years, while 90% was reached after 13 years. From 1986 to 1993, 

Table 2 
Analyses of variance for soil organic carbon and total nitrogen concentration (SOC and STN) for the two crop rotations (CR: 1/3 and 2/3 grass-clover in the rotation) 
and five cattle slurry input (SI: 19, 22, 69, 93 and 118 kg total-N ha− 1 yr− 1) for individual years during 1986 and 2018. The cattle slurry input is the average annual 
input in the period 2006–2018 and the range is indicated in parenthesis. The two crop rotations were introduced in 2006. Pairwise comparisons for the significant 
effects of CR and SI. Within columns, letters denote statistical significance at P < 0.05.    

SOC STN 
Year/Source df 1986 1993 2005 2009 2018 1986 1993 2005 2009 2018   

P-value P-value 
Crop rotation (CR) 1 0.49 0.56  0.61  <0.001  <0.001  <0.001  0.34  0.74  <0.01  <0.001 
Slurry input (SI) 4 0.83 0.89  0.70  0.28  0.10  1.00  0.99  0.57  0.37  <0.05 
CR × SI 4 0.72 0.94  0.22  0.68  0.66  0.74  0.88  0.79  0.86  0.85 
Crop rotation  SOC (g 100 g¡1 oven-dry soil) STN (g 100 g¡1 oven-dry soil) 
1/3 grass-clover  1.61 1.70  1.81  1.76a  1.79a  0.142a  0.151  0.157  0.152a  0.155a 
2/3 grass-clover  1.61 1.71  1.81  1.85b  1.92b  0.142b  0.152  0.157  0.159b  0.171b 
Slurry input (kg total-N ha¡1yr¡1)  SOC (g 100 g¡1 oven-dry soil) STN (g 100 g¡1 oven-dry soil) 
19 (0–38)  1.61 1.70  1.82  1.80  1.81  1.42  0.151  0.158  0.157  0.159 
22 (4–39)  1.61 1.71  1.81  1.82  1.86  1.42  0.152  0.156  0.156  0.161 
69 (62–77)  1.61 1.70  1.82  1.83  1.84  1.42  0.152  0.159  0.158  0.163 
93 (69–123)  1.61 1.69  1.79  1.76  1.86  1.42  0.151  0.156  0.152  0.165 
118 (92–146)  1.61 1.71  1.81  1.81  1.88  1.42  0.152  0.156  0.155  0.165  

Fig. 2. Soil organic carbon (SOC, a) and total nitrogen (STN, b) contents in 
topsoil (0–20 cm) for the two crop rotations during 1986–2018 averaged over 
slurry input treatments. During 1987–2006, the six-year crop rotation consisted 
of 1/3 grass-clover. From 2006 and onwards the experiment was split into two 
parts (indicated with the vertical line); one continued with 1/3 grass-clover, 
while the grass-clover proportion was increased to 2/3 in the other. The stan-
dard error of the mean is indicated (n = 60). Fit of the asymptotic regression 
model is shown for the crop rotation with 1/3 grass-clover throughout the 
period, while a linear regression was fitted for the crop rotation with 2/3 grass- 
clover from 2006. 
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the STN stockFM increased by 245 kg N ha− 1, while the STN stockFM 
increased by 145 kg N ha− 1 from 1993 to 2005. From 2005 to 2018, the 
STN stockFM increased by 350 kg N ha− 1 when changing the grassland 

proportion from 1/3 to 2/3 in the crop rotation. 
The detailed information of the crops grown and cattle slurry C-input 

at plot level during 2006–2018 (Table S1, Supplementary material) was 
exploited to model the change in SOC stockFM from 2005 to 2018: 

Change in SOC stockFM = 12.74 (P < 0.001) × Grassland proportion 
+ 0.11 (P < 0.05) × Slurry C-input – 0.09 (P = 0.33) × SOC stockFM in 
2005 – 1.82 (P = 0.66), R2 = 0.47 [7]. 

where grassland proportion is the amount of grass-clover in the crop 
rotation (31–69%), slurry C-input is the amount of C added in cattle 
slurry (0–1.45 Mg C ha− 1 yr− 1) and SOC stockFM in 2005 is the initial 
SOC stock. The model explained 47% of the variation in SOC stockFM 
change from 2005 to 2018. Grassland proportion was the most signifi-
cant parameter, but slurry input also significantly affected the change in 
SOC stockFM. Fig. 4 shows the effect of grassland proportion in the crop 
rotation and organic fertilization on the annual change in SOC stockFM 
from 2005 to 2018 based on the model parameters. An equivalent model 
was developed for the change in STN stockFM from 2005 to 2018: 

Change in STN stockFM = 1572.8 (P < 0.001) × Grassland propor-
tion + 0.11 (P < 0.01) × Slurry N-input – 0.36 (P < 0.001) × STN 
stockFM in 2005 – 791.2 (P < 0.05), R2 = 0.68 [8]. 

where grassland proportion is the amount of grass-clover in the crop 
rotation (31–69%), slurry N-input is the amount of N added in cattle 
slurry (0–150 kg N ha− 1 yr− 1) and STN stockFM in 2005 is the initial STN 
stock. The model explained 68% of the variation in STN stockFM change 
from 2005 to 2018. 

4. Discussion 

4.1. C sequestration potential of grass-clover ley 

Changing from a cereal dominated crop rotation to a crop rotation 
with grass-clover may lead to an increase in SOC since grass-clover 
provide more plant-derived C inputs, especially belowground (Attard 
et al., 2016; Hirsch et al., 2009) through roots and rhizodeposition. 
Additionally, plant cover is more permanent and soil is less affected by 
tillage. 

When the field experiment was established the mean initial SOC 
stockFM was 42.5 Mg C ha− 1, and the field had mainly been used for 
cereal cropping. A change from cereal cropping to a crop rotation with 
1/3 grass-clover increased the SOC stockFM. Notably, the SOC accrual 
rate was highest in the initial years following the management change 
(Fig. 3a) with an annual change of 0.37 Mg C ha− 1 from 1986 to 1993 as 
compared to 0.23 Mg C ha− 1 from 1993 to 2005. Jensen et al. (2022) and 
Smith (2014) similarly found that the rate of change in SOC was greatest 
in the initial years following changes in straw and cover crop incorpo-
ration and conversion of cropland to grassland, respectively. The larger 

Table 3 
Analyses of variance for soil organic carbon and total nitrogen stocks based on equivalent soil mass (SOC stockFM and STN stockFM) for the two crop rotations (CR: 1/3 
and 2/3 grass-clover in the rotation) and five cattle slurry input (SI: 19, 22, 69, 93 and 118 kg total-N ha− 1 yr− 1) for individual years during 1986 and 2018. The cattle 
slurry input is the average annual input in the period 2006–2018 and the range is indicated in parenthesis. The two crop rotations were introduced in 2006. Pairwise 
comparisons for the significant effects of CR and SI. Within columns, letters denote statistical significance at P < 0.05.    

SOC stockFM STN stockFM 

Year/Source df 1986 1993 2005 2009 2018 1986 1993 2005 2009 2018   

P-value P-value 
Crop rotation (CR) 1 0.93 0.77  0.80  <0.05  <0.01  <0.01  0.58  0.84  <0.05  <0.001 
Slurry input (SI) 4 0.89 0.90  0.72  0.28  0.09  0.99  0.99  0.90  0.45  0.47 
CR × SI 4 0.80 0.95  0.23  0.66  0.70  0.99  0.98  0.96  0.83  0.93 
Crop rotation  SOC stockFM (Mg C ha¡1) STN stockFM (Mg N ha¡1) 
1/3 grass-clover  42.5 45.0  47.7  46.7a  47.2a  3.75a  3.99  4.14  4.05a  4.09a 
2/3 grass-clover  42.5 45.2  48.0  48.8b  50.6b  3.77b  4.02  4.16  4.21b  4.51b 
Slurry input (kg total-N ha¡1 yr¡1)  SOC stockFM (Mg C ha¡1) STN stockFM (Mg N ha¡1) 
19 (0–38)  42.5 44.9  48.1  47.7  47.8  3.76  4.00  4.17  4.21  4.21 
22 (4–39)  42.5 45.3  47.8  48.2  49.2  3.76  4.01  4.12  4.08  4.27 
69 (62–77)  42.5 45.0  48.2  48.3  48.7  3.76  4.01  4.21  4.16  4.30 
93 (69–123)  42.6 44.9  47.4  46.6  49.3  3.76  3.99  4.13  4.04  4.34 
118 (92–146)  42.5 45.3  47.8  47.9  49.7  3.76  4.01  4.12  4.15  4.36  

Fig. 3. Soil organic carbon (a) and total nitrogen (b) stocks based on equivalent 
soil mass (SOC stockFM and STN stockFM) in topsoil (0–20 cm) for the two crop 
rotations during 1986–2018 averaged over slurry input treatments. During 
1987–2006, the six-year crop rotation consisted of 1/3 grass-clover. From 2006 
and onwards the experiment was split into two parts (indicated with the ver-
tical line); one continued with 1/3 grass-clover, while the grass-clover pro-
portion was increased to 2/3 in the other. The standard error of the mean is 
indicated (n = 60). Fit of the asymptotic regression model is shown for the crop 
rotation with 1/3 grass-clover throughout the period (Eqs. (5) and (6)), while a 
linear regression was fitted for the crop rotation with 2/3 grass-clover 
from 2006. 
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rate of change in the initial years is of utmost importance as there is a 
great demand for climate mitigation measures with a rapid and sub-
stantial effect. 

Based on a meta-analysis Conant et al. (2017) found that conversion 
from cropland to grassland increased the soil C stock by 0.87 Mg C ha− 1 

yr− 1. This estimate, however, cover studies comparing an improved 
management practice with a standard treatment after study durations 
ranging from 0.7 to 200 yrs. Hence, the estimate is dubious since the 
sequestration duration was not considered (West and Six, 2007). If we 
extrapolate our model estimate (Eq. 7), and calculate the change from a 
grassland proportion of 0 to 100%, we reach at 0.96 Mg C ha− 1 yr− 1 

during the 13-year period. This is at odds with Christensen et al. (2009) 
finding that conversion from cereal cropping to grass increased the SOC 
stock by 1.1 Mg C ha− 1 yr− 1 during a six-year period. The initial SOC 
level was 2.33 % in Christensen et al. (2009), whereas it was 1.81 % in 
2005 in our study. At larger initial SOC levels, the rate of change in SOC 
following a management change is expected to be lower (Peltre et al., 
2016). However, grass-only ley was grown in Christensen et al. (2009) 
and BD was not measured. Our study is characterized by including 
varying grassland proportions across twelve fields in combination with 
initial measurements of SOC and BD and frequent soil sampling 
throughout the experimental period resulting in reliable estimates of soil 
C sequestration potential of grass-clover leys. 

Our study was constrained to the 0–20 cm soil layer. Gregory et al. 
(2016) found that the main differences in the SOC content of long-term 
grassland (at least since 1838) and arable soil (since 1949) were in the 
0–15 cm soil layer, but that minor significant differences also were 
found down to 60 cm. Hence, the sequestration potential of grass-clover 

leys may be larger if the full soil profile was considered. 

4.2. C sequestration potential of cattle slurry input 

Based on long-term field experiments at Rothamsted Research, 
Poulton et al. (2018) estimated that 8–27% of applied farmyard manure 
C was recovered in the long-term, and in a global meta-analysis a C re-
covery of 12% was estimated for an average study duration of 18 years 
(Maillard and Angers, 2014). The field plots in our study received 0 to 
42 Mg fresh material ha− 1 yr− 1 (0 to 1.3 Mg C ha− 1 yr− 1), and we 
estimated that 11% of applied cattle slurry C was recovered during the 
experimental period. Differences in long-term C recovery may be due to 
differences in the approach used for assessing C recovery, while differ-
ences in the quality of the organic matter applied is expected to be less 
decisive for long-term C storage (Thomsen et al., 2013). 

Consequently, an increase in annual cattle slurry input with 75 and 
150 kg total-N ha− 1 resulted in increases in SOC stockFM of 1.1 and 2.2 
Mg C ha− 1, respectively, during the 13 years (Fig. 4a). This corresponds 
to 0.08 and 0.17 Mg C ha− 1 yr− 1. Based on the national inventory in 
Denmark (Taghizadeh-Toosi et al., 2014), cattle slurry increased the 
SOC stock by 0.21 Mg C ha− 1 yr− 1. However, no information of the 
amount of cattle slurry applied was given making comparisons difficult. 
As also noticed by Maillard and Angers (2014), reliable estimates of 
manure-C-retention require detailed information of manure-C-input 
including C concentration in manure, dry matter content and applica-
tion rate as well as detailed measurements of SOC and BD throughout 
the experimental period. 

It is also worth noticing that slurry input increased the aboveground 
biomass yield of the grass-clover significantly (Thers et al., 2022). 
Averaged over three years (2017–2019), the grass-clover yield increased 
by 2 Mg DM ha− 1 when increasing the cattle slurry input from 0 to 300 
kg total-N ha− 1. The yield increase, however, did not affect the SOC 
stockFM as we found no interaction between grassland proportion and 
cattle slurry input (Table 3). Hence, our results show that the increase in 
grass-clover yield due to fertilization did not affect above- and below-
ground C inputs such as stubble, root biomass and rhizodeposition, but 
that effects of cattle slurry was directly related to amount of slurry-C 
applied. Cong et al. (2019) similarly found that standing root biomass 
was similar for unfertilized and animal manured grass-clover although 
large differences in harvest yield was found. 

4.3. Changes in soil N stocks 

Some studies have found a positive correlation between N surplus 
and N leaching loss (e.g., De Notaris et al., 2018). However, this may not 
always be the case, especially in fields with fertilized grass-clover leys 
(Eriksen et al., 2015; Rashid et al., 2022). We found that there was a 
significant increase in the STN stock when increasing the grassland 
proportion and slurry input. Using Eq. 8, an increase in grassland pro-
portion by 1/3 would e.g. result in an increase in the STN stock of 519 
kg N ha− 1 during the 13-year period (40 kg N ha− 1 yr− 1). Clearly, if N 
surplus is used as a proxy for N loss ignoring changes in STN stocks may 
result in unreliable conclusions. Our results also illustrate that soil 
fertility will be improved with an increase in grassland proportion. The 
small significant decrease in soil CN-ratio for 2/3 grass-clover as 
compared to 1/3 grass-clover in the rotation in 2018 indicates that more 
N was stored relative to C from 2006 to 2018. This may relate to an 
increase in incorporation of crop residues with low CN-ratio when 
increasing the grass-clover proportion in the crop rotation (Thiébeau 
et al., 2021). The large accumulation of STN in grassland is important to 
consider when cultivating the grassland as the release of N often is 
substantial (Eriksen et al., 2008). In addition, large amounts of easily 
degradable organic matter will be mineralized immediately after culti-
vation, which may result in increased N2O emissions (Brozyna et al., 
2013). 

Fig. 4. Estimated annual changes in soil organic carbon (a) and total nitrogen 
(b) stocks based on equivalent soil mass (SOC stockFM and STN stockFM) in 
topsoil (0–20 cm) for contrasting grassland proportions in the crop rotation and 
different cattle slurry input at an average initial SOC or STN stock. The simu-
lations are based on Eqs. 7 and 8. 
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5. Conclusions 

The SOC stock based on equivalent soil mass (SOC stockFM) increased 
by 5.0 Mg C ha− 1 when the soil with a prehistory of cereal dominated 
cropping was converted to a crop rotation with 2 years of grass-clover in 
a six-course rotation. The steady-state condition was established after 
just 20 years, and the rate of change was larger in the initial years. Based 
on a multiple regression model for the period 2005 to 2018 the SOC 
stockFM increased by 3.2 Mg C ha− 1 when increasing the grassland 
proportion by 25% during the 13 years. Of applied slurry-C, 11% was 
retained in the soil. These soil C sequestration potentials may be used for 
climate change accounting. 
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Zollitsch, W., Hörtenhuber, S., Hermansen, J.E., 2019. The importance of including 
soil carbon changes, ecotoxicity and biodiversity impacts in environmental life cycle 
assessments of organic and conventional milk in Western Europe. Journal of Cleaner 
Production 215, 433–443. 

Lenth, R.V., Buerkner, P., Herve, M., Love, J., Miguez, F., Riebl, H., Singmann, H., 2022. 
emmeans: Estimated Marginal Means, aka Least-Squares Means. R package version 1 
(7), 2. https://CRAN.R-project.org/package=emmeans. 
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