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A B S T R A C T   

Sustainable agriculture should aim to increase biomass yield and yield stability, while protecting soil carbon (C) 
and nitrogen (N) content. However, few studies have concurrently explored changes in biomass yield, yield 
stability and soil C and N content under different cropping systems targeting biorefinery. In this study, 10 
different cropping systems were simultaneously investigated from 2012 to 2017 in central Denmark on a loamy 
sand soil, including (1) two continuous monocultures of annual crops, (2) one optimized crop rotation, (3) five 
intensively fertilized perennial grasses, and (4) two grass-legume mixtures without nitrogen (N) fertilization. Our 
results showed that biomass yield and yield stability differed highly across the cropping systems, highlighting 
crop-specific characteristics. Of the 10 cropping systems, tall fescue significantly increased soil C and N content 
at 0–20 cm depth, while sustaining high biomass yield and yield stability. There was no clear relationship be-
tween biomass yield, yield stability and changes in soil C and N content, challenging some recent findings on the 
conflicts between increasing biomass yield and protecting soil C and N content. Indeed, the lack of relationships 
suggest that there is considerable potential to increase biomass yield and yield stability without compromising 
soil C and N content through selecting proper cropping systems and managements. Altogether, our results un-
derscore how crop-specific documentation of biomass yield, yield stability and changes in soil C and N content on 
the same experimental platform can advance the understanding of sustainable agriculture for biorefineries, 
although long-term continuous observations are still required to better clarify the relations between them.   

1. Introduction 

Global demands for agricultural products have substantially 
increased over the past decades (Balmford et al., 2018; Godfray et al., 
2010; Tilman et al., 2011). Such pressing demands will continue to in-
crease in the coming decades amid the conflicting requirements to both 
feed the growing population and to provide biomass feedstock for bio-
refineries (Scarlat et al., 2015; Tilman et al., 2011). Added to this, arable 
land is declining globally due to urbanization, land degradation and land 
use change (Rudel et al., 2009), which will further increase the pressure 
on global demands for agricultural products (Bren d′Amour et al., 2017; 
Seufert et al., 2012). Thus, achieving high biomass yield on the 
remaining arable land through optimized cropping systems is crucial in 

order to meet the challenges of combining food security with biorefining 
feedstock requirements (Chen et al., 2020b; Dias et al., 2015; Fritz et al., 
2015). 

Temporal yield stability has emerged as another critical issue in an 
era of accelerated climate change and agricultural intensification 
(Knapp and van der Heijden, 2018; Ray et al., 2015). The concept of 
yield stability was primarily developed by plant breeding science look-
ing for genotypes with lower yield variance (Becker and Leon, 1988). 
Yield stability is an index showing the year-to-year variations in biomass 
yield, indicating the variability in the biomass production from a crop-
ping system over time (Knapp and van der Heijden, 2018). A high yield 
stability is a species’ or crop rotation’s capacity to perform consistently 
across changing environments and managements (Chen et al., 2022). 
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Thus, yield stability substantially affects the security of a food/feed 
supply in the long term (Schrama et al., 2018). It has been reported that 
a greater yield stability could play a more important role than peak 
biomass yield in meeting the global demands for agricultural products 
under changing climate (Raseduzzaman and Jensen, 2017; Thierfelder 
et al., 2017). Yield stability can be highly divergent among various 
cropping systems due to crop-specific responses to changes in environ-
mental, edaphic and management factors (Ingvordsen et al., 2015; 
Manevski et al., 2017; Nouri et al., 2019). It can be hypothesized that 
improved soil health conditions, for example enhanced soil organic 
matter content, can better underpin yield stability. However, changes in 
yield stability and the associated underlying mechanisms are under-
studied because the primary motivation for higher biomass yield (King 
and Blesh, 2018; McDaniel et al., 2014; Seufert and Ramankutty, 2017). 
Therefore, comprehensive assessments of how yield stability varies 
among different cropping systems and the underlying driving mecha-
nisms are necessary for an improved understanding of sustainable 
agriculture. 

Due to the changing climate and the adverse impacts on the envi-
ronment from intensive agriculture, sustainable systems are required to 
reduce environmental carbon (C) and nitrogen (N) footprints (Leip et al., 
2014). Specifically, the production of biomass for biorefineries should 
not reduce soil C and N content (Chen et al., 2020b). Some studies have 
reported that total biomass harvest for biorefineries decreases soil C and 
N content due to reduced plant residue inputs, increased N leaching and 
frequent soil disturbances (McDaniel et al., 2014; Steinbeiss et al., 
2008). On the other hand, a recent study show that optimized crop ro-
tations (OCRs) can significantly increase biomass production for bio-
refineries without reducing soil C and N stock compared to continuous 
monocultures (Chen et al., 2020b). The cultivation of perennial grasses 
instead of annual crops in a continuous monoculture has likewise been 
found to increase soil C and N content, partly because of the deep root 
distribution, extended canopy cover, long growth period, less manage-
ment disturbance, and increased resource use efficiency (Yang et al., 
2018). In addition, studies have showed that perennial crops could 
significantly enhance soil CH4 sink and reduce soil N2O emission 
(Drewer et al., 2012; Kim et al., 2021). These results lead to the hy-
pothesis that the current cropping systems can be optimized to simul-
taneously increase biomass yield for biorefineries while protecting soil C 
and N content. Before applying the optimized cropping systems on large 
areas, it is critical to acquire better understanding of changes in soil C 
and N content. 

Efficient, sustainable and climate-smart cropping systems can in-
crease biomass yield and yield stability, while protecting soil C and N 
content (Dias et al., 2015; Raseduzzaman and Jensen, 2017). However, 
biomass yield, yield stability and changes in soil C and N content have 
rarely been systematically and simultaneously investigated over a range 
of different cropping systems on the same experimental platform. The 
relationships between biomass yield, yield stability and soil C and N 
content have not been rigorously examined (King and Blesh, 2018; 
McDaniel et al., 2014; Seufert and Ramankutty, 2017). The knowledge 
gaps impede the consideration and rollout of the optimized cropping 
systems on larger areas. Comprehensive assessments of how yield sta-
bility varies among different cropping systems and the underlying 
driving mechanisms are therefore necessary for an improved under-
standing of sustainable agriculture. 

To explore the links between biomass yield, yield stability and 
changes in soil C and N content, 10 different cropping systems were 
established in 2012 in Denmark. They can be functionally divided into: 
(1) two continuous monocultures of annual crops, (2) OCRs for a longer 
growing season and higher resource use efficiency, (3) five intensively 
fertilized perennial grasses, and (4) two perennial grass-legume mix-
tures without N fertilization. To close the knowledge gaps, we simulta-
neously and systematically measured biomass yield, yield stability and 
soil C and N content as well as the relationships between these variables. 
This is the first study that has simultaneously investigated these 

variables under ten different biomass cropping systems, which will help 
us select the most promising crops for future sustainably intensified 
agroecosystems for the green transition. The objectives were to explore 
(i) the changes in biomass yield and yield stability, (ii) the differences in 
soil C and N content, and (iii) the relationships between biomass yield, 
yield stability and changes in soil C and N content across the 10 different 
biomass cropping systems. 

2. Materials and methods 

2.1. Study site 

The study site is situated at Aarhus University Foulum, Tjele, 
Denmark (9◦35 ́E, 56◦30 ́N, 48 m a.s.l., Fig. S1). Soils at the study site are 
classified as Typic Hapludult and have a loamy sand texture. The 
average proportions of clay, silt and sand in the surface layer (0–25 cm) 
were 8%, 11% and 78%, respectively. The average soil pH was 6.5 and 
the average soil bulk density was 1.2 g cm− 3 (Solati et al., 2018). The 
climate was characterized as wet and temperate, with mild summers and 
cool to cold winters. Long-term meteorological records near the study 
site showed a mean annual air temperature of 7.8 ◦C (with moderate 
seasonal temperature variation), an annual precipitation of 740 mm, 
and an annual potential evapotranspiration of 600 mm (Manevski et al., 
2017). The study site has a history of long-term cultivation with the 
arable crops predominantly used across Northern Europe, such as winter 
rye, wheat, potato and spring barley, and has been annually fertilized 
with slurry. More detailed information about the study site can be found 
in Chen et al. (2020b), Chen et al. (2022) and Manevski et al. (2017). 

2.2. Experimental design 

The long-term field experiment was established in 2012, with the 
primary purpose of sustainably increasing biomass yield for bio-
refineries. The total land area of the study site is about 2.2 ha, which was 
divided into four main blocks for replicates. The buffer zones between 
adjacent blocks were at least 8 m wide. An incomplete split-plot design 
was selected to minimize the disturbance and border effects inherently 
associated with the diversified cropping systems, such as the shading 
effects caused by the difference in the height and maturity date between 
adjacent crop species. Thus, the plot size in each block was explicitly 
designed according to the species-specific characteristics. For example, 
some perennial grasses were planted in small plots (20 × 3 m), while 
some annual crops were cultivated in large plots (20 ×12 m or 20 ×21 
m). The buffer zones between adjacent plots were at least 1 m. Multiple 
cropping systems were carefully selected with the purpose of increasing 
photosynthetically active crop coverage across the growing season. The 
cropping systems can be broadly divided into: (1) two continuous 
monocultures of annual crops (Table S1), i.e., maize (Zea mays L.) and 
triticale (Triticosecale); (2) OCRs for a longer growing season and higher 
resource use efficiency (Table S1) including sugar beet (Beta vulgaris L.), 
hemp (Cannabis sativa L.), winter triticale (Triticosecale), maize (Zea 
mays L.) and winter rye (Secale cereale L.), with winter rape (Brassica 
napus) or grass-clover (Lolium perenne L.-Trifolium pratense L.) as second 
crops. The OCRs were designed on a four-year basis, hence it was 
replicated four times with a different starting crop each year and the 
mean of the four OCRs was considered in this study; (3) five intensively 
fertilized perennial grasses (Table S2), i.e., tall fescue (Festuca arundi-
nacea Schreb.), festulolium (Festulolium pabulare), reed canary (Phalaris 
arundinacea L.), cocksfoot (Dactylis glomerata D.) and a low-fertilized 
miscanthus (Miscanthus giganteus K.); and (4) two grass-legume mix-
tures without N fertilization (abbreviated to DLF and SLU according to 
their production origin; Table S2): DLF was a mixture of Trifolium repens 
cv. Silvester, Festuca arundinacea cv. Tower, Lolium multiflorum cv. 
Humbi, Phleum pratense cv. Winnetou, and Festuca arundinacea cv. 
Laura. SLU consisted of Trifolium repens, Trifolium hybridum, Galega ori-
entalis, Phalaris arundinacea cv. Bamse, Festuca arundinacea cv. Hykor, 
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Dactylis glomerata cv. Donata, and Medicago sativa. The crops planted in 
each plot are listed in Tables S1 and S2. 

The main annual crops were mostly sown in April and May, except 
triticale which was sown in September (Tables S1). The second annual 
crop − winter rye − was sown either in July (after triticale) or 
September/October (after maize), and grass-clover was undersown in 
triticale the following March. The perennial grasses were seeded in May 
2012, and the miscanthus was planted as rhizomes (Tables S2). The 
seeding rates followed those for the crop under commercial conditions. 

Nutrient (N-P-K) fertilization rates followed the Danish agro- 
legislation, with necessary adjustments for specific crops according to 
expert evaluation. To support grass regrowth, nutrients were applied 
after each harvest. For miscanthus, N, P and K were applied in the range 
of 60–150, 8–33, 26–117 kg ha− 1 yr− 1 across the five years, respectively. 
The other perennial grasses generally received high N, P and K fertil-
ization rates, ranging from 300− 500 kg N ha− 1 yr− 1, 26 − 72 kg P ha− 1 

yr− 1 and 118− 454 kg K ha− 1 yr− 1. Nutrient fertilization for annual crops 
varied highly between crops, and specific information on each crop can 
be found in Tables S1 and S2. Grass-legume mixtures only received base 
N fertilization of 30 kg N ha− 1 at the first sowing date and then received 
no further N to promote the biological N fixation by legumes. To meet 
the nutrient demands, the grass-legume mixtures were fertilized with 
14− 30 kg P ha− 1 yr− 1 and 74− 352 kg K ha− 1 yr− 1. Irrigation (20–50 
mm yr− 1 on average) was carried out with overhead sprinklers from 
June to August, depending on the weather conditions. Herbicides were 
applied following Danish agro-legislation and the expert evaluation 
(Manevski et al., 2017, 2018). The detailed information on herbicide can 
be found in supplementary Tables S3. Detailed information on seeding 
dates and rates, nutrient loadings, and harvest strategies for each 
cropping system is given in supplementary Tables S1 and S2. 

2.3. Biomass yield 

Biomass yield (dry matter of total aboveground biomass, except for 
beet in OCRs which included also belowground biomass) was recorded 
at harvest time for annual crops, including the secondary crops. Apart of 
the summer-sown winter rye with two cuts, the other annual crops were 
harvested once per year. For the perennial grasses, biomass yield was the 
sum of the dry matter for each cut within a year. In order to avoid the 
border effects, total aboveground biomass yield was harvested in a 
central 1.5 × 10 m area of each plot to a stubble height of 5–10 cm. 
Aboveground biomass was harvested using a combine harvester 
(Haldrup C-65, Ilshofen, Germany). Miscanthus was harvested manually 
once per year, whereas all other perennial grasses were harvested two to 

four times per year, depending on the specific conditions in each year. 
Harvested fresh biomass was oven-dried at 60 ◦C to a constant weight. 
More specific information on harvest time and harvest frequency can be 
found in Tables S1 and S2. 

2.4. Soil sampling and analysis 

Soil samples from different layers, i.e., 0–20, 20–50 and 50–100 cm, 
were collected in spring 2012− the establishment year of the experi-
mental platform − and five years later, i.e., in spring 2017. Soil samples 
were collected from each plot, with four replicates for each cropping 
system. Within each plot, eight soil samples were taken diagonally with 
a soil auger (1 cm diameter) and were then mixed for one soil sample 
from each plot. The sampling holes were backfilled with nearby soil. The 
collected soil samples were air-dried and sieved (< 2 mm). Soil C and N 
content were analyzed by dry combustion using a Vario MAX cube 
(Elementar Analysensysteme AG, Langenselbold, Germany). 

2.5. Statistical analysis 

All data analysis and plotting were performed in R (ver. 3.6.2). All 
original data used in this study are available from the figshare (Chen 
et al., 2021) or from the supplementary file. 

Yield stability (Si) is used to quantify the yield stability of various 
cropping systems (Knapp and van der Heijden, 2018; Smith et al., 2007) 
and was calculated based on the reciprocal of the coefficient of 
variation: 

Si =
Meani

SDi  

where SDi and Meani are, respectively, the standard deviation and mean 
biomass yield of each cropping system from year 2013 to 2017 (i). The 
higher the Si value the higher the yield stability and vice versa. 

All data were tested for distributional normality using the Shapir-
o–Wilk method and equality of variances using the Levene test at 
p < 0.05. No variable required transformation in this study. A linear 
mixed-effects model was adopted using the “lme” function in the “nlme” 
package of R to evaluate the effects of cropping systems on the studied 
variables. Cropping system, year and their interactive effects were 
considered as fixed effects, while plot nested within block as random 
effects. Significant interactive effects of cropping system and year were 
separately evaluated for each year using linear mixed-effects. Differ-
ences between cropping systems were investigated using the “glht” and 
“cld” functions in the “multcomp” package of R. Regarding yield stability 

Fig. 1. Average biomass yield from 2013 to 2017 across 
cropping systems. Two continuous monocultures (maize 
and triticale), optimized crop rotation, five perennial 
grasses (tall fescue, festulolium, reed canary, cocksfoot and 
miscanthus) and two grass-legume mixtures (DLF and SLU) 
are compared. Values are mean ± standard errors of four 
replicates. Detailed information on each cropping system 
can be found in Tables S1 and S2. Values without shared 
letters indicate significant difference at p < 0.05.   
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across the five years, cropping system was set as fixed effect, while plot 
nested within block was set as random effects. To separately evaluate the 
difference in soil C and N content after the five years at each depth in 
each cropping system, year was set as fixed effect and plot nested within 
block as random effects. To evaluate the interactive effects of cropping 
systems and soil depths in 2017, cropping system, soil depth and their 
interactive effects were considered as fixed effects and plot nested 
within block as random effects. To check for interactive effects of 
cropping system and soil depth with soil C and N content, cropping 
system effects were evaluated for each depth. Mixed regression analysis 
was conducted to explore the relationships between biomass yield, yield 
stability and changes in soil C and N content in the five years. Plot, block 
and cropping system were considered as random effects when con-
ducting the mixed regression analysis. The R-squared value of mixed 
regression models was calculated using the “r.squaredGLMM” function in 
the “MuMIn” package. Residuals were examined for normality and the 
residual variances were examined for homogeneity for all models. All 
residuals and residual variances could meet the statistical requirements. 
Figures were plotted using the “ggplot2′′ package. 

3. Results and discussion 

3.1. Biomass yield and yield stability across various cropping systems 

Averaged across the five years, the biomass yield and yield stability 
varied significantly across the 10 different cropping systems (Figs. 1 and 
2; Table 1). For example, biomass yield ranged from 9.0 Mg ha− 1 for DLF 
grass-legume mixture to 18.5 Mg ha− 1 for festulolium. Miscanthus had 
significantly lower yield stability compared to other perennial grasses, 
which is associated with its long establishment phase, particularly under 
the cool Danish climate (Larsen et al., 2014) (Fig. S2). Our results did not 
fully agree with earlier findings that perennial grasses were more pro-
ductive or more stable compared to annual crops (Chimonyo et al., 
2019; Manevski et al., 2017; Raseduzzaman and Jensen, 2017). On the 
contrary, we confirm that there is a need for crop-specific selection for 
biomass yield and yield stability within each type of cropping system 
(Dias et al., 2015; Nouri et al., 2019; Wendling et al., 2019). One 
explanation might be that various cropping systems, i.e., the plant 
species and their managements, differ in how they adapt to environ-
mental and experimental variations (e.g., climate variations or fertil-
ization regimes) (Wendling et al., 2019). Another explanation for the 
crop-specific responses might be differences in resource use efficiencies 
and strategies across various cropping systems (Ingvordsen et al., 2015; 
Nouri et al., 2019). For example, an earlier study from the study site 
showed that maize and beet could convert intercepted radiation more 
efficiently into above-ground biomass compared to most other annual 
crops and perennial grasses (Manevski et al., 2017). Moreover, no clear 
relationship was observed between biomass yield and yield stability 
(Fig. S3), suggesting that it is possible to increase both biomass yield and 
yield stability by selecting appropriate cropping systems or by opti-
mizing crop managements. From this point of view, classification of 
cropping systems by plant functional type such as annual/perennial 
crops could therefore be complemented with crop-specific biomass yield 
and yield stability, which can better characterize the functionality of the 
cropping systems in this study. 

The optimized crop rotation significantly increased biomass yield 
and yield stability compared to continuous triticale, despite all being 
annual crops. This suggests that biomass yield and yield stability differ 
depending on the specific crop managements even within the same plant 
functional type (i.e., annual crops). For example, recent findings from 
the study site show that higher annual, intercepted, photosynthetically 
active radiation is one of the primary mechanisms for the larger biomass 

Fig. 2. Temporal yield stability across cropping systems. Two continuous monocultures (maize and triticale), optimized crop rotation, five perennial grasses (tall 
fescue, festulolium, reed canary, cocksfoot and miscanthus) and two grass-legume mixtures (DLF and SLU) are compared. Values are mean ± standard errors of four 
replicates. Detailed information on each cropping system can be found in Tables S1 and S2. Values without shared letters indicate significant difference at p < 0.05. 

Table 1 
Linear mixed-effects model of the effects of cropping system (CS), year and their 
interactive effects on biomass yield and yield stability.  

Data Treat numDF denDF F-value p-value 

Biomass yield Intercept 1 120 9120.85 < 0.0001 
CS 9 27 44.62 < 0.0001 
Year 4 120 15.99 < 0.0001 
CSs:Year 36 120 4.94 < 0.0001 

Yield stability Intercept 1 27 214.16 < 0.0001 
CS 9 27 12.94 < 0.0001 

Biomass yield from each year 
2013 Intercept 1 27 476.39 < 0.0001 

CS 9 27 4.53 0.001 
2014 Intercept 1 27 6804.38 < 0.0001 

CS 9 27 44.00 < 0.0001 
2015 Intercept 1 27 10012.49 < 0.0001 

CS 9 27 53.62 < 0.0001 
2016 Intercept 1 27 4483.81 < 0.0001 

CS 9 27 34.25 < 0.0001 
2017 Intercept 1 27 4525.43 < 0.0001 

CS 9 27 41.92 < 0.0001  
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yield in the OCRs than in continuous triticale (Manevski et al., 2017). In 
addition, a range of other benefits from OCRs have previously been re-
ported, including increased nutrient use efficiency (Congreves et al., 
2017), reduced species-specific pathogens (Dias et al., 2015) and shifts 
in soil microbial community composition (Li et al., 2021a; Mariotte 
et al., 2018; Wang et al., 2021). Despite continuous maize having 
biomass yield comparable to the OCRs, the yield stability was much 
lower (Figs. 1 and 2). This is because maize is a C4 crop and thus is more 
sensitive to the large inter-annual variations in temperature and radia-
tion (Li et al., 2022; Perdomo et al., 2017). In addition, it should be 
mentioned that OCRs in this study was an average of four different crops 
in each year (Fig. S2). Thus, caution is required when comparing with 
crop rotations from other study sites. These results underscore the 
advantage of OCRs in enhancing yield stability, which is in line with 
earlier studies concluding that diversified crop rotations are more 
resistant to environmental stresses (Gaudin et al., 2015; Grover et al., 
2009; Li et al., 2021b; Varvel, 2000). 

Regarding the perennial grasses, tall fescue had higher, or at least 
comparable, biomass yield and yield stability compared to annual crops 
and the other perennial grasses (Figs. 1 and 2). The following four 
mechanisms may contribute to the high biomass yield and yield stability 
associated with tall fescue. First, tall fescue is a cool-season perennial C3 
species of bunchgrasses native to Europe (Franzluebbers et al., 1999), 
and other studies have shown that it is also one of the most heat-tolerant 
species (Huang and Gao, 2000; Pérez et al., 2001). Second, the deep root 
system of tall fescue compared to some of the other annual crops and 

perennial grasses could also confer higher drought and flood tolerance 
(Huang and Gao, 2000; Thorup-Kristensen et al., 2020). Third, tall fes-
cue has a high nutrient use efficiency and recycling capability and can, 
for example, recycle more than 60% of total leaf N and P from old to 
young leaves (Bélanger et al., 1992; Sanaullah et al., 2010). Fourth, in 
this study the annual P, K and especially N fertilizer rates applied to tall 
fescue were higher than them for miscanthus and grass-legume mixtures 
(Tables S1 and S2). The positive effects from fertilization reflect the 
contribution of optimal nutrition management, which can help crops to 
cope with environmental stress and thus maintain biomass yield and 
yield stability when the cropping system was not limited by soil water 
content (Carlsson et al., 2017; Li et al., 2021b; Macholdt et al., 2019; 
Zhao et al., 2020). 

The grass-legume mixtures generally had a lower biomass yield 
compared to most annual crops and perennial grasses (Fig. 1). The lower 
biomass yield of the grass-legume mixtures might be related to the 
absence of N fertilization, despite legumes being able to biologically fix 
atmospheric N (Hauggaard-Nielsen et al., 2016). Our results suggest that 
the total amount of N fixed by legumes cannot fully meet the whole 
ecosystem N requirements if the full production potential is to be ach-
ieved. Thus, reduced N fertilization rather than zero N fertilization is 
usually recommended for farmers growing grass-legume mixtures 
(Chimonyo et al., 2019; Wang et al., 2020). Despite the absence of N 
fertilization, grass-legume mixtures had comparable or an even higher 
yield stability compared to most other annual crops or perennial grasses 
(Fig. 2). Our results agree with previous findings that the presence of 

Fig. 3. Average soil carbon content in multiple soil layers 
(A, 0–20 cm; B, 20–50 cm; C, 50–100 cm) for each crop-
ping system in 2012 and 2017. Two continuous mono-
cultures (maize and triticale), optimized crop rotation, five 
perennial grasses (tall fescue, festulolium, reed canary, 
cocksfoot and miscanthus) and two grass-legume mixtures 
(DLF and SLU) are compared. Values are mean ± standard 
errors of four replicates. Asterisks indicate significant dif-
ference between 2012 and 2017 at p < 0.05.   
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legumes can significantly increase yield stability due to the enhanced 
nutrient and water use efficiencies (Chimonyo et al., 2019; Raseduzza-
man and Jensen, 2017; Wendling et al., 2019). Economics will likely 
favour grass-legume mixtures due to their reduced requirements for 
N-fertilizer and advantages on biorefining for protein production (Solati 
et al., 2018). From this standpoint, grass-legume mixtures can be rec-
ommended in the case that they reach comparable biomass yield and 
yield stability compared to pure grass species. The SLU grass-legume 
mixture had a significantly higher biomass yield than DLF (Fig. 1), 
suggesting the overall biomass yield of grass-legume mixtures depends 
on the specific species composition of the grasses and legumes 
(Table S2). However, the effects of specific grass and legume proportions 
and compositions within the grass-legume mixtures have not been suf-
ficiently investigated, which could be the focus of future research pri-
orities in order to obtain the maximum advantages from grass-legume 
mixtures. 

3.2. Soil carbon and nitrogen content 

Soil C and N content were measured in the different soil layers (0–20, 
20–50 and 50–100 cm) in 2012 and 2017 (Figs. 3 and 4). There were no 
significant differences in soil C and N content across the 10 cropping 
systems in either 2012 or 2017, but they decreased significantly with 
increasing soil depth (Table S4). The soil C:N ratio varied from 11.3 to 
12.7, from 11.6 to 14.8 and from 7.7 to 28.0 for the 0–20, 20–50 and 
50–100 cm layers, respectively (Fig. 5). For the 0–20 cm layer, 

continuous maize significantly decreased the soil C:N ratio by 5% across 
the five years. For the 20–50 cm layer, OCRs, festulolium and the SLU 
grass-legume mixture significantly decreased the soil C:N ratio by 16%, 
13% and 15% across the five years, respectively. For the 50–100 cm 
layer, maize, cocksfoot and the SLU grass-legume mixture significantly 
decreased the soil C:N ratio by 53%, 15% and 33% across the five years, 
respectively (Fig. 5). 

When analyzed per cropping system, tall fescue significantly 
increased topsoil C and N content across the five years, whereas 
continuous maize and OCRs significantly decreased topsoil C content 
(Figs. 3 and 4). Our results agree with earlier findings that perennial 
grasses can maintain or increase soil C and N content compared to 
annual crops (Albers et al., 2020; Culman et al., 2010; Taghizadeh-Toosi 
et al., 2014). This implication was further corroborated by additional 
analysis when all cropping systems were grouped into annual and 
perennial crops (Figs. S4 and S5), which showed that perennial grasses 
significantly increased soil C and N content whereas annual crops 
significantly decreased soil C content in some layers (Figs. S4 and S5). 
Several mechanisms may contribute to the contrasting response of soil C 
and N content to annual crops and perennial grasses over time − for 
example, the deeper roots and longer growing season associated with 
perennial grasses. In addition, the reduced soil disturbance with 
perennial grasses rather than with annual crops may also contribute to 
the increased soil C and N content with perennial crops (Carlsson et al., 
2017; McGowan et al., 2019). Despite the inherent uncertainties asso-
ciated with the broad classification of annual crop vs. perennial grass, 

Fig. 4. Average soil nitrogen content in multiple soil layers 
(A, 0–20 cm; B, 20–50 cm; C, 50–100 cm) for each crop-
ping system in 2012 and 2017. Two continuous mono-
cultures (maize and triticale), optimized crop rotation, five 
perennial grasses (tall fescue, festulolium, reed canary, 
cocksfoot and miscanthus) and two grass-legume mixtures 
(DLF and SLU) are compared. For 50–100 cm layer, soil 
nitrogen content for reed canary and miscanthus are 
compared with three replicates. There are missing values 
for festulolium at 50–100 cm in 2012, limiting the statis-
tical comparison. All other values are mean ± standard 
errors of four replicates. Asterisks indicate significant dif-
ference between 2012 and 2017 at p < 0.05.   
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the five-year results provide at least early indications that perennial 
grasses can outperform annual crops in maintaining or even increasing 
soil C and N content. 

Significant increases in topsoil C and N content were only observed 
for tall fescue after five years and not for the other perennial grasses. The 
results underscore the potential advantages of planting tall fescue for 
soil C and N sequestration. First, tall fescue is reported to suppress 
microbially mediated soil organic matter decomposition to a greater 
extent than the other perennial grasses or annual crops (Franzluebbers 
et al., 1999). For example, a decline in prokaryotic communities in bulk 
and rhizosphere soils is reported even after a short period of growing tall 
fescue (Jenkins et al., 2006). Second, tall fescue has a high photosyn-
thesis and C uptake capacity, which can allocate significant amounts of 
C to belowground biomass (Carter and Gregorich, 2010). Third, the 
litter produced from tall fescue was reported to have a higher lignin 
content (Franzluebbers et al., 1999), which can slow overall decompo-
sition of soil organic matter (Chen et al., 2018). Fourth, the relatively 
high N fertilization rate, high amount of root biomass, deep root dis-
tribution, and low nitrate leaching may also contribute to soil N accu-
mulation (Manevski et al., 2018). Altogether, these four underlying 
mechanisms are not investigated in the same study site, especially for 
tall fescue, limiting the understanding and prediction of various crop-
ping systems on soil C and N sequestration. 

Several mechanisms may explain the unaltered soil C and N content 
for the majority of other cropping systems (Figs. 3 and 4). First, five 
years might not be long enough to document significant changes in soil C 

and N content. Because soil C and N content are the balance of inputs 
and outputs, a longer time span is needed to adapt to the new cropping 
systems (Congreves et al., 2017). From this point of view, the results 
were in line with earlier studies that significant impacts on soil C and N 
content can be observed only from long-term cropping systems (West 
and Post, 2002). Second, the soils at the study site were characterized by 
relatively high initial soil C and N content (Fig. 3), which may obscure 
significant changes. This is supported by other studies, which showed 
that the net effects of various cropping systems on soil C and N content 
largely depend on their initial content (King and Blesh, 2018; McDaniel 
et al., 2014). Third, harvesting of the total aboveground biomass for 
biorefineries at the study site reduces a portion of plant-derived C and N 
inputs, which may limit soil C and N sequestration (Manevski et al., 
2018). This explanation was consistent with several other studies that 
showed that plant biomass and residues are important sources of soil C 
and N inputs (Adkins et al., 2019; Chen et al., 2020a; Wang et al., 2019). 
In addition, there were no differences in soil C and N content in deeper 
layers after the five years when separately evaluated for each cropping 
system (Figs. 3 and 4), which is consistent with earlier studies and might 
be related to the vertical distribution characteristics of roots and soil 
microorganisms (Stewart et al., 2015; Valdez et al., 2017). 

3.3. Relations between biomass yield, yield stability and soil C and N 
content 

Across the 10 cropping systems and from 2012 to 2017, no clear 

Fig. 5. Average soil carbon-to-nitrogen ratio in multiple 
soil layers (A, 0–20 cm; B, 20–50 cm; C, 50–100 cm) for 
each cropping system in 2012 and 2017. Two continuous 
monocultures (Maize and triticale), optimized crop rota-
tion, five perennial grasses (tall fescue, festulolium, reed 
canary, cocksfoot and miscanthus) and two grass-legume 
mixtures (DLF and SLU) are compared. For the 
50–100 cm layer, soil carbon:nitrogen for reed canary and 
miscanthus are compared with three replicates. There are 
missing values for festulolium at 50–100 cm in 2012, 
limiting the statistical comparison. All other values are 
mean ± standard errors of four replicates. Asterisks indi-
cate significant difference between 2012 and 2017 at 
p < 0.05.   

J. Chen et al.                                                                                                                                                                                                                                     



Soil & Tillage Research 221 (2022) 105397

8

Fig. 6. Relationships across cropping systems between average biomass yield from 2012 to 2017 and the concurrent (A-C) changes in soil carbon content, (D-F) 
changes in soil nitrogen content from multiple soil layers. A negative relationship was observed between biomass yield and changes in topsoil nitrogen content (Y =
− 169.848 X + 15.045, R2 = 0.175, df = 38, F = 8.047, P = 0.007). The solid lines denote significant model slopes of the linear mixed effects models, and shaded 
areas show the 95% CI for slopes. 

Fig. 7. Relationships across cropping system between yield stability and (A-C) changes in soil carbon content, (D-F) changes in soil nitrogen content from multiple 
soil layers. No clear relationship was observed across the 10 cropping systems. 
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relationship was observed between biomass yield and changes in soil C 
content (Fig. 6). However, a negative relationship between them has 
been hypothesized since biomass harvest for biorefineries may decrease 
soil C content due to the reduced plant-derived C inputs (Cowie et al., 
2006; King and Blesh, 2018). On the contrary, biomass harvest for 
biorefineries and the associated reduced fresh and dead litter inputs may 
protect soil C content due to the absence of the associated priming effect 
(Butterly et al., 2019; Wang et al., 2019), despite the net effects of 
biomass harvest for biorefineries on soil C content are still subject to 
discussion. In addition, C allocation between above- and below-ground 
biomass as well as the C input and output processes have been found to 
differ substantially across various cropping systems (Pérez et al., 2001; 
Plaza-Bonilla et al., 2014). This can help account for the lack of rela-
tionship between biomass yield and changes in soil C content. There was 
only a weak negative relationship between biomass yield and changes in 
topsoil N content (Fig. 6). The negative relationship between biomass 
yield and changes in topsoil N content did not hold true when removing 
the grass-legume mixtures from the analysis. This is because the 
grass-legume mixtures significantly increased soil N content but pro-
vided relative low biomass yield due to the absence of N fertilization 
(Figs. 1 and 4). No clear relationship was documented between biomass 
removal and changes in soil C and N content for deeper layers across the 
10 cropping systems (Fig. 7). This was probably because of the much 
weaker impacts of various cropping systems on soil C and N content in 
deeper layers during the initial five years (Jungers et al., 2017; Stewart 
et al., 2015; Valdez et al., 2017). Altogether, the lack of relationships 
between biomass yield and changes in soil C and N content suggests that 
there is a great potential for increasing the biomass yield for biorefining 
without compromising soil C and N content. 

The relationship between yield stability and soil C and N content has 
been investigated previously, but without a consensus (Knapp and van 
der Heijden, 2018; Ray et al., 2015). Some long-term studies have 
documented positive relationships between yield stability and changes 
in soil C and N content. They found that increases in soil C and N content 
could contribute to higher yield stability through increases in soil 
porosity and aggregate formation (Yagüe et al., 2016), nutrient and 
cation exchange (Jiang et al., 2019; Tiessen et al., 1994) and soil food 
web diversity (van der Heijden and Hartmann, 2016). The present study 
found no clear relationship between yield stability and changes in soil C 
and N content after five years because five years might not be long 
enough for developing a biophysical relation. A positive relationship 
could be observed between yield stability and changes in topsoil C and N 
content when OCRs were removed from the mixed regression analysis. 
This was because OCRs had a higher yield stability due to its diverse 
species composition, whereas OCRs had negative impacts on soil C and 
N content. Altogether, these results suggest that the relationship be-
tween yield stability and changes in soil C and N content will likely 
depend on species genotypes and cropping managements. 

3.4. Uncertainties and implications for long-term studies 

Increasing biomass yield and yield stability without compromising 
soil C and N content forms the foundation for sustainable agriculture 
under a changing environment (Dias et al., 2015; Raseduzzaman and 
Jensen, 2017). Across the 10 different cropping systems, tall fescue had 
a higher biomass yield, larger yield stability, as well as enhanced soil C 
and N content compared to the other cropping systems. This suggests 
that tall fescue is the most promising crop for the future climate-smart 
sustainable agriculture under the investigated conditions. However, 
tall fescue has not been as frequently investigated as other perennial 
grasses (e.g., switchgrass and miscanthus) (McGowan et al., 2019; 
Morandi et al., 2016). Considering the advantages associated with tall 
fescue, our results highlight the need for more research on its environ-
mental impacts before expanding its use to larger areas. For example, the 
management of tall fescue in a mixture with legumes should be inves-
tigated as a possible way of reducing N fertilizer inputs. In addition, 

changes in biomass yield, yield stability and soil C and N content are all 
reported to be closely related to fertilization regimes (Chen et al., 2018; 
Jian et al., 2016), soil physical properties (Gaudin et al., 2015; Grover 
et al., 2009) and harvest managements (Stewart et al., 2015; Valdez 
et al., 2017). Future research is therefore required to identify separate or 
combined effects from cropping managements if we want to better 
manage the benefits of using tall fescue in more sustainable agricultural 
practices. 

It should be noted that the results are based on short-term observa-
tions. Caution is therefore required when comparing our results to other 
long-term studies. Findings from short-term studies can be inconsistent 
or even contrast with long-term reality, despite results from both short- 
and long-term studies are sometimes statistically significant (Cusser 
et al., 2020; Kuebbing et al., 2018; White, 2018). For example, 15 years 
or longer were apparently required to produce consistent and reliable 
results in a rainfed maize-soybean-wheat system in the upper Midwest 
US (Cusser et al., 2020). From this standpoint, one of the most critical 
future research priorities may at first glance seem like the least inspiring: 
to maintain the various cropping systems going for as long as we can 
(Kuebbing et al., 2018; White, 2018). Recent evidence indicates that 
such laborious and patient work has produced some of the most 
ground-breaking insights into sustainable agriculture (Cusser et al., 
2020; Körschens et al., 2013). 

4. Conclusion 

Our results showed large differences in biomass yield and yield sta-
bility among the various cropping systems, without clear relationships 
between biomass yield, yield stability and changes in soil C and N 
content after five years. The results suggest that it may be possible to 
increase biomass yield and yield stability in intensively managed agri-
cultural systems without decreasing soil C and N content by optimizing 
cropping systems and cropping managements. Tall fescue significantly 
increased topsoil C and N content while sustaining higher biomass yield 
and yield stability than the majority other cropping systems. Our results 
suggest that tall fescue could be an important candidate crop for future 
climate-smart and sustainable agriculture, but more research on its 
environmental impacts is required before its use can be expanded. 
Although long-term and extensive research is still required, our results 
highlight the need and the benefits of systematic research on crop- 
specific biomass yield, yield stability and soil C and N content in the 
same agroecosystem. 
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