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A B S T R A C T   

Straw incorporation and cover cropping are important measures for reducing loss of nitrate by leaching and 
supporting soil quality in cereal cropping systems. However, cereal straw also represents an important source of 
bioenergy, while concerns still exist regarding a negative effect of annual straw incorporation on crop yields. 
Based on a field experiment initiated in 1981 on a sandy loam soil at Askov Experimental Station (Denmark), we 
examined the effect of annual addition of straw (0, 4, 8 and 12 Mg ha− 1), undersown cover crops (ryegrass and 
ryegrass-clover), and ploughing time (autumn and spring) on spring barley yields and N uptake in grain and 
grain-free aboveground biomass. During 1981–2019, grain yields showed an annual increase of 0.05 Mg DM 
ha− 1 while grain N concentration decreased 0.019 %-point yr− 1. Straw incorporation rate had a significant effect 
on grain yield in only six out of 31 years. The effect of increasing straw rates was slightly negative in two of the 
initial years but positive in the extreme drought year 2018. During 2004–2018, an undersown grass-clover cover 
crop increased grain yield with 0.41 Mg DM ha− 1 and grain N concentration with 0.13 %-point, corresponding to 
relative increases of 9% when compared to no cover crop. In contrast, an undersown ryegrass cover crop reduced 
grain yield with 0.21 Mg DM ha− 1 corresponding to a relative reduction of 5%, and increased grain N con-
centration with 0.03 %-point corresponding to a relative increase of 2%, as compared to no cover crop. The time 
of incorporating straw and cover crop residues had a minor effect on barley yield and quality. Our results suggest 
that removal of straw for bioenergy does not compromise yields of spring barley grown at this site, while an 
inclusion of undersown leguminous cover crops had a pronounced positive impact on crop yield and quality. 
However, implementation of these management measures needs to be site-specific and consider trade-offs be-
tween effects on crop yield and quality, environmental benefits, and soil quality.   

1. Introduction 

Under temperate climatic conditions with surplus precipitation in 
autumn and winter, straw incorporation to the soil as well as cover crops 
are important measures for reducing losses of nitrate by leaching from 
cereal cropping systems. Following harvest of the main crop, cover crops 
extend the active growing season and extract N mineralized from the soil 
N pool and residual fertilizers whereby leaching losses of nitrate may be 
more than halved (Aronsson et al., 2016; Valkama et al., 2015). For 
straw with a high C/N ratio and incorporated after harvest, the potential 
for reducing nitrate leaching loss is linked to immobilization of mineral 
soil N during its decomposition (Cheshire et al., 1999; Christensen, 
1986). Moreover, incorporation of straw and residues of cover crops 
play a major role for maintenance of soil C levels and thus soil quality 

(Jensen et al., 2019; Peltre et al., 2016). Incorporation of cover crop 
residues and cereal straw may also improve soil physical conditions such 
as aggregate stability and water infiltration rate (Blanco-Canqui and 
Ruis, 2020; Daryanto et al., 2018; Powlson et al., 2011) and increase 
crop yield (Liu et al., 2014). However, cereal straw also is an important 
source of bioenergy for use in power plants generating heat and elec-
tricity as well as feedstock in renewable energy systems (Hansen et al., 
2020; Voytenko and Peck, 2012). Removal of straw for bioenergy is 
likely to accelerate in order to reduce use of fossil energy sources. The 
use of grass cover crops undersown in the cereal crop and left to grow 
during the autumn period before incorporation may partially compen-
sate the loss of C inputs associated with straw removal. 

Optimum time for incorporation of cover crops depends on soil 
texture and structure, climate and decomposability of the plant biomass 

Abbreviations: CC, cover crop; GAB, grain-free aboveground biomass; PT, ploughing time; SR, straw rate. 
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(Alonso-Ayuso et al., 2014). Incorporation in late autumn prevents an 
early spring growth of cover crops from reducing the availability of 
mineral N to the following crop, leading to yield depression, while 
postponing incorporation to early spring prevents loss of N mineralized 
from cover crop residues during the autumn/winter period (Alon-
so-Ayuso et al., 2018; Thorup-Kristensen and Dresbøll, 2010; Valkama 
et al., 2015). Further, grass cover crops undersown in spring compete 
directly with the main crop for plant nutrients and water during the 
growing season whereby yields could be reduced (Boelt, 1997; Valkama 
et al., 2015). When incorporated, the N recovered by cover crops adds to 
the soil N pool (Thomsen and Christensen, 1999), in particular when 
legume species are included. By combining straw incorporation and 
undersown cover crops, additional N mineralized from cover crop resi-
dues may compensate for potential immobilization of N in the straw. 
However, the long-term outcome of the annual N immobilization – 
mineralization turnover in soil amended with straw and carrying a cover 
crop remains unclear, and concerns still exist regarding a negative effect 
of annual straw incorporation and cover cropping on crop yields and 
quality (Christensen, 2004; Thomsen and Christensen, 1999). Any yield 
benefits for the subsequent main crop depend on the degree of syn-
chrony and synlocation established between crop N demand and 
net-mineralization of soil N. 

Previous studies on straw incorporation have mainly been shorter- 
term (Powlson et al., 2011), and have not included annual measure-
ments of grain and straw yield and N concentrations. Therefore, we 
based our study on a field experiment initiated in 1981 on a sandy loam 
soil at Askov Experimental Station (Denmark). We quantify the influ-
ence of long-term, annual additions of different rates of barley straw, 
inclusion of cover crops with and without legumes, ploughing time, and 
their interactions on spring barley grain yield and N uptake. 

2. Materials and methods 

2.1. The Askov straw incorporation experiment 

The experiment was established in 1981 at Askov Experimental 
Station, South Denmark (55◦28′N, 09◦06′E, 63 m a.s.l.). Annual average 
temperature and precipitation during the experimental period 
(1981–2019) were 8.4 ◦C and 945 mm, respectively. Fig. 1 shows air 
temperature and precipitation for April to August during the experi-
mental period. The soil is a sandy loam with 11 % clay, 17 % silt and 72 
% sand and classifies as an Aric Haplic Luvisol (IUSS Working Group W. 
R.B., 2015) and Ultic Hapludalf (Soil Survey Staff, 2014). The initial soil 
organic carbon and total nitrogen content were 1.41 and 0.13 %, 
respectively. Prior to the experiment (1957–1980), the field mainly 

supported cereal crops. 
Spring barley (Hordeum vulgare L.) was grown every year during 

1981–2019, except for five years between 2000 and 2013, when all 
treatments were cancelled and the area grew winter wheat (Fig. 2). 
Average sowing date of barley across years was 11th of April. The barley 
was harvested at harvest maturity (grain at 15 % moisture), and grain 
and grain-free aboveground biomass (GAB) removed leaving only short 
stubbles (12− 15 cm). GAB includes barley straw and any aboveground 
cover crop biomass removed along with the straw. After harvest, barley 
straw was applied in rates of 0 (only stubbles), 4, 8 and 12 Mg ha− 1 (c. 85 
% dry matter). From 1981–1988, the experimental design was a split- 
plot design with straw rate as main plot factor and pig slurry as sub- 
plot factor with three replicates and 36 plots in total. Initially, the 
four straw treatments were combined with three pig slurry treatments: 
no slurry, 35 Mg slurry ha-1 applied just after barley harvest, and 35 Mg 
slurry ha− 1 applied in late autumn just before ploughing. The average 
concentration of ammoniacal and total N in the pig slurry were 0.35 % 
and 0.49 %, respectively, and 35 Mg of slurry thus provided 122 kg 
ammoniacal N ha− 1 and 172 kg total N ha− 1 (Thomsen and Christensen, 
2004). The treatment with slurry after harvest was terminated in 1989 
and replaced by a cover crop (CC) of perennial ryegrass (Lolium perenne 
L.) undersown in the barley in spring. The autumn slurry treatment 
continued but was combined with undersown ryegrass CC until 1998 
(Fig. 2). In 2003, an undersown ryegrass-white clover (L. perenne L. and 
Trifolium repens L.) CC replaced this treatment (Fig. 2). Seeding rate of 
ryegrass was 15 kg ha− 1 when grown alone and 12 kg ha− 1 when grown 
in mixture with white clover, sown at a rate of 3 kg ha− 1, which cor-
responds to a seed density of 429 seeds m-2. From 2003 and onwards all 
plots were divided into two, where one half maintained autumn 
ploughing, while spring ploughing was introduced on the other half of 
the plot. Autumn ploughing was in early November, while spring 
ploughing was in March. The ploughing treatments refer to incorpora-
tion of both cover crops and straw into the soil. Hence, since 2003, the 
experimental design was a three-factorial split-strip-plot with three 
replicates and 72 plots in total. Straw rate was the main plot factor, 
sub-plots were cover crop (CC: without, ryegrass, or grass-clover) and 
strips were ploughing time (PT: spring or autumn). Figure S1 in Sup-
plementary material gives an overview of the experimental design from 
2003 to 2019. The soil N content of the cover crop treatments at the 
beginning of this new phase of the experiment was 1.25, 1.33 and 1.33 
mg N g− 1 soil for no cover crop, ryegrass and grass-clover cover crop, 
respectively (Thomsen and Christensen, 2004). 

Agrochemicals were used to control pests and weeds. To ensure 
white clover survival, the herbicide Metaxon (MCPA) was applied after 
appearance of white clover seed leafs in all plots. Soil pH was main-
tained around 6.5 by applying lime at 4–5 year intervals. The soil tillage 
system was mouldboard ploughing to 20 cm depth, conventional 
seedbed preparation, and drilling with a row spacing of 12.5 cm, 
providing 300–350 plants m− 2. Every year before sowing, all plots 
received 100 kg N ha-1, 14 kg P ha-1, 48 kg K ha-1, 17 kg S ha-1 and 5 kg 
Mg ha-1 plus micronutrients in mineral fertilizer (NPK fertilizer 21− 3-10 
incl. Mg, S and B). Table S1 in Supplementary material lists spring barley 
varieties. For more details on the experiment and previous results, see 
Thomsen (1989,1995), and Thomsen and Christensen (2004). 

2.2. Crop yields 

Barley harvest relied on a plot combiner that allowed grain and GAB 
yields to be recorded separately. Subsamples of grain and GAB were 
dried at 80 ◦C for 18 h, ball-milled, and then analyzed for total N. An-
alyses was performed by Kjeldahl digestion from 1981 to 1992, and by 
dry combustion using a LECO CNS-1000 analyzer from 1993 to 2008 and 
a Flash 2000 Organic Elemental Analyzer from 2009 to 2019. The net 
plot size varied from 10.5–49.1 m2, but with a constant gross plot size of 
42.5 m2 (net plot size 11.0 m2) from 2003 to 2019. The gross plot is the 
total area of the plot, i.e. treatment plot, while the net plot is the 

Fig. 1. Mean air temperature at 2 m height (◦C) and cumulative precipitation at 
1.5 m height (mm) measured at the meteorological station at Askov Experi-
mental Station for April to August during 1981 to 2019. 
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harvested part, i.e. harvest plot. The harvest plot is located in the center 
of the treatment plot to avoid carry-over effects. 

2.3. Experimental design and statistics 

In 33 out of the 39 years (1981–2019), the experiment included 
autumn ploughed plots without CC and slurry, but with different straw 
incorporation rate (SR: 0, 4, 8 or 12 Mg ha− 1; see Fig. 2). The main plot 
factor SR was laid out in a randomized block design with three replicates 
providing 12 plots in total. SR and CC were excluded when wheat was 
grown (Thomsen and Christensen, 2004; Thomsen et al., 2011). Yield 
data from 1987 was not used in the analysis due to experimental errors 
(Thomsen, 1989), and yield data were not recorded in 2003. Concen-
trations of N and DM content in grain and straw were measured at 
treatment level (straw rate) only from 1981 to 1987, wherefore these 
years were not included in the analysis of the effect of SR on N con-
centrations. The statistical analysis applied the R-project software 
package Version 3.4.0 (R Foundation for Statistical Computing). Linear 
mixed effect models were used to the test the significance of SR, CC, PT 
and their interactions on barley grain and GAB yields, N concentrations, 
and derived parameters using the lmer function of the lme4 package. SR, 
CC and PT were fixed effects while block was set as random effect. The 
significance of management parameters was assessed by analysis of 
variance (ANOVA) Type III. The criterion used for statistical significance 
of management parameters was P<0.05. When a given management 
parameter or interactions between parameters 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 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 as-
sumptions of normality and homoscedasticity were checked with the 
Shapiro-Wilk test and visual examination of the residuals against fitted 
values. Linear regression was applied to investigate the development in 
barley grain and straw yields, N concentrations, and derived parameters 
from 1981–2019. The regression equations and coefficients of deter-
mination (R2) are reported in the figures. 

3. Results 

3.1. Straw incorporation with autumn ploughing 

The effect of straw incorporation on spring barley grown without CC 
and slurry was investigated for the period 1981–2019, excluding years 
when wheat was grown (Fig. 2). Straw rate significantly affected barley 

grain yield in only six out of the 31 years (Table S2). Grain yield was 
negatively affected by increasing straw rates in 1982 and 1984, whereas 
there was a tendency to a positive effect of increasing straw rates in 2016 
(Fig. 3). In 2018, grain yield was significantly greater when straw was 
applied at a rate of 12 Mg ha− 1 than when straw was removed or applied 
at a rate of 4 Mg ha-1 (Fig. 3). We observed significant effects of SR on 
straw and aboveground biomass (grain plus straw) yield in three years 
and harvest index in one year (Table S2). The pairwise comparisons can 
be seen in Tables S3 and S4. Straw rate had minor effects on N con-
centration in grain and straw, while significant effects were observed in 
five years for N removal in grain, straw and grain plus straw, and eight 
years for N harvest index (Table S2). Pairwise comparisons can be seen 
in Tables S4-S7. 

Due to the relatively minor differences in yield and N parameters 
among SRs across years, Figs. 4 and 5 present values averaged over SRs. 
Thus, these two figures reflect the overall development in barley yields 
and N parameters over time. During the 39 years, the grain and 
aboveground biomass yield increased significantly with 0.05 and 0.06 
Mg DM ha− 1 yr− 1, respectively. This development was dominated by 
changes in grain yield while straw yield did not change significantly 
(Fig. 4). Harvest index increased significantly with 0.002 yr− 1 (Fig. 4). 
The grain N concentration significantly decreased with 0.019 %-point 

Fig. 2. Overview of the changes in the experiment from 1981 to 2019 for spring barley grown without a cover crop (CC), with a ryegrass CC and with a grass-clover 
CC. Ploughing time was introduced in the three treatments in 2003, i.e. autumn ploughing as in the preceding years and spring ploughing. 

Fig. 3. The effect of straw rate on spring barley grain yield for the individual 
years, where straw rate had a significant effect on grain yield (Table S2). The 
standard error of the mean is indicated (n = 3). Within years, letters denote 
statistical significance at P < 0.05. 
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yr− 1, year explaining 72 % of the variation (Fig. 5). Concentrations of N 
in straw, removal of N in grain, straw and in grain plus straw as well as N 
harvest index did not change during 1981–2019 (Fig. 5). Yield and N 
data for 2018 was excluded from the linear regressions due to excep-
tionally low yields triggered by a combination of high temperatures and 
low precipitation (Fig. 1). 

3.2. Interactions between cover crops, straw incorporation and time of 
ploughing 

Effects of SR, CC and PT and their interactions on spring barley grain 
yield, grain-free aboveground biomass (GAB), aboveground biomass 
(grain plus GAB) and N parameters were examined using results from 
the period 2004–2018 (Table S8). Pairwise comparisons for significant 
effects (Table S8) are presented in Figs. 6–8 and Tables S9-S32. 
Compared to SR and PT, effects of CC was significant in more years and 
the P-values were lower. Spring ploughing resulted, e.g., in a small in-
crease in grain yield in 2007 and 2010, while the opposite was observed 
in 2015 (Table S10). Inclusion of grass-clover CC increased grain yield in 
ten out of the 13 years, whereas inclusion of a ryegrass CC decreased 
grain yield in four years (Fig. 6). Averaged over the period, the inclusion 
of a grass-clover CC increased grain yield with 0.41 Mg DM ha− 1 (P <
0.001), while ryegrass CC decreased grain yield with 0.21 Mg DM ha-1 (P 
< 0.001) as compared to no CC. The effects of CC on grain yield were not 
affected by straw rate (Table S11). Grass-clover and ryegrass CC 
increased grain N concentration with an average of 0.13 (P < 0.001) and 
0.03 %-point (P < 0.001), respectively, as compared to no CC (Fig. 6). 
Grain N removal increased 12 kg N ha-1 with grass-clover (P < 0.001) 
and decreased 2 kg N ha-1 with ryegrass as CC (P = 0.08) (Fig. 6). Grain- 
free aboveground biomass (GAB) includes barley straw biomass and any 
aboveground CC biomass removed with straw at barley harvest. Grass- 
clover and ryegrass CC increased GAB with 0.96 (P < 0.001) and 0.23 

Mg DM ha-1 (P < 0.001), respectively, as compared to no CC (Fig. 7). N 
concentration in GAB increased with 0.25 (P < 0.001) and 0.15 %-point 
(P < 0.001) when grass-clover and ryegrass was included as CC, 
respectively. Removal of N in GAB increased 16 (P < 0.001) and 7 kg N 
ha− 1 (P < 0.001), respectively (Fig. 7). Aboveground biomass yield 
increased 1.37 (P < 0.001) and 0.01 Mg DM ha− 1 (P = 0.99) with grass- 
clover and ryegrass as CC, respectively (Fig. 8), the corresponding 
aboveground N removal being 29 (P < 0.001) and 6 kg N ha− 1 (P <
0.001). 

4. Discussion 

4.1. Straw rate and temporal development in barley yields and quality 

In most years, field incorporation of straw rates up to 12 Mg ha− 1 

yr− 1 did not affect grain yields. This is in accordance with shorter-term 
studies comparing straw incorporation with removal or burning in the 
field (Schjønning, 1986; Short, 1973; Turley et al., 2003), including a 
study of winter wheat with annual straw application of 20 Mg ha− 1 

(Jenkyn et al., 2001). 
In 1982 and 1984, however, application of 12 Mg straw ha− 1 reduced 

grain yield by 0.43 Mg DM ha− 1 corresponding to a decrease of 11 % 
compared to straw removal. The negative effect of the large amounts of 
straw in these two years may relate to immobilization of mineral soil N 
(Cheshire et al., 1999) and hence a reduced N supply. In contrast, 
application of 12 Mg straw ha− 1 increased grain yield by 0.88 Mg DM 
ha− 1 corresponding to a relative increase of 38 % in 2016 and 2018 as 
compared to straw removal. The positive effect of the large amount of 
straw later in the experimental period may relate to an increase in soil C 
stocks (Liu et al., 2014; Peltre et al., 2016; Powlson et al., 2011; 
Thomsen and Christensen, 2004). However, a moderate increase in soil 
C stocks may not increase cereal grain yields above what can be ascribed 

Fig. 4. Grain (a), straw (b) and aboveground biomass yield (c) as well as harvest index (grain yield/aboveground biomass yield) (d) for spring barley obtained during 
1981 and 2019. Values are averaged over straw application rates (n = 12). The linear regression is only shown if year had a significant effect on yield or harvest 
index. Data from 2018 are shown with white filled symbols and are not included in the linear regressions. The regression equation, standard error of the estimate (SE) 
and coefficient of determination is indicated. 
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a larger nutrient supply (Hijbeek et al., 2017; Oelofse et al., 2015). When 
eliminating the N effect by applying optimum N fertilizer rates, there 
seems to be no yield effect of soil C per se (Schjønning et al., 2018). We 
observed the most significant positive yield effect of 12 Mg straw ha− 1 in 
2018, a year characterized by high temperatures and low precipitation 
during the growing season (Fig. 1). The distinct positive effect in 2018 
may relate to a larger plant-available water capacity associated with 
increased SOC content. This is in accordance with Díaz-Zorita et al. 
(1999), who found that low SOC levels compromised crop yields in dry 
climates. 

The Askov straw incorporation experiment applied a suboptimal 
fertilizer N rate to leave room for potential benefits of increased soil C 
levels and higher soil N mineralization from crop residues. A clear trend 
was the increase in grain yield and decrease in grain N concentration 
over the experimental period, resulting in a constant N removal in grain 
regardless of straw incorporation rate. This suggests a dilution of N in 
grain as yields increase (Rajala et al., 2017). Grain N concentrations 
dropped from 1.94 to 1.22 % N from 1981–2019. In terms of crude 
protein (% N x 6.25), this means a reduction in grain quality from 12.1 to 
7.6% protein. Styczen et al. (2020) found a decrease in grain N con-
centration of 0.22 %-point from 1990 to 2015 for spring barley grown at 
recommended rates of N fertilizer. This corresponds to an annual 
decrease of 0.009 % N, which is somewhat less than found in our study 
(0.019 % N). Since confounding effects of differences in soil type, field 
management and climatic conditions were eliminated in our study, 
changes in grain yield and N% may be related to effects of developments 
in barley variety (Bingham et al., 2012; Rajala et al., 2017), climatic 
conditions, and progression in field management measures. For barley 
varieties developed over the last century by Nordic breeding and tested 
in southern Finland at low N fertilizer rates, Rajala et al. (2017) 
observed an annual decrease in grain N concentration of 0.01 % N. The 

observed increase in atmospheric CO2 concentrations during the period 
may have added to the decrease in grain N concentration (Ingvordsen 
et al., 2016; Pleijel et al., 2019). However, in our study we expect the 
effect of elevated CO2 to be minor. The larger decrease in grain quality in 
our study as compared to Styczen et al. (2020) may thus relate to the 
slightly suboptimal N fertilizer input (100 kg N ha− 1 yr-1) applied during 
the experimental period. 

4.2. Cover crops and interactions with straw rate 

Inclusion of cover crops had a pronounced effect on grain yields. 
During 2004 to 2018, the grass-clover CC increased grain yield by 0.41 
Mg DM ha− 1 corresponding to a relative increase of 9% as compared 
with barley without a CC. The yield benefit of an undersown grass-clover 
CC in spring barley increased during the period (Fig. 6), probably 
reflecting an increased residual N effect. By contrast, the ryegrass CC 
reduced grain yield by 0.21 Mg DM ha− 1 corresponding to a relative 
reduction of 5% compared with barley without a CC. Grain N removal 
was even more affected by grass-clover. Grain N removal averaged 59 kg 
N ha− 1 with ryegrass as CC, 61 kg N ha− 1 without a CC, and 73 kg N ha− 1 

with grass-clover as CC. This aligns with results obtained in a meta- 
analysis by Valkama et al. (2015). They found that undersown 
non-legume cover crops reduced grain yield by 3%, whereas legumes 
and mixed cover crops increased grain yield by 6%. Boelt (1997) found 
reductions of 12 % in grain yields of spring barley, dressed with 90 kg N 
ha− 1 and undersown with a similar type of ryegrass as used in the cur-
rent study. 

A potential negative effect of undersown cover crops on the main 
crop relates to competition during the growth period for plant nutrients, 
water and light (Boelt, 1997). A potential positive effect links to release 
of nutrients derived from the decomposing residues from previous cover 

Fig. 5. Concentrations of N in grain and straw (a), removal of N in grain and straw (b), aboveground N removal (c), and N harvest index (removal of N in grain 
/aboveground N removal) (d) for spring barley obtained during 1981 and 2019. Values are averaged over straw application rates (n = 12). Grey and black symbol 
fills highlights grain and straw, respectively. The linear regression is only shown if year had a significant effect on N concentrations, N removal or N harvest index. 
Data from 2018 are shown with white filled symbols and are not included in the linear regressions. The regression equation, standard error of the estimate (SE) and 
coefficient of determination is indicated. 
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crops thereby supporting the main crop above fertilizer inputs (Hansen 
et al., 2000). In our study, negative effects apparently overshadowed 
beneficial effects when using an undersown ryegrass CC in spring barley. 
Hansen et al. (2000) found residual effects of cover crop residues to be 
positive when the main crops grew without a cover crop in the test year. 
Cover crops established after harvest of the main crop eliminate a po-
tential negative interaction between cover crop and main crop growth 
but their reductions in nitrate leaching losses may be less predictable. 
The clear beneficial effect of an undersown grass-clover cover crop in 
our study probably results from an increased N mineralization. This 
relates to a larger amount of N in the cover crop biomass, when N2-fixing 
legumes are included, and to the grass-clover being more easily 
degradable (Li et al., 2020). By using a suboptimal fertilizer N input, the 

positive effect of the grass-clover CC on grain yield becomes more 
visible. Scavo et al. (2020) also found that clover cover cropping with 
burying of dead mulches into the soil increased the amount of N2-fixing 
bacteria and the level of soil mineral N. In addition, Lombardo et al. 
(2020) found increased contents of K, Ca, Fe and Mn in the main crop. 
Thus, the beneficial effect of the grass-clover CC in our study may also be 
related to increases in other nutrients in addition to N. 

The beneficial effect of the grass-clover CC on barley yield and 
quality in a system with a suboptimal fertilizer N rate has direct impli-
cation for growers as it is a promising way to increase N addition if one is 
subject to reduced N quota for environmental concerns. Also, the results 
clearly illustrate the value of including leguminous cover crops in 
organic plant production systems, where sources of external N input are 

Fig. 6. The difference in (a) grain yield, (b) grain N concentration and (c) grain N removal for spring barley grown with a ryegrass (white bar fill) or grass-clover 
(black bar fill) cover crop as compared to spring barley grown without a cover crop (baseline). The standard error of the mean is indicated (n = 24). Within years, 
letters denote statistical significance at P < 0.05. In years marked with asterisk (*) wheat without cover crop, with removal of straw and mineral fertilized was grown. 

J.L. Jensen et al.                                                                                                                                                                                                                                



Field Crops Research 270 (2021) 108228

7

restricted. However, the positive effects on crop yield and quality of a 
grass-clover CC should be weighed against potential increases in nitrate 
leaching as compared to ryegrass a CC. A recent study, however, found 
that CC mixtures including legumes can self-regulate in terms of 
reduction in nitrate leaching and N input via N2-fixation (De Notaris 
et al., 2021), indicating that legume-based CC mixtures may maintain as 
low nitrate leaching as non-legume CC and at the same time increase N 
input. 

Environmental effects of straw incorporation and cover crops link to 
benefits associated with increased C storage in soil, increased soil fauna 
(Jensen, 1985), improved soil structure, and reduced loss of nitrate by 
leaching while drawbacks include increased N2O emissions following 
incorporation of crop residues (Lehtinen et al., 2014). 

4.3. Ploughing time 

For this sandy loam soil, the yield and the quality of spring barley 
was little affected by time of ploughing-in of the straw and cover crops. 
Postponing ploughing to spring is expected to reduce nitrate leaching 
potential providing more available N for the main crop. On the other 
hand, spring ploughing may allow for early growth of the cover crop 
inducing pre-emptive competition and restricting the N availability to 
the main crop (Alonso-Ayuso et al., 2018). These opposing mechanisms 
may explain why the effect of ploughing time was minor. Further, more 
weakly structured sandy soil depends less on freezing and thawing 
events to ameliorate soil structure following ploughing (Lehrsch et al., 
1991), which also may explain the small and inconsistent differences 
between autumn and spring ploughing in our study. On a more clayey 
soil, Njøs and Børresen (1991) found 10 % higher yields for autumn than 
for spring ploughing. They ascribed the difference to better seedbed 

Fig. 7. The difference in (a) grain-free aboveground biomass 
(GAB), (b) N concentration in GAB and (c) GAB N removal for 
spring barley grown with a ryegrass (white bar fill) or grass- 
clover (black bar fill) cover crop as compared to spring 
barley grown without a cover crop (baseline). The standard 
error of the mean is indicated (n = 24). Within years, letters 
denote statistical significance at P < 0.05. In years marked with 
asterisk (*) wheat without cover crop, with removal of straw 
and mineral fertilized was grown.   

J.L. Jensen et al.                                                                                                                                                                                                                                



Field Crops Research 270 (2021) 108228

8

quality, soil temperature differences and straw decomposition pattern. 

5. Conclusions 

During 1981–2019, spring barley grain yield increased from 3.2 to 
5.0 Mg DM ha− 1 and N concentration in grains decreased from 1.94 to 
1.22 % N. Long-term incorporation of different amounts of straw did not 
distinctly affect yield and N uptake of consecutive crops of spring barley. 
During 2004–2018, grass-clover cover crops undersown in spring barley 
increased both grain yield and grain N concentration with 9% as 
compared to barley grown without cover crop. By contrast, ryegrass 
cover crops undersown in spring barley reduced grain yield with 5% and 
increased grain N concentration with 2%. Hence, while grass-clover 
cover crops significantly improved barley performance, ryegrass 
reduced grain yield. This study suggests that removal of straw for bio-
energy does not compromise crop yield and quality of spring barley 
grown on this sandy loam soil. However, decisions on removal of straw 
for any off-farm purpose need to be site-specific and involve trade-offs. 
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