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We compared wheat yield, losses of nitrogen (N) in leaching and gaseous losses as nitrous oxide (N2O) in silt and sand 
soil lysimeters. The studied cultivation systems were based on mineral fertilizer or mineral fertilizer together with 
clover green manure mulched at three different time points (August, October or May) before sowing of the main 
crop (either winter or spring wheat). Replacing 50–60% of mineral fertilizer N with green manure from a mixture of 
three clover species did not compromise crop yield of winter or spring wheat. The results suggest that mulching of 
the green manure in the spring succeeding its sowing is the most beneficial practice with respect to environmen-
tal impacts. Total N leaching was higher from sandy soil than from silt loam whereas emissions of N2O were higher 
from the silt soil. Residual N from the clover biomass did not lead to an increase in leaching losses of N during the 
growing season or one year from the harvest. However, the residual N can be a source of high N2O emissions dur-
ing the winter period in boreal climatic conditions.    

Key words: cover crop, fertilizer, nutrient management, cereal, clover

Introduction
Agricultural soils are a significant source of the greenhouse gas nitrous oxide (N2O) and eutrophication of water-
courses. Half of the greenhouse gas emissions from agriculture and half of the nitrogen (N) load to surface waters 
originate from agricultural soils (Statistics Finland 2020, Uusitalo et al. 2007). Improving nutrient management in 
crop production is a key factor in reducing these losses since all N not bound to living organisms is available for 
the processes causing gaseous or leaching losses.

Mineral fertilizers are the most common and readily available source of N for crops. Mineral fertilizers add green-
house gas emission load to the carbon footprint of products (Heusala et al. 2020) and they do not maintain soil 
carbon stocks like organic fertilizers (Sanden et al. 2018). An option to replace part or all mineral fertilizer is to use 
green manure, i.e. plant material additional to the main crop, that releases nutrients for the main crop while its 
biomass decomposes. Crop residues from nitrogen-fixing plants grown as cover crops or green fallow preceding 
the main crop are considered especially sustainable N sources (Guardia et al. 2019, Sarauskis et al. 2019). Addi-
tional benefits of the extra biomass are the carbon input it brings to the soil (Poeplau and Don 2015) and multi-
ple other ecosystem services like reduction of erosion and improved soil structure and microbial activity (Blanco-
Canqui et al. 2015).

The challenges in developing sustainable production chains in the climatic conditions of northern Europe are largely 
related to the short growing season in arable cropping leaving the soil bare for most of the year. It increases both 
the annual nutrient losses (Tattari et al. 2017) and N2O emissions (Regina et al. 2013) compared to perennial crop-
ping. Cover crops can shorten the period of bare soil especially when mulching is scheduled as late as possible.

Green manure can provide yields comparable to mineral fertilizers (Tonitto et al. 2006, Blanco-Canqui et al. 2015). 
It has also been shown that green manure improves the yield and yield stability in organic agriculture (Knapp et 
al. 2018). However, challenges may turn up as N from organic fertilizers is not readily available for the crop right 
after mulching and among other things the right timing of mulching defines the efficiency of nutrient use by the 
crop and thus both crop production potential and environmental losses (Ball et al. 2007, Abdalla et al. 2019).

Green manuring methods are variable and practical advice is needed to encourage farmers to adopt the methods 
with the most favourable environmental impact. The main aims of this study were 1) to estimate the potential 
to reduce mineral fertilizer use by clover mixture green manure and 2) to find the best timing for the mulching 
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of the green manure from clover biomass in boreal conditions with respect to cereal yield and losses of N to the 
watercourses and the atmosphere. We hypothesized that mulching in October or in the spring succeeding the 
green manure sowing provides the most N input via the legume biomass and mulching in spring comes with the 
lowest environmental impacts.

Materials and methods

An experiment with three different green manure treatments and respective mineral fertilizer treatments was es-
tablished on two soil types (silt and sand) in lysimeters in spring 2013. The experiment was conducted in a lysimeter 
field located in Jokioinen, south-western Finland (60°81’ N, 23°48’ E). The average annual temperature in the area 
is 4.6 °C and annual precipitation is 627 mm (Pirinen et al. 2012). The lysimeter field was established in 1981 and 
is described in detail in Jaakkola (1984) and Lemola et al. (2000). Content of organic carbon in the 0–20 cm layer 
was 2.3% in both soil types (Lemola and Turtola 2006). The pH of the soils ranged from 5.6 to 5.7. The proportions 
of soil particle size classes <2, 2–20, 20–60 and 60–200 µm were 17, 62, 14 and 3% in the silt soil and 13, 8, 16 
and 42% in the sandy soil, respectively. Details for the properties of the deeper soil layers are found in Lemola et 
al. (2000). The precipitation and mean daily air temperature data were obtained from a weather station of Finn-
ish Meteorological Institute located approximately 1 km from the lysimeters. 

A total of 36 lysimeters (4 replicates per treatment) arranged in two blocks were included in a split-plot design 
for studying the effects of green manure based cultivation on crop yield, gaseous emissions and nutrient leach-
ing in silt and sandy soil. There were 8 additional lysimeters for determining the biomass yield. Mixture of red 
clover (Trifolium pratense L.), Persian clover (Trifolium resupinatum L.) and white clover (Trifolium repens L.) was 
used as green manure fertilizer for a wheat crop. Seeding rates were 5, 4 and 3 kg ha-1 for the red clover, Persian 
clover and white clover, respectively. The clover mixture was sown in May 2013 in the lysimeters with green ma-
nure treatment (Fig. 1., Table 1). Spring barley (Hordeum vulgare L.) was sown at the same time in the lysimeters 
that represented the mineral fertilizer (MF) treatment. The clover was harvested in July 2013, corresponding to a 
normal field practice. Cutting height was 15 cm, and the cut part of the crop was left on soil. The clover biomass 
(green manure; GM) was mulched to the soil either in August (GM1), in October (GM2) or the following spring 
2014 (GM3). Winter wheat was sown in August 2013 in treatments GM1 and MF1 while spring wheat was sown 
in May 2014 in the other treatments. 

The lysimeters had not been under active cultivation for several years before the experiment, and thus the pre-
ceding use represented extensive grassland. The mixed vegetation was removed and the soil was properly tilled 
just before this experiment. Before sowing the cereals, the soil was tilled and harrowed using hand tools. When 
the biomass was mulched it was gently mixed with the 10–15 cm layer of the topsoil. 

 

Fig. 1. Timeline of the experiment
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Above ground biomass yield of the clover was measured from two lysimeters that were not used in the other 
measurements in July 2013. Clover biomass was also weighed at each mulching event and returned to soil fresh 
and chopped. Grain and straw yield of all lysimeters were measured at harvest, on 13 August 2014 for the winter 
wheat and on 21 August 2014 for the spring wheat.

The emissions of N2O were measured 1–4 times per month, a total of 28 samplings between May 2013 and May 
2014. Measurements were not done in the winter if there was the risk of disturbing the snow cover that would 
lead to biased results on leaching. A round chamber (Ø 0.3 m, height 0.6 m) with a 10 cm high rubber ring as the 
lower edge was attached on a base cylinder (height 0.3 m; installed to 10 cm depth) in each lysimeter and tight-
ened with a hose clamp. Four gas samples (20 ml at 0, 10, 20, 30 min) were taken by using a plastic syringe dur-
ing a 30-minute chamber enclosure through a perforated PTFE tube inside the chamber as a sampling probe. Gas 
samples were immediately transferred to pre-evacuated Exetainer glass vials (Labco Ltd., High Wycombe, UK) and 
taken to the laboratory. Samples were analyzed gas chromatographically (HP 7890 Series, GC System, Hewlett 
Packard, USA) using an electron capture detector for N2O analysis (Kanerva et al. 2007). The observed increase of 
the gas concentration in the chamber was used to calculate the gas flux per area and time for each treatment. Cu-
mulative annual fluxes for each treatment were calculated by linear interpolation of the daily flux rates between 
the measurement dates. 

Leaching of N was studied by weighing the water that percolated through the soil profile under each lysimeter and 
analyzing the N content of a subsample from each water sampling. The concentrations of nitrate, ammonium and 
total nitrogen were determined using a colorimetric method (QuickChem AE, LachatInstruments, Loveland, CO, USA).

The statistical differences between the treatments were studied using the mixed model REML estimation method 
of SAS EG software (version 7.1). Treatment, soil type and sowing time (winter/spring wheat) as well as their two-
factor interactions were added as fixed effects in the models. Block was added as a random effect. The degrees 
of freedom were computed by the Kenward-Roger method. Pairwise comparisons were done using the Tukey-
Kramer method. The results of N2O were ln-transformed and those of leaching log-transformed before the analy-
sis to obtain a normal distribution.

Results 
Grain yields

Grain yields varied between 2700–3900 kg per hectare and they did not differ statistically between treatments 
(Table 2). The N content of the grains was lower in the winter wheat treatments compared to spring wheat treat-
ments in the silt soil. Grain N did not differ statistically between the treatments in the sandy soil. There were no 
consistent differences in the N content of the grains between soil types.

MF=mineral fertilizer; GM=green manure; 1After poor wintering of winter wheat, varying amounts of additional spring wheat seeds were 
sown in May 2014 in order to reach similar plant density in each lysimeter. 

Table 1. Management of the experiment

MF1 MF2 MF3 GM1 GM2 GM3

Sowing of clover/
barley

Barley  
6 May 2013

Barley 
6 May 2013

Barley 
6 May 20134

Clover 
6 May 2013

Clover 
6 May 2013

Clover 
6 May 2013

Cutting of clover/
barley 5 Aug 2013 5 Aug 2013 5 Aug 2013 15 July 2013 15 July 2013 15 July 2013

Mulching of barley 
straw/clover 20 Aug 2013 8 Oct 2013 6 May 2014 20 Aug 2013 8 Oct 2013 6 May 2014

Sowing of wheat 23 Aug 20131 7 May 2014 7 May 2014 23 Aug 20131 7 May 2014 7 May 2014

Fertilizer kg (N) ha-1 80  
(6 May 2013)

30  
(23 Aug 2013) 

100 
(17 April 2014)

20 
(8 June 2014)

80  
(6 May 2013)

100  
(7 May 2014)

80  
(6 May 2013)

100  
(7 May 2014)

65  
(17 April 2014)

50  
(7 May 2014)

50  
(7 May 2014)

Harvest 13 Aug 2014 21 Aug 2014 21 Aug 2014 13 Aug 2014 21 Aug 2014 21 Aug 2014
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Nitrogen leaching

Over the monitoring period and across the treatments, 58% of the total leached N was nitrate, 17% was ammonium 
and the rest was either nitrite (not measured) or organic N. We present only the results for the total N leaching. An-
nual leaching losses during the period of one year after sowing varied between 0.7–10 kg N per hectare (Table 3).  
Leaching of total N differed between the soil types; it was remarkably higher from the sandy soil (p<0.001). Within 
both soil types, only the treatments with the lowest and highest values differed statistically. There were no con-
sistent differences with respect to mineral or organic fertilizer even when tested for the whole two-year period 
(results not shown). Leaching of N was generally higher from the winter wheat than spring wheat treatments dur-
ing winter 2014 (Fig. 2). The treatments with either bare soil (MF2, MF3) or clover biomass without the main crop 
(GM2, GM3) had moderate leaching losses during the first winter except for MF2 in sandy soil where the amount 
of leached N was as high as in the treatments with sowing in the preceding August. The legacy effect of the treat-
ments after the last harvest had a similar pattern in both soil types; the leaching losses were the highest in MF1 
and the lowest in MF3 and GM3 in spring 2015 (Fig. 2).

Table 2. Crop grain yield and N content of the grains (±standard deviation; n=3 or 4) 

Grain yield (kg ha-1) N content (%)

Treatment Silt Sand Silt Sand

MF1 3860±419 2770±806 1.76±0.12a 2.03±0.18

MF2 2960±195 3000±652 2.27±0.04bcd 2.18±0.15

MF3 2730±121 2960±22.8 2.33±0.11c 2.05±0.02

GM1 3770±385 2650±795 1.96±0.19ad 2.27±0.19

GM2 2720±459 3250±123 2.44±0.10c 2.32±0.08

GM3 2820±117 3190±428 2.45±0.16c 2.30±0.16
MF1=mineral fertilizer + winter wheat, MF2=mineral fertilizer + spring wheat (straw mulching in autumn), 
MF3=mineral fertilizer + spring wheat (straw mulching in spring), GM1=green manure mulched in August + 
winter wheat, GM2=green manure mulched in October + spring wheat, GM3=green manure mulched in spring 
+ spring wheat. Different letters denote statistical differences between the treatments within one soil type.

Table 3. Annual N input (fertilizer + clover residues) and output (grain + leaching) (±standard deviation) and their sum (kg ha-1) in 
lysimeters fertilized with mineral fertilizer (MF) or green manure (GM)

Soil Treatment Fertilizer Clover crop 
residues 1 Grain Leaching2 N2O Total

Silt MF1 150 23 85±11 1.73±0.73ab 3.28±1.80ac 83

MF2 100 23 67±5.5 1.48±0.94ab 6.66±7.10ac 48

MF3 100 23 64±3.4 0.74±0.50a 2.77±1.37ac 55

GM1 65 184 93±9.2 0.98±0.33ab 14.1±9.00b 141

GM2 50 166 66±11 2.20±1.45b 7.51±5.75ab 140

GM3 50 125 69±7.2 1.52±0.86ab 1.84±0.83c 103

Sand MF1 150 17 72±24 3.67±1.04a 1.20±0.74ab 90

MF2 100 17 65±10 8.91±4.02ab 1.18±0.84ab 42

MF3 100 17 61±0.7 7.90±2.60ab 0.74±0.26a 47

GM1 65 129 77±19 4.41±1.73ab 0.99±0.12ab 112

GM2 50 166 75±1.5 10.3±4.01b 2.17±0.12b 129

GM3 50 101 73±5.2 6.83±1.68ab 1.35±0.20ab 70
1Above ground biomass; 2The reported period is one year from wheat sowing, i.e. it starts in May 2014 for other treatments but August 2013 
for MF1 and GM1. MF1=mineral fertilizer + winter wheat; MF2=mineral fertilizer + spring wheat (straw mulching in autumn); MF3=mineral 
fertilizer + spring wheat (straw mulching in spring); GM1=green manure mulched in August + winter wheat; GM2=green manure mulched 
in October + spring wheat; GM3=green manure mulched in spring + spring wheat. Different letters denote statistical differences between 
the treatments within one soil type.
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Nitrous oxide emissions
The emission rate of N2O remained low for some weeks after the establishment of the experiment and the first 
N2O peak appeared in June 2013 after the first rain event after sowing of barley or clover (Fig. 3). The peak was 
high in all treatments and higher in the silt than in the sandy soil. The cutting of the clover biomass in July 2013 
did not increase the direct emissions during the summer. Sowing of winter wheat in MF1 and GM1 in August 2013 
did not cause any increase in N2O emissions in the silty soil (Fig. 3a) but a slight enhancement was observed in the 
sandy soil (Fig. 3c). The measurements during the winter season showed that the period of snowmelt in March 
induced emission peaks of the same magnitude as those induced by sowing and rainfall in the spring. The fluxes 
of N2O were generally higher from silt than from sandy soil (p<0.001). The green manure treatments tended to 
have higher winter emissions than the mineral fertilized treatments. In the silt soil, the highest annual fluxes were 
found in the green manure treatment GM1 and the lowest in GM3 (Table 3). In the sandy soil, only the treatments 
with the lowest (MF3) and highest (GM2) emissions differed from each other statistically.

Sum of the measured inputs and outputs of N estimated for an area of one hectare showed excess of N in all treat-
ments (Table 3). The net result was higher in the green manure than in the mineral fertilizer treatments with one 
exception: GM3 in the sandy soil where the clover biomass was weak (Table 3). The largest share of the excess 
N originated from the N input in fertilizer and green manure. N input in the aboveground biomass of the legume 
varied from 100 to 180 kg N ha-1 and together with the added mineral fertilizer the input of N was in total larger 
in the green manure treatments compared to the control treatments.   

Fig. 2. Cumulative leaching of total N from different green manure or fertilizer treatments (n=4) on a) silt 
soil and b) sandy soil. MF1=mineral fertilizer + winter wheat, MF2=mineral fertilizer + spring wheat (straw 
mulching in autumn), MF3=mineral fertilizer + spring wheat (straw mulching in spring), GM1=green manure 
mulched in August + winter wheat, GM2=green manure mulched in October + spring wheat, GM3=green 
manure mulched in spring + spring wheat. Note different scales of the y-axis for the soil types.
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Discussion
In this experiment, crop yield of wheat was lower than the average of the region in 2014 which was 4200 and 
4000 kg ha-1 for winter and spring wheat, respectively (Luke 2020). Because the experimental setup did not lim-
it the availability of radiation or rain the slightly hampered crop growth was likely due to shading of the crop by 
the frame of the gas measurement chamber or some minor damage to the plants by the greenhouse gas emis-
sion measurements. In the silt soil, the yield was higher in the winter wheat compared to spring wheat treat-
ments but in the sandy soil it was vice versa. A general conclusion from the comparison of the treatments is that 
the yields are similar from mineral fertilizer and green manure fertilized crops suggesting that replacing part 
of mineral N with biomass-based N is a viable option not only in organic but also in conventional agriculture.  

Fig. 3. Emissions of N2O (± positive standard error) from different green manure or fertilizer treatments (n=4) 
for winter wheat in silt soil (a) and sandy soil (c) and for spring wheat in silt soil b) and sandy soil (d) and daily 
temperature and precipitation (e). MF1=mineral fertilizer + winter wheat, MF2=mineral fertilizer + spring wheat 
(straw mulching in autumn), MF3=mineral fertilizer + spring wheat (straw mulching in spring), GM1=green 
manure mulched in August + winter wheat, GM2=green manure mulched in October + spring wheat, GM3=green 
manure mulched in spring + spring wheat. Note different scales of the y-axis for the soil types.
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This was also the general conclusion from a study of seven sites reporting that red clover was a good precrop in 
most trials (Känkänen et al. 1999). Also Tonitto et al. (2006) reported only neutral or positive yield impacts of plant 
biomass-based nutrient management. 

As regards the timing of mulching, the treatments with clover mulching in October or May did not differ in their 
crop production and no clear recommendation on the timing can be given on the basis of crop yield prediction. 
Late mulching has been found to provide the best N supply for the crop and the best yield in previous studies in 
Finland (Känkänen et al. 1999, Lahti and Kuikman 2003). 

As the grain yields in GM were similar to those in MF, the reduction in N fertilizer application was well predicted 
in the research plan. The results suggest that the use of a clover mixture green manure can reduce N fertilizer use 
by 50 to 80 kg ha-1 which is more than previously estimated for pure red clover and similar to the estimates for 
vetch green manure in the field trials by Känkänen et al. (1999). 

There was a clear tendency towards higher grain protein content in the green manure treatments compared to 
their mineral fertilized counterparts. This suggests that some extra income from bread wheat could be an addi-
tional agronomic benefit of green manure management. An increase in the protein content of spring cereals due 
to leguminous pre-crops has also been found by e.g. Ingver et al. (2019) and Moyo et al. (2015). However, these 
positive economic impacts in green manure practice are partly counteracted by reduced income due to one year 
without a cash crop. An alternative to green manure is undersown cover crop which however leads to smaller 
fertilizer N replace value (Känkänen 2010). Nevertheless, it can be concluded that generally the use of clover cov-
er crops reduces the profitability of using mineral N fertilizers (Bergkvist et al. 2010). Further, long-term positive 
effects on soil quality and productivity (Fageria 2009) should be taken into account when the economy of green 
manures and cover crops is evaluated.

Leaching of N was lower than the average rate of 15.5 kg ha-1 in Finland in all treatments (Tattari et al. 2017) but 
this is understandable as the reported national rate is based on measurement of N losses of entire catchments 
which often include organic soils with relatively high nutrient losses. Emission rates of N2O were in the range of 
measured annual fluxes from mineral agricultural soils in Finland (Regina et al. 2013). 

Losses of N in leaching were higher from the sandy soil compared to the silty soil which is most probably related 
to faster water infiltration rate in sandy soils (Beaudoin et al. 2005). On the contrary, silt soil had higher emissions 
of N2O compared to sandy soil likely due to more optimal conditions for denitrification in the less porous silty soil 
where anaerobic zones are easily developed (Bryk 2018, Rochette et al. 2018). Thus, it is probably not feasible to 
formulate solid recommendations on N management stratified by soil type.

In most cases, N2O emissions or leaching of N did not differ between the green manure treatments and their min-
eral N fertilized counterparts. This suggests that the legacy effect of green manure is not a remarkable concern 
with respect to N losses especially to watercourses. However, the results suggest that there can be a risk of high 
N2O emissions with green manure during the winter although our measurements were not frequent enough to 
make a reliable comparison during the wintertime. 

Our evidence supports the view that late mulching is better with respect to losses of N. In the case of N2O, the 
winter-time peak was lower from GM3 than GM2 and the leaching rate remained lower in GM3 especially during 
the last months of the measurement period. Several authors have stressed that mulching during the cool period 
of the year reduces N losses to the environment (Korsaeth et al. 2002, Ball et al. 2007). Incorporation of the green 
manure improves the contact of the plant residue with the soil and enhances its mineralization. In boreal condi-
tions, feasible times of mulching are October and May as the soil is frozen or too wet in between those. Initiation 
of mineralization in October may be too early from the viewpoint of efficient N management and incorporation 
in the spring may contain the risk of delay due to wet soil conditions.

Peaks of N2O are often not directly related to the N amendments. This was shown after the sowing of the first 
barley crop in 2013 when treatments MF1 and GM1 did not differ regardless that the former received 80 kg of 
mineral N in May and the latter none. Thus, the peak after sowing was apparently not only caused by fertilization 
but mainly by disturbance of the soil at sowing. During that period, the peaks in the non-fertilized green manure 
treatments were remarkably lower than those in the control treatments only in the case of GM2 and GM3 in silty 
soil. Similar peaks with no fertilization were observed in a Swiss study by Skinner et al. (2019). 



K. Regina et al. 

60

As more than half of the annual emissions of N2O in the northern Europe are typically released during the winter 
period (Regina et al. 2013) and the main part of leaching losses also occurs outside the growing period (Aronsson 
et al. 2016), it is clear that the amount of N in soil after harvest is crucial for the environmental impact of fertil-
izer strategies. The difference of the measured inputs and outputs was positive, ranging from 40 to 140 kg N ha-1 
in the different treatments, evidently enabling large losses to the atmosphere and watercourses. These values 
were close to the national mean N balance of 48 kg N ha-1 (EEA 2018) in our mineral fertilizer treatments but the 
residual N of the clover clearly increased the net result in the green manure treatments. However, a high fraction 
of the excess N was in organic form. As the losses to water and air were not higher from the green manure treat-
ments, it can be deduced that the residual clover N was not a remarkable source of these losses. The residual N in 
soil comprises as much as 30–40% of the plant uptake and thus is a relevant pool of nutrients in crop production 
not only during the first year but also in the subsequent years (Yan et al. 2020).

The amount of N in the above ground residues of clover was 100–180 kg ha-1 which is low compared to the report-
ed rates in northern Europe (Skuodiene et al. 2012, Brozyna et al. 2013) but in the upper range of typical Finnish 
observations (Känkänen et al. 1998). However, it is to be noted that N from roots and exudates was not included 
in our calculations. Their share can be as high as that of the above ground parts (Känkänen et al. 1998, Känkänen 
and Eriksson 2007, De Notaris et al. 2020). Moyo et al. 2015 concluded that the importance of red clover roots 
and nodules is high for the grain yield of the succeeding winter wheat. De Notaris et al. (2020) found that 39% of 
root N was mineralized in 118 days and according to Fontaine et al. (2020) cereals can take up about a half of the 
N of the root biomass of the previous crop. Thus, a considerable share of the mineralized N originated from the 
root biomass also in our study, and the amount of clover N remaining in the soil was relatively high. 

Our green manure treatments received mineral fertilizer in addition to the N from the clover residues and thus 
they did not represent pure organic farming. This kind of practice is suitable especially for a conventional farm-
er wishing to reduce the environmental impact of his products as the share of fertilizer production in the carbon 
footprint of cereal production is in the range of 25–30% (Heusala et al. 2020). Leguminous cover crop was rated 
an effective mitigation measure in life cycle analyses both in Mediterranean conditions (Guardia et al. 2019) and 
in Finland (Rasi et al. 2020). 

This type of green manuring does not allow for producing a cash crop every year and this has implications on the 
need of the cultivated area if widely applied. Also, in Finnish climate, the N yield of the green manure is modest 
if sown after harvest. A compromise would be to grow the legume biomass undersown which also has its down-
sides like competition of the cover crop with the main crop. However, the grain yield decrease caused by under-
sown clovers can be considered small (Känkänen and Eriksson 2007) or nonexistent (Valkama et al. 2015). In order 
to improve the efficiency of green manure as a fertilizer, several authors have suggested harvest of the legume 
biomass and its return to soil after an anaerobic treatment and biogas production (Möller and Stinner 2009, Na-
deem et al. 2012).

Conclusions

As the crop yield did not differ between treatments based on sole mineral N or combination of mineral and or-
ganic N, replacing mineral fertilizer with green manure is a viable option in cereal production. The mulching time 
of the green manure did not affect the yield which leads to the conclusion that the mulching time should be de-
cided on the basis of environmental rather than agronomic arguments. This study is in line with most previously 
published data suggesting that losses of N to the environment can be diminished by as late mulching time as pos-
sible when using green manure based fertilization. The proportion of leaching losses compared to gaseous losses 
differed between the studied soil types. Based on these results, leaching losses are of greater concern in coarse 
soils whereas losses as N2O are more significant in fine textured soils. However, minimizing the residual N after 
harvest is the best measure for diminishing both types of N losses and thus this is the most important message 
to convey to the farming community.
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