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Introduction 
 
The report from the Danish Commission on Nature and Agriculture from 2013 has recommended 
that organic farming receives more attention and that there should be initiatives to develop 
extensive organic farming systems that can contribute to reducing nitrogen and phosphorus losses 
and which may be an alternative to land conversion to non-agricultural use or set-a-side. Such 
extensive systems may be particularly relevant for areas which are vulnerable in terms of high risks 
of losses of nitrogen and phosphorus to the aquatic environment.  
 
Organic farming covers many different production systems with varying production intensities. 
Here we focus on extensive organic farming systems both with and without livestock, and we 
evaluate effects on nitrogen leaching, phosphorus losses and greenhouse gas emissions from such 
organic farming compared with set-a-side.  
 
Effects of set-a-side 
 
Set-a-side is generally not a well-defined concept in terms of how it may affect nitrate leaching and 
greenhouse gas emissions. The reason is that set-a-side may be established in different ways, and it 
may also be followed by different crops, both winter and spring sown crops, which will greatly 
impact nitrate leaching and greenhouse gas emissions. The main definition of set-a-side is that it 
cannot be used for production, and there must be a vegetation cover, which should be cut at least 
once per year (without removal of cuttings). Since set-a-side is not in production it cannot be 
fertilised or controlled with pesticides. However, the current draft regulations allow the set-a-side to 
be cultivated (ploughed) prior to a an autumn-sown crop, which may enhance nitrate leaching, 
greenhouse gas emissions and phosphorus losses, both compared to a soil covered with vegetation 
cover, but also compared to many cereal cropping systems.  
 
To simplify the evaluation, set-a-side will here be defined as grass-based cover that has been 
established by undersowing in a previous cereal crop, or in other ways that ensures a well-
established grass-based crop. It is also assumed that the set-a-side is established on mineral soils, 
and that the crop is grown for up to 5 years and ploughed in spring to reduce nitrate leaching prior 
to the following crop. There are very few studies in Denmark on carbon and nitrogen flows and 
losses in set-a-side. We will therefore primarily base the evaluation on theoretical considerations 
and data from experiments with similar low-input grassland systems. 
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In an unfertilised grassland systems the carbon and nitrogen dynamics and thus also effects on 
greenhouse gas emissions will depend greatly on whether the grass has associated legume crops 
(e.g. clover) that provides nitrogen input through biological nitrogen fixation.  
 
In systems without (or with very few) legume plants, nitrogen fixation will be low and the system 
will rely on nitrogen deposition for input, which then also limits plant growth and soil organic 
matter accumulation. The plant growth may be sustained from soil nitrogen mineralisation, which 
will be greater for soils with a high soil organic matter content, i.e. depending on the prehistory of 
the field in terms of crops cultivated and organic matter inputs. With no legume plants soil organic 
matter build-up will depend on nitrogen deposition, which is about 20 kg N/ha annually in many 
agricultural regions of Denmark. The carbon accumulation follows a constant carbon to nitrogen 
ratio of about 10. Assuming that any losses of nitrogen is balanced by other inputs than nitrogen 
deposition, e.g. non-symbiotic nitrogen fixation, such unfertilised grasslands will lead to an annual 
a carbon accumulation of 200 kg C/ha. This corresponds to a net carbon sink of about 700 kg 
CO2/ha, which is considerable smaller than the estimate of 1733 kg CO2/ha for set-a-side with 
grassland on mineral soils suggested by Olesen et al. (2013), who assumed a higher nitrogen input. 
The nitrous oxide emissions from this system are likely to be very low and similar to natural 
ecosystems. There are very limited experimental data on nitrate leaching and phosphorus losses 
from grassland without legumes. However, nitrate leaching is likely to be very small, i.e. with 
annual nitrate leaching of 5-10 kg N/ha in clay soils with low drainage and 10-20 kg N/ha on sandy 
soils with high drainage. Thus, Thomsen et al. (1993) found nitrate leaching of 20 kg N/ha 
following unfertilized 1-yr-old ryegrass and 10 kg N/ha following permanent ryegrass on a sandy 
loam, in both cases with removal of plant material. Phosphorus losses through erosion will also be 
small, whereas any risk of phosphorus leaching will depend on the soil phosphorus content and 
degree of P saturation and only to a very small extent be affected by the set-a-side crop. 
 
Grass-clover swards will have a high input of nitrogen in biological nitrogen fixation, and in 
systems with 3-4 cuts per year with mulching of the material, this nitrogen fixation may amount to 
about 300 kg N/ha/year (Brozyna et al., 2013). In such systems nitrogen does not limit crop growth 
and soil organic matter build-up, which thus have been estimated to about 1.5 Mg C/ha/year for the 
top 25 cm soil (Schjønning et al., 2012). Since there is also a carbon accumulation in the subsoil 
under grassland then the annual soil carbon accumulation under grassland may amount to about 2.0 
Mg C/ha/year as found in an country-wide survey of soils in Denmark (Taghizadeh-Toosi et al., 
2014). This soil carbon accumulation corresponds fairly well with a biological nitrogen fixation of 
about 300 kg N/ha/year, which were measured in the initial year after conversion to grass-clover. In 
the longer term, enhanced soil nitrogen turnover will reduce biological nitrogen fixation. Over 
several years biological nitrogen fixation may thus be estimated to be about 200 kg N/ha/year, 
which with a carbon to nitrogen ratio of 10 corresponds to an annual soil carbon accumulation of 
2.0 Mg C/ha/year. This corresponds to a carbon sequestration of about 7.3 Mg CO2/ha/year. The 
nitrous oxide emissions in this system have experimentally been found to be low (Brozyna et al., 
2013). The large soil carbon accumulation in grass-clover swards will also accumulate phosphorus 
in the soil organic matter. However, since cuttings are not removed from the soil but left in the set-
a-side field this is likely not to reduce overall phosphorus leaching, but will likely reduce risk of 
phosphorus transport through erosion.  
 
Askegaard et al. (2011) studied nitrate leaching from different crop rotations with grass-clover 
swards, but with different crop management. Figure 1 shows the average nitrate leaching for 
different rotations and sites. The sites have different characteristics with sandy soil with high 
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rainfall (Jyndevad), loamy sand with medium rainfall (Foulum) and sandy loam with low rainfall 
(Flakkebjerg). In the first two cycles of the experiment (each of four years) grass-clover was cut and 
residues returned to the soil, and the grass-clover was followed by winter wheat leading to high 
nitrate leaching in the autumn after ploughing of grass-clover and sowing of the winter wheat 
(which still here is within the grass-clover leaching year that continues to end of March). The nitrate 
leaching is considerably lower in the third cycle, where grass-clover is ploughed in spring and 
followed by potato (varying from 14 at Jyndevad, to 4 at Foulum and 2 at Flakkebjerg). However, 
the nitrate leaching in this case is just shifted from the grass-clover crop to the autumn after the 
potato crop. 
 
The nitrate leaching in the third cycle in Figure 1 is from a grass-clover crop where the cuttings 
were removed. Brozyna et al. (2013) compared nitrate leaching at Foulum from grass-clover where 
cuttings were either removed or left in the field. They found average annual nitrate leaching of 8 kg 
N/ha from grass-clover with removal of cuttings and 19 kg N/ha with return of the cuttings. 
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Figure 1. Average annual nitrate-N leaching (kg N/ha/year) from each of the main crops in an 
organic crop production rotation without catch crops for the three cycles of four year each and at 
three sites. Values with the same letter within each cycle and site are not significantly different 
(P<0.05) (Askegaard et al., 2011). 
 
Organic farming systems with low environmental impact 
 
In 2013 an analysis was made for organic farming systems regarding the risk of nitrate leaching 
from the root zone (Eriksen et al., 2013). The analysis was based on the geographic distribution of 
organic farms in Denmark and experimental evidence from different lines of production. The 
highest risks for nitrate leaching were associated with animal production, in particular dairy 
farming. Thus, six of the ten suggested instruments for reducing nitrate leaching were focused on 
dairy crop rotations where leaching losses typically range from 20 to >100 kg N/ha with most 
leaching related to the residual effect of grass-clover cultivation. 
 
Also, other lines of animal production (pigs and poultry) carry the risk of nitrate leaching losses, but 
on these farms it is associated with the outdoor paddocks and runs where hotspots of nutrients may 
cause considerable local leaching. In the analysis two of the ten suggested instruments for reducing 
nitrate leaching were focused on these hotspots.  
 
The lowest risk of nitrate leaching was associated with stockless arable farming, but even here there 
is a risk related to cultivation of grain legumes and green manure, and the last two instruments 
suggested for reducing nitrate leaching addressed the necessity of efficient catch crop strategies in 
these systems. 
 
Lowest leaching losses in organic farming systems are found in perennial leys. Thus, leaching 
losses in unfertilized grass-clover leys are generally in the interval 10-25 kg N/ha (Eriksen et al., 
2004), lowest under cutting regime and highest under grazing regime (Eriksen et al., 2014). These 
measurements were conducted on sand or loamy sand soils. 
 
Production systems for use in extensive cultivated areas 
 
Organic production systems will typically have a more intensified nitrogen cycle than set-a-side. 
This thus leads to risks of higher losses of nitrogen and phosphorus to the aquatic environment, in 
particular because the crop rotations typically have combinations of grasslands with cereals, seed 
crops and forage crops. The large pulse of mineralisation of nitrogen following ploughing of 
grasslands will in such rotations often lead to large nitrate leaching losses as also shown in Figure 1. 
 
There are two types of organic farming systems that may contribute to low risk of nitrate leaching. 
One system is a permanent grass which is grazed with low livestock density. In such a system the 
soil will be permanently covered with grass and there will also typically be a low nitrate leaching 
compared to crops in rotations with periods of bare soil and higher risks of nitrate leaching. 
However, the nitrate leaching in permanent grassland with grazing will depend on type of grassland 
(with and without legumes) and the input intensity (Eriksen et al., 2004). The nitrate leaching may 
increase in such systems over time, in particular with high input intensity and with little buffering in 
the systems. However, Eriksen et al. (2004) found that the buffering capacity of grazed grass-clover 
was maintained over an 8 year period with annual nitrate leaching levels of 10-25 kg N/ha. With 
low livestock density, the nitrate leaching from grazed grass-clover may be even lower. The risk of 
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loss of phosphorus through erosion may also be expected to be very low, since the net input of 
phosphorus in such a system is very low and the vegetation cover will provide protection against 
erosion. Soil organic matter accumulation in such long-term grazed grass-clover systems may be 
expected to correspond to productive grass-clover crops with an annual accumulation of 1 to 2 Mg 
C/ha, corresponding to 3.5 to 7 Mg CO2/ha. In grazed systems there will be a greenhouse gas 
emission from nitrous oxide, which for an annual N deposition in urine and faeces of 50 to 100 kg 
N/ha will correspond to 0.2 to 0.5 Mg CO2-eq/ha. However, the soil carbon sequestration will at 
least for several decades outweigh the nitrous oxide emissions. 
 
The other organic farming systems with low environmental impact may be an arable crop 
production system with legume-based catch crops grown every year between annual spring sown 
crops. Such catch crops can reduce nitrate leaching substantially to on average about 20 kg 
N/ha/year (Askegaard et al., 2011). This leaching level may be higher on sandy soils (30-40 kg 
N/ha/year) and lower on loamy sand (less than 10 kg N/ha/year). The efficiency of catch crops 
strongly depends on how well they are established and how large the mineral nitrogen pools are. 
Therefore, these catch crops will work better in arable crop production systems with moderate use 
of manure and no cropping of grass-clover pastures that greatly enhances soil nitrogen 
mineralisation. In such systems catch crops may be expected to lower nitrate leaching to even lower 
levels. However, this still needs to be documented. Catch crops will not only reduce nitrate 
leaching, they may also provide substantial organic matter to enhance soil carbon sequestration. The 
amount of carbon sequestered may vary between 0.2 to 0.4 Mg C/ha/year (Thomsen and 
Christensen, 2004; Schjønning et al., 2012). This corresponds to emissions reductions of 0.7 to 1.4 
Mg CO2/ha/year. Catch crops will take up nitrate that may have been lost by leaching and thus 
being an indirect source of nitrous oxide. However, catch crops are also sources of nitrous oxide 
when they are incorporated into the soil, which cancels out the reduced indicted nitrous oxide 
emissions. The continuous crop cover in such a system will protect against soil erosion and thus 
also surface transport of phosphorus. 
 
A major challenge to maintain an organic cropping system with continued use of catch crops is to 
ensure effective control of perennial weeds, which normally is controlled through repeated stubble 
cultivations in autumn that often prohibits use of effective catch crops and thus enhances nitrate 
leaching (Askegaard et al., 2011). New row-based cropping systems in cereals and other annual 
agricultural crops may overcome this problem. By enhancing the inter-row space from normally 
about 12 cm to 20 cm or more, it is feasible using modern vision and/or GPS guided hoeing systems 
to effectively control weeds (including perennial weeds) between the crop rows during the cropping 
season, and this machinery may also be used to seed the catch crop after the last hoeing. This 
methodology is already used by an increasing number of organic arable farmers. The next challenge 
is to remove weeds in autumn between the rows of the catch crops. The ongoing RowCrop project 
under OrganicRDD2 is developing this technology and measuring the effects on nitrate leaching. 
Since the experiment has just started there is yet no data to document the viability of this strategy. 
 
These row cropping systems with catch crops will also enable cultivation of pulses such as peas, 
lupin and faba bean. Such crops may lead to enhanced nitrate leaching after crop harvest; however, 
this may be minimised by cultivation of effective catch crops. Such catch crops could be a mixture 
of legumes with nitrogen fixation and plants without nitrogen fixation. Such a mixture may in 
organic crop production systems ensure both the nitrogen input needed to substitute imports of 
conventional manure and minimize the risk of nitrate leaching. However, also here there is a need 
for documenting the long-term agronomic feasibility and environmental impacts. 
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Effects of inputs on nitrate leaching 
 
Nitrogen input is often believed to be the source and cause of nitrate leaching. In reality nitrate 
leaching in most current systems with less than optimal nitrogen fertilization rates depends on 
mineralization of soil organic nitrogen and whether there is a crop cover during autumn and winter 
to take up this excess mineral nitrogen. There is therefore often a poor or weak relationship between 
nitrogen inputs and nitrate leaching. This is illustrated for measured N leaching over four-year crop 
rotations with organic and conventional arable crop production systems at three sites in Denmark 
(Figure 2). Here the response of N leaching to N inputs varied between sites with the highest 
response of 0.26 kg NO3-N/kg N at Jyndevad (coarse sand and high rainfall), medium response of 
0.07 kg NO3-N/kg N at Foulum (loamy sand with medium rainfall) and low response of 0.03 kg 
NO3-N/kg N at Flakkebjerg (sandy loam with low rainfall). For some of the sites the response of 
nitrate leaching to the great variation in N inputs in these systems were much smaller that the effect 
of autumn crop cover, which was estimated as being 20 kg N/ha/year lower with autumn crop cover 
compared to bare soil or weeds. For both Foulum and Flakkebjerg the effect of autumn crop cover 
thus greatly exceeded any effect of change in fertilization level, whereas for the sandy soil at 
Jyndevad, the effect of crop cover would be replaced by a reduction in fertilization of 77 kg N/ha.  
 

Nitrogen inputs in fertiliser, manure and crop residues (kg N/ha)
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Figure 2. Average annual nitrate leaching over 4-year crop rotations in organic and conventional 
arable farming systems at three experimental sites in Denmark plotted versus average annual 
nitrogen inputs in fertilizer, manure and crop residues. The broken lines show regressions for 
cropping systems with bare soil in autumn and the solid lines for systems with active crop cover 
(grassland or catch crop) in autumn (Olesen, 2013). 
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The leaching responses in Figure 2 to nitrogen inputs in fertilisers and manure were taken from a 
long-term experiment that had been running for 9-12 years with similar treatments. It may expected 
that the nitrate leaching response to nitrogen input will get steeper over time as soil organic nitrogen 
is depleted with low inputs and build up with high inputs. However, such effects are likely to 
accumulate only over decades, and would thus not be seen within the first 10 to 20 years. 
 
Measures for reducing nitrate leaching 
 
As mentioned above the most important measure for ensuring low nitrate leaching in extensive 
cropping systems is to make sure that there is an effective plant cover during autumn and spring. 
Such a plant cover may be established by undersowing in the previous crop or through sowing after 
harvest of such main crops. However, high yielding crops will tend to compete severely with the 
undersown crop and thus reduce establishment and also effectiveness of the catch crop in taking up 
the soil nitrate (Doltra and Olesen, 2013). Therefore, increasing row spacing and maintaining low 
fertilisation levels will favour a better catch crop establishment and low nitrate leaching. 
 
An alternative to the extensive cultivation of organic crop production systems with continuous crop 
cover is cultivation of perennial energy crops. Pugesgaard et al. (2014) compared nitrate leaching 
from winter wheat with that from a grass-clover and willow grown on a loamy sand soil at Foulum. 
The average annual nitrate leaching from winter wheat was 54 kg N/ha. This should be compared 
with 5 kg N/ha from the grass-clover that was cut and removed. This low nitrate leaching aligns 
well with the measurements found in other studies from the same site reported above (Askegaard et 
al., 2011; Brozyna et al., 2013). A newly established willow crop had a similar low nitrate leaching 
of 9 kg N/ha. However, an older willow plantation that has been established 12 years earlier showed 
a higher nitrate leaching of 15 kg N/ha. This higher nitrate leaching from the old willow may 
potentially be attributed to accumulation of nitrogen in organic matter and thus greater rates of soil 
nitrogen mineralisation and higher risks of leaching during periods outside the growing season with 
high rainfall. The bioenergy cropping systems have a potential advantage in terms of reducing risk 
of phosphorus losses since the harvesting and removal of biomass may over time deplete 
phosphorus rich soils of excess phosphorus. 
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