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Agriculture and the dairy sector in particular are required to reduce greenhousegas (GHG) emissions. Fodder production is the third major source of GHG emission in dairy production. The use of small seeded legumes as major fodder could possibly reduce this source of GHG emissions. Since fodder requirements and fodder production are intertwined we used a modelling approach. The GHG emission of four model dairy farms were analyzed using the “calculation standards for GHG balances for single agricultural farms” (BEK). The farms differed in feeding rations and crop production but contained an equal number of dairy cows with similar milk productivity. The major difference was the source of protein used in the feeding strategy, which was a) rapeseed-extraction meal, b) clover-dominated ley silage c) mixed using both previous elements and d) high yielding clover-dominated leys. The landuse based GHG emissions were markedly reduced in the legume-fodder based compared to oilseed-rape based farms and intermediate for farms with a mixed feeding strategy. These reductions in GHG emissions were distinctly influenced by modelled soil humus-C accumulation. The reductions in landbased GHG emissions due to clover-ley as major fodder were notable, with emissions being decreased by generally 164,544 kg CO2e farm−1 and up to 191,562 kg CO2e farm−1 equal to 70 to 82%, compared to the rapeseed-extraction meal based farm. These substantial landuse based reductions in GHG emissions were close to half the amount arising from enteric fermentation of 100 cows from these model farms. When landuse and animal husbandry based GHG emissions are combined then GHG emission per hectare could be reduced by 36% in the legume dominated compared to the conventional farm. The product based GHG emission for milk production was also markedly reduced by 24–27% equal to 0.19–0.22 kg CO2e ECM−1 using the same comparisons. A clover dominated feeding strategy also reduced the N-purchases of farms but increased land requirement for fodder production and reduced available land for tradeable crops. Nevertheless, a feeding strategy including clover dominated leys could be an easily implemented tool to substantially reduce GHG emissions of dairy farms.
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1 Introduction

For agriculture in general and the dairy sector in particular there is an increasing need to reduce greenhousegas (GHG) emissions (Woods et al., 2010; Knapp et al., 2014; Fritz, 2022) while keeping up productivity. There are multiple sources of GHG emissions in the dairy farming environment (IPCC, 1997; IPCC, 2006) with the three major sources being methane emission due to enteric fermentation, soil borne nitrous oxide (N2O) emissions in the field following mineral or slurry nitrogen (N)-fertilizer application and slurry storage (Flaig, 2017; Wattiaux et al., 2018; Köke et al., 2021). These account for 46, 29 and 24% of the GHG emissions in the German agricultural sector, respectively (Fuß et al., 2024).

Although methane emission due to enteric fermentations is the major contributing factor, the options to reduce this source, such as feeding management, rumen modifiers and increasing animal productivity (Knapp et al., 2014) can also have some drawbacks. The increased use of concentrate feed, unknown longterm effects of rumen modifiers (Nawab et al., 2020) and the often negative impact of very high animal productivity on required animal replacements are some possible drawbacks (Knapp et al., 2014; Poppinga et al., 2016). Improving the quality and quantity of locally produced fodder was mentioned to be a cost effective strategy to reduce GHG emissions in the dairy sector (Fritz, 2022).

The increased use of legumes with reduced N input are viewed as a promising option to mitigate climate change in agriculture (Prudhomme et al., 2020; Nemecek et al., 2015). Legumes release 5–7 times less GHG per unit area compared with wheat or oilseed-rape (Jeuffroy et al., 2013; Stagnari et al., 2017), enhance the sequestration of carbon in soils (Jensen et al., 2012; Ebertseder et al., 2014; Wu et al., 2017; Kumar et al., 2018; van der Pol et al., 2022) and reduce the need for fossil energy dependent mineral N fertilizer (Jensen et al., 2012). Furthermore, legumes can increase yield in combination with grasses (Weggler et al., 2019) and provide protein-rich fodder required for highly productive dairy cows. Although it was previously stated that an altered “Feed mix “towards a legume based mix was deemed less effective in mitigating GHG emissions compared to other means (Prudhomme et al., 2020), this conclusion was drawn for the use of annual grain legumes and all farming types. Therefore, the effect of using perennial, smallseeded legumes (SSL) as a protein rich fodder crop with low N requirements (Parkin and Kaspar, 2006) on the GHG emissions of conventional dairy farms remains unclear.

In recent decades oilseed-rape (rape) extraction meal (RES) and soy-cake were the major sources of protein rich feed for dairy cows although the need to increase local sources of protein is appreciated. The European Union is still highly dependent on imports of such protein rich feed (Albaladejo Román, 2023). Smallseeded legumes such as clover and lucerne are a local source of protein, with a high nutritional value for dairy cows. As fodder they can increase dry matter intake and milk yield of dairy cows (Johansen et al., 2018). Still their use in conventional dairy farms so far is limited. The cropped area with SSL has increased only moderately from 0.26 million ha in 2016 to 0.35 million ha in 2023 (Statistisches Bundesamt, 2024), about 2.9% of the cropped area in Germany. For comparison, maize-silage as the preferred fodder combination to protein rich feed, took up 2.00 million ha of the cropping area in 2023 (Statistisches Bundesamt, 2024). The import of protein rich feed, due to its carbon footprint, is increasingly questioned in recent years, while at the same time there are many modelling tools for GHG assessments and the choice of the appropriate tool remains difficult.

Numerous assessments of GHG emissions in the farming sector have been conducted (Rotz, 2018; Frank et al., 2019) and the approaches differ in focus and applied system boundaries. They range from analysing specific processes (Huyen et al., 2016; Wattiaux et al., 2018) to whole farming systems (Sutter et al., 2013; Zehetmeier et al., 2014; Guggenberger et al., 2020; Ineichen et al., 2022). Nowadays, upstream emissions are frequently included in GHG estimations (Guggenberger et al., 2020), which should be the preferred option (O’Brien et al., 2012), although according to IPCC guidelines those emissions are not reported in the “landuse” section (IPCC, 2006, 2019). In this so called “cradle to farm gate approach “emissions due to N-fertilizer production, external feed purchases and direct energy use are included (Frank et al., 2019; Guggenberger et al., 2020; Reinsch et al., 2021). Many GHG assessment tools such as REPRO (Hülsbergen, 2003; Frank et al., 2019), Farmlife (Guggenberger et al., 2020; Fritz, 2022), KLIR (Köke et al., 2021; Ineichen et al., 2022) and also the BEK-calculation standards (Arbeitsgruppe-BEK, 2021) use this approach. Since SSL have the potential to reduce GHG emissions on various levels (Jensen et al., 2012) the latter approach is particularly suitable to assess the effect of SSL on the GHG emissions of dairy farms.

The impact of an increased use of SSL-leys on GHG emissions of dairy farms can be assessed by comparing existing or modeled farms. Comparing GHG emissions of existing farms is useful to point out general differences between for example organic and conventional farming systems (Kassow et al., 2009; Frank et al., 2019). Since SSL are commonly used in organic but less so in conventional dairy farms in Germany (Kassow et al., 2009, Reinsch et al., 2021) it is tempting to use farming systems as a surrogate for the effect of SSL on GHG emissions of dairy farms. However, this comparison is flawed since those farming systems also differ in many other important features such as productivity per cow and more. Since the effect of SSL on the GHG emissions of dairy farms was meant to be assessed for conventional farms as well, a model farm approach that incorporates feeding requirements of high yielding dairy cows was deemed suitable to consider the important interactions between animal husbandry, feed production and land management (Frank et al., 2019).

To assess the effect of SSL based fodder on the GHG emissions of a whole farm we assumed four equally structured model farms and modelled their GHG emissions and humus balances with the BEK calculation standards (Arbeitsgruppe-BEK, 2021) using a “cradle to farm gate approach”. We hypothesized that SSL based feeding rations of dairy cows and subsequent management of arable land would result in an improved GHG balance compared to farms based on feeding rations using maize-silage and RES. To analyze this in more detail we assumed two different yield levels of SSL dominated leys: average and high. Secondly, we hypothesized that N-fluxes to and from the farm are improved in SSL compared to maize-silage and RES based farms. Thirdly, we assessed whether a mixed feeding ration, intermediate between the above mentioned ends of the scale, can be a valuable option to improve the GHG balance of farms.



2 Materials and methods

Land management including crop selection and slurry distribution of a dairy farm depends strongly on animal stocks, feeding strategy and resulting fodder requirements. Therefore, the description of the general farm setup including animal husbandry is covered first and details covering land management and GHG emissions, the major focus of the work (Figure 1), are listed thereafter.
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FIGURE 1
 Attributes included in the estimated GHG emissions for the four model farms based on either land management specific for each model FANN or GHG emissions based on animal husbandry similar for all four model farms. Assumed in- and output products for both sectors of the farms are listed.


To simplify the farm systems, we assumed that the farms kept 100 dairy cows (Fleckvieh) during their lactating as well as during their dry phase. Heifer production occurred externally. It was assumed that a similar amount of 33 cows get bought in (650 kg body weight (BW) animal−1) and go out of production (750 kg BW animal−1) annually and 100 calves (45 kg BW animal−1) were sold annually. The dairy cows were assumed to have a yearly milk production in energy corrected milk of 9.000 kg ECM cow−1 year−1 (ECM: 3.4% protein, 4% fat), encompassing the lactating and the dry phase of the cows and a production of 28 kg ECM cow−1 day.

The feeding rations used in the four model farms are listed in Table 1 and were in brief as follows (a) the RapeF feeding ration consisted of a conventional feeding ration of maize-silage, grass-silage, RES, urea, cereal grain and straw (b) the LegF feeding ration was based on legume-rich-silage, grass-silage, cereal-grain and maize-grain (c) the MixF feeding ration was based on a mixture of the previous feeding components including legume rich silage, grass-silage as well as maize-grain and a lower amount of RES and (d) the hLegF feeding ration was similar to the LegF ration, only the yield of the legume-rich leys was assumed to be higher (Table 2).


TABLE 1 Different feeding rations for dairy cows in four model farms with an annual milk yield of 9,000 kg ECM cow−1 year−1.


	
	Model farms



	Feed components
	RapeF
	LegF
	MixF
	hLegF

 

 	 	Feeding rations (kg DM cow−1 day−1)


 	Grass-silage (cut 1–4)a 	7.00 	7.00 	7.00 	7.00


 	Leg. rich silage (cut 1–5) 	 	8.00 	4.00 	8.00


 	Maize-silage 	7.50 	 	4.00 	


 	Maize-grain 	 	2.84 	2.10 	2.84


 	Barley-grain 	2.60 	2.00 	2.15 	2.00


 	Wheat-straw


 	Barley-straw 	0.50 	 	 	


 	RESb 	2.21 	 	0.6 	


 	Urea 	0.02 	 	 	


 	Cattle-salt 	0.03 	0.02 	0.03 	0.02


 	Mineralfeed 10/0b 	 	0.14 	 	0.14


 	Mineralfeed 20/0b 	0.14 	 	0.12 	


 	 	Attributes of rations


 	DM intake (kg DM cow−1 day−1) 	20.0 	20.0 	20.0 	20.0


 	NEL (MJ kg DM−1) 	6.58 	6.47 	6.60 	6.47


 	uCP (g kg DM−1) 	148 	143 	145 	143


 	RNB (g kg DM−1) 	−0.9 	1.4 	−0.8 	1.4





a Grass-silage (cut1-4) = permanent grassland, intense production system, medium yield.

b Ca/P in g/kg DM.
 


TABLE 2 Assumed seeding rates and crop yields for the four model farms and revenue for sold products.


	Crops, products
	Seedingrate (kg ha−1)
	Yield (t DM ha−1)
	Yield (t FM ha−1)

 

 	Permanent grassland 	NA 	8.00 	


 	Ley Grass 	40 	8.00 	


 	Ley Leg 	20 	8.0 (10.0)a 	


 	Maize-silage 	30b 	16.10 	45.90


 	Maize-grain 	30b 	10.30 	12.00


 	Winter wheat 	220 	7.34 	8.44


 	Winter barley 	185 	6.95 	7.98


 	Rape 	5 	3.80 	4.07


 	RES 	 	 	2.48


 	Straw (wheat, barley) 	 	 	





a For “hLegF” only.

b Thousand-grain-weight for maize assumed 375 g (200–450 g), seeding density 80,000 seed ha−1.
 

The feeding rations were calculated using the model “Unirat” (Unirat, LAZBW, n.d.), which is based on recommendations of the German Society of Nutrition Physiology e. V (GfE, 2001). Common standard crop quality parameters, provided by Unirat (Unirat, LAZBW, n.d.), were used for calculating the feeding rations and are listed in Table 3. For the legume rich ley fodder with a red clover content of about 70–80% standard values were not available. Therefore a comparably low crude protein (CP) content of 178 g kg DM−1 with 20% of rumen undegradable protein was assumed (Table 3). This protein content was measured locally in freshly cut, red clover dominated permanent grasslands as a weighted mean of five cuts (Weggler et al., 2019). Protein losses and degradation due to silage preparation or other harvesting procedures were not considered, since they are dependent on the silage or harvesting method.


TABLE 3 Selected attributes of the feed components in the four model farms.


	Attribut
	Unit
	Grass silage
	Leg. rich silage
	Maize silage
	Barley grain
	Maize grain
	Barley straw
	RES

 

 	DM 	(g kg FM−1) 	367 	280 	341 	880 	880 	860 	890


 	NEL 	(MJ kg DM−1) 	6.0 	5.9 	6.7 	7.9 	8.4 	3.8 	7.3


 	CP 	(g kg DM−1) 	160 	174 	75 	100 	102 	32 	385


 	UDP 	% of CP 	15 	20 	25 	25 	50 	45 	35


 	RNB 	(g kg DM−1) 	4 	5.7 	−10 	−9 	−10 	−7 	−21


 	uCP 	(g kg DM−1) 	136 	143 	135 	154 	166 	75 	253


 	NDF 	(g kg DM−1) 	424 	400 	372 	225 	110 	790 	315


 	CA 	(g kg DM−1) 	111 	81 	36 	32 	17 	54 	77





DM = dry matter; FM = fresh matter; NEL = Net energy for lactation; CP = Crude protein; UDP = ruminally undegraded crude protein RNB = Rumen nitrogen balance; uCP = utilizable CP at duodenum; NDF = neutral detergent fibre assessed with a heat stable amylase; CA = Crude ash.
 

The assumed model farms consisted of 70 ha cultivated land and 30 ha permanent grassland, which is typical for “Oberschwaben”, a major dairy region in the Southwest of Germany (Herrmann et al., 2011). The necessary cropping area for fodder production was determined by the feeding rations of the cows (Table 1) and crop productivity (Table 2). The used crops included grass-leys, legume-grass-leys (legume dominated), maize-silage, maize-grain, wheat, barley and rape. From rape only the protein rich rapeseed extraction meal is used as fodder and is usually purchased by farmers. Since GHG emissions attached to imported rapeseed can vary considerably and cannot be known in detail this crop was included as cultivated crop in the model farms. The arable land not taken up by feed and fodder production was cultivated with wheat. The allocation of crops on the cropping area of the four model farms is shown in Figure 2. Straw, as a subproduct from cereal production, was assumed to be sold except for a base consumption of 20 t DM straw farm−1 year−1 for bedding material. A summary of annual crop yield, feeding requirements, sold and purchased products for the model farms is provided in Table 4.
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FIGURE 2
 Allocation of cropping area in hectare for the model farms.



TABLE 4 Annual crop yield, feed requirements for 100 dairy cows with 9.000 kg ECM year−1, sold and purchased products for the four model farms.


	
	Model farmsa



	Crop
	RapeF
	LegF
	MixF
	hLegF

 

 	 	Annual yield (t DM farm−1)


 	Perm. grassland 	240.0 	240.0 	240.0 	240.0


 	Ley Grass 	160. 	16.0 	16.0 	16.0


 	Ley Leg.2 	0 	296.0 	144.0 	300.0


 	Maize-silage 	273.7 	0 	153.0 	0


 	Maize-grain 	0 	108.2 	77.3 	108.2


 	Winter wheat 	14.7 	69.7 	91.8 	121.1


 	Winter barley 	97.3 	76.5 	79.9 	76.5


 	Rape 	133.0 	0 	34.2 	0


 	Wheat straw 	11.7 	55.8 	73.4 	96.9


 	Barley straw 	68.1 	53.5 	55.9 	53.5


 	 	Feeding requirements (t DM farm−1)


 	Perm. grassland, L.-Grass 	255.5 	255.5 	2,555 	255.5


 	Ley Leg.2 	0 	292.0 	146.0 	292.0


 	Maize-silage 	273.8 	0 	146.0 	0


 	Maize-grain 	0 	103.7 	76.7 	103.7


 	Winter wheat 	0 	0 	0 	0


 	Winter barley 	94.9 	73.0 	78.5 	73.0


 	Rape 	133.0 	0 	34.2 	0


 	Wheat straw 	0 	0 	0 	0


 	Barley straw 	18.3 	0 	0 	0


 	RES 	80.7 	0 	21.9 	0


 	 	Sold products (t DM farm−1)


 	Winter wheat 	14.7 	69.7 	91.8 	121.1


 	Winter barley 	2.4 	3.5 	1.5 	3.5


 	Rape 	133.0 	 	34.2 	


 	Wheat straw 	11.7 	55.8 	73.4 	96.9


 	Barley straw 	49.9 	53.5 	55.9 	53.5


 	 	Purchased products (t DM farm−1)


 	RES 	80.7 	0 	21.9 	0





a Model farms: “RapeF” based on maize-silage and RES fodder; “LegF” based on SSL rich ley fodder; “MixF” based on components of both previous options; “hLegF” based on SSL rich ley fodder, with higher assumed yield of the SSL-ley crop. 2Legume-grass leys with 80% clover content.
 

The N-fertilization requirements of crops and grassland was covered by mineral N-fertilizer and the farm sourced slurry-N. The crop and grassland specific N-fertilization rates as organic, slurry-N or mineral-fertilizer-N are shown in Table 5. Calcium ammonium nitrate (CAN, 27% N) was used as mineral N-fertilizer (Table 5). For slurry-N the plant-available N fraction and gaseous losses were estimated as follows. The slurry from 100 dairy cows (21 m3 cow−1 year−1) was assumed to be diluted by 1:1 and had an N-concentration of 2.83 kg N m−3 in the diluted slurry, prior to losses. Slurry N-losses of 15% during storage (Mann et al., 2021) and 7% N during application on arable land and 18% N during application on grassland (Bruckner and Blumenstein, 2024) was assumed prior calculating the effective amount of slurry N-fertilisation for each crop and each model farm (Table 5). The N supply for legumes also consisted of symbiotically fixed-N, which was estimated according to the equation by Carlsson and Huss-Danell (2003), where legume-grass leys with a red clover content of 80% were used as input values. All arable crops were also fertilized with 46 kg P2O5 ha−1 and 200 kg CaO ha−1.


TABLE 5 Mineral and organic nitrogen (N) fertilizer application rates for the four model farms.


	Crop
	N-rate
	Model farms



	
	
	RapeF
	LegF
	MixF
	hLegF



	
	
	Org.
	Min.
	Org.
	Min.
	Org.
	Min.
	Org.
	Min.

 

 	 	N-fertilisation (kg N ha−1) (in brackets: slurry application rate (m3 ha−1))


 	Perm. grasslanda 	230 	166 (82) 	64 	166 (82) 	64 	166 (82) 	64 	166 (82) 	64


 	Ley.-Grassa 	230 	121 (60) 	109 	121 (60) 	109 	166 (82) 	64 	121 (60) 	109


 	Ley Leg.b 	200 	0 	0 	46 (20) 	4 	46 (20) 	4 	46 (20) 	39


 	Maize-silageb 	215 	115 (50) 	85 	0 	0 	92 (40) 	108 	0 	0


 	Maize-grainb 	50 	0 	0 	92 (40) 	123 	92 (40) 	123 	92 (40) 	123


 	W. Wheatb 	230 	138 (60) 	92 	115 (50) 	115 	69 (30) 	161 	115 (50) 	115


 	W. Barleyb 	180 	0 	180 	0 	180 	0 	180 	0 	180


 	Rapeb 	200 	46 (20) 	154 	0 	0 	46 (20) 	154 	0 	0





a 18% slurry N-losses during application.

b 7% slurry N-losses during application.
 

For estimating the GHG emissions of model farms, the BEK calculation standards for GHG balances (Arbeitsgruppe-BEK, 2021) were used. In brief, the calculation standards consider the emission of the three major GHG relevant gases (CO2, CH4, N2O) which are transferred into CO2 equivalents (CO2e) via the GWP-100 metric. Chosen system boundaries for estimated GHG emissions, assumptions and included factors are shown in Figure 1.

For estimating the crop specific GHG emissions, the BEK recommended general set of parameters were used and the crop specific parameters were adapted for each crop. The crop specific parameters and major assumptions used in the GHG estimation are listed in Table 6. The crop specific humus accumulation and reduction values and the humus-build-up-coefficient for byproducts (Ebertseder et al., 2014) applied in the GHG estimation, are also shown in Table 6. For permanent grassland a grassland age of 21–30 years was assumed (Arbeitsgruppe-BEK, 2021). Energy consumption for land management was stated to be 115 L diesel ha−1.


TABLE 6 Major assumptions and a selection of used parameters for estimating the GHG emissions of farms, using BEK calculations standards.


	Parameter
	Wheat
	
	
	Barley
	S-Maize
	
	Maize-G
	Rape
	LG leys
	hLG leys
	G ley
	p. Grassl

 

 	Major product: Yield (t FM ha−1) 	8.37 	 	 	7.92 	45.9 	 	12.0 	4.07 	 	 	 	


 	Major product: Yield (t DM ha−1) 	7.34 	 	 	6.95 	16.1 	 	10.3 	3.8 	8.0 	10.0 	8.0 	8.0


 	Ratio Grain/Straw 	1:0.8 	 	 	1:0.7 	NA 	 	1:1 	1:1.7 	NA 	NA 	NA 	NA


 	Residue, 80%, (t FM ha−1) 	5.40 	 	 	4.44 	NA 	 	9.60 	5.89 	NA 	NA 	NA 	NA


 	Residue, 80%, (t TM ha−1) 	4.70 	 	 	3.89 	NA 	 	8.24 	5.17 	NA 	NA 	NA 	NA


 	Residue (used/remains (rem.) on field) 	Used 	 	 	Used 	NA 	 	Rem. 	Rem. 	NA 	NA 	NA 	NA


 	Slurry (m−3 ha−1) 	60 	50 	30 	0 	50 	40 	40 	20 	20 	20 	60 	82


 	Slurry N-content (kg N m−3)a 	2.465 	 	 	2.465 	2.465 	 	2.465 	2.465 	2.465 	2.465 	2.465 	2.465


 	Slurry Management (A, B, C)b 	B 	 	 	B 	B 	 	B 	B 	B 	B 	B 	B


 	Slurry Humus-C (kg humus-C m−3)c 	6 	 	 	6 	6 	 	6 	6 	6 	6 	6 	6


 	Mineral N fertilizer (kg N ha−1) 	92 	115 	161 	180 	85 	108 	123 	154 	4 	4 	109 	64


 	Credits N (slurry previous year) 	0 	 	 	0 	0 	 	0 	0 	0 	0 	0 	0


 	Ratio below/above ground DM 	0.23 	 	 	0.22 	0.22 	 	0.22 	0.54 	0.6 	0.6 	0.54 	0.8


 	N-content roots (kg N kg DM−1) 	0.009 	 	 	0.009 	0.007 	 	0.007 	0.012 	0.02 	0.02 	0.012 	0.012


 	Crop. specific. Humus-Reduction/Accum. (kg hum-C ha−1) 	−400 	 	 	−400 	−800 	 	−800 	−400 	600 	800 	600 	400


 	Hum. build up coef for By-Productse (kg hum-C kg FM−1) 	0.1 	 	 	0.1 	0.1 	 	0.1 	0.1 	0.1 	0.1 	0.1 	0.1


 	N credits for follow up crop (kg N ha−1)d 	0 	 	 	0 	0 	 	0 	0 	80 	80 	0 	0


 	N content side products (kg N kg TM) 	0.005 	 	 	0.005 	 	 	0.009 	0.007 	na 	na 	na 	na





a slurry 1:1 diluted and 15% N as storage loss subtracted.

b B Slurry incorporation within 4 h or with slot application into the vegetation.

c according to VDLUFA, assumed 4% DM in slurry.

d according to DÜV.

e by-products such as straw, leaves, stubble.
 

For some crops such as rape and SSL not all crop specific parameters were provided (i.e., humus creation factor for rape residues). The humus creation factor for cereal residues was also used for rape residue although it was not specifically developed for it. Furthermore, input values such as cereal straw- and rape-residue-management are generally dependent on farm specific crop management. Due to these uncertainties some crop-specific-parameters and straw management options were varied in a small scaled sensitivity analysis and their effect on the GHG balance was determined. For maize-grain and rape, all residues were assumed to stay on the field.

The sum of GHG emissions per model farm was calculated by multiplying crop specific GHG emissions by the respective cropping area. The GHG emissions attached to sold crops were subtracted. To determine the GHG emission related to dairy production, land management based GHG emissions needed to be allocated. The GHG emissions arising due to feed and fodder production were assigned to the internal “dairy production “system whereas surplus crops were assigned to “sold products.” The estimated GHG emissions for rape needed to be split between the internally used RES and the externally sold rape-oil. The GHG emission were split on the basis of the energy contained in the two components, with an allocation factor of 0.35 for RES and 0.65 for oil according to Majer et al. (2015). Similar to this, land requirement from rape also needed to be allocated to internally required RES-protein and externally traded rape-oil, using similar allocation factors.

Cereals also produce two products, grain and straw, which are usually traded independently. Grain has a higher economical value, whereas straw has a higher humus building capacity. Straw can be used as fodder, bedding material or traded externally, whereas grain is frequently traded. Since grain is the product with higher economical value the GHG emissions were assigned to this subproduct. However, GHG benefits for straw-residue such as “humus-building capacity” were assigned to the straw. This is in difference to the BEK calculation methods. If the straw was sold externally the residue credits were assigned to the “sold products“. If straw was incorporated in the soil or used as bedding material the credits were assigned to the internal “dairy production “system. A base consumption of 20 t DM straw year−1 for bedding was assumed for all farms. Harvested straw has usually a DM content of 86%. The straw, as FM, was transferred into humus-equivalents (Häq; 100 Häq t FM−1 = 100 kg C t FM−1, Ebertseder et al., 2014) and expressed as CO2e credits by using the transfer coefficient of 3.67 (Arbeitsgruppe-BEK, 2021). Only 80% of calculated residue were used for estimating residue credits according to recommendations by BEK (Arbeitsgruppe-BEK, 2021).

The GHG emissions for the animal husbandry part of the farms were also estimated using the BEK calculation standards for dairy cows (Arbeitsgruppe-BEK, 2021). The required input values for feeding rations for this set of calculations were 5 kg DM cow−1 day−1 of unspecified concentrate feed and 15 kg DM cow−1 day−1 for roughage fodder. This was equivalent to the feeding rations used in the four model farms. The annual methan (CH4) emission of dairy cows was estimated as follows: kg CO2e cow−1 = 142.43 kg CH4 cow−1 *25 kg CO2e kg CH4−1 (GWP 100) using recommended values (Arbeitsgruppe-BEK, 2021). Meat productivity was low in our model farms, as the balance of animal purchases and sold animals almost balanced out. Therefore, all GHG emissions arising due to fodder production and animal husbandry were assigned to dairy milk production.

The N-flows to and from farms could additionally be calculated using this model farm set up. The N-purchases as mineral-N fertilizer and the N-sales as cereal grain and straw describe these N-flows. Purchases of N in RES were assumed to be balanced with N in rape grain sales. The CP content of sold products was assumed to be as follows: barley grain 19.2 kg N t DM−1 (120 g CP kg DM−1), wheat grain 22.4 kg N t DM−1 (140 CP kg DM−1), straw 4.3 kg N t DM−1. For animal based products the following assumptions were taken: milk 34 g CP kg−1 milk, N-content of dairy cows and calves 0.25 kg N t−1 body weight. The nitrogen concentration in protein was assumed to be 16% for all traded protein products. The symbiotically fixed-N by legumes was estimated as described previously.



3 Results

The estimated GHG emissions for the different crops are listed in Table 7. Potential soil humus accumulation or reductions were already included in those values. Since estimated GHG emission for crops vary between the four farms due to farm specific slurry and mineral N application rates and partly different yield expectations (hLegF farm) the crop and farm specific values are summarized in a table in the supplement. The estimated crop specific GHG emissions were by far the highest for maize-silage of 5,954 kg CO2e ha−1 year−1 followed by wheat and barley of 5,016 kg and 4,534 kg CO2e ha−1 year−1 respectively, when straw residue benefits were excluded. Estimated GHG emissions for oilseed-rape and maize-grain were 2,346 kg and 2,732 kg CO2e ha−1 year−1, respectively, due to residues remaining in the field. This is the common practice for those crops, but residue related values are listed in Table 7 for comparison. By far the lowest amount of GHG emissions were estimated for grass-legume (GL)-leys and high yielding grass legume (hGL) leys, which were even negative and were −816 kg and −1,414 kg CO2e ha−1 year−1, respectively.


TABLE 7 Modelled GHG emissions for the different field crops of the model farms.


	Attribut
	Field crop



	
	Wheat
	
	
	Barley
	Maize-S
	
	Maize-G
	Rape
	LG leys
	hLG leys
	G ley
	p. Grassl

 

 	Slurry application rate (m3 ha−1) 	60 	50 	30 	0 	50 	40 	40 	20 	20 	20 	60 	82


 	 	Humus related input values (kg CO2e ha−1 year−1)


 	Crop specific humus reduct./accumul. 	1,468 	1,468 	1,468 	1,468 	2,936 	2,936 	2,936 	1,468 	−2,202 	−2,936 	−2,202 	−1,468


 	Slurry humus application 	−1,321 	−1,101 	−661 	0 	−1,101 	−881 	−881 	−440 	−440 	−440 	−1,321 	−1,805


 	 	Humus-C balance (kg CO2e ha−1 year−1)


 	Humus-C saldo included in modelled GHG emissions 	−147 	−367 	−807 	−1,468 	−1,835 	−2,055 	1,468 	1,134 	2,642 	3,376 	3,523 	3,274


 	 	GHG emissions, excluding humus-C balance (kg CO2e ha−1 year−1)


 	GHG emission excluding humus-C balance excluding residue credits 	4,785 	4,593 	4,209 	3,066 	4,119 	3,926 	8,108 	5,857 	1,826 	1,962 	4,502 	5,036


 	 	GHG emissions including humus-C balance (kg CO2e ha−1 year−1)


 	GHG emission including humus-C balance excluding residue carbon credits 	4,932 	4,960 	5,016 	4,534 	5,954 	5,981 	6,640 	4,723 	−816 	−1,414 	979 	1,762


 	 	Carbon credits for crop residuesa (kg CO2e ha−1 year−1)


 	Residue carbon credits 	−2,114 	−2,114 	−2,114 	−1,744 	0 	0 	−3,908 	−2,377 	0 	0 	0 	0


 	Residue carbon credits tradeable 	2,114 	2,114 	2,114 	1,744 	0 	0 	0 	0 	0 	0 	0 	0


 	 	GHG emissions including humus-C balance and carbon credits for crop residuesa (kg CO2e ha−1 year−1)


 	GHG emissions including humus-C balance including residue carbon credits 	4,932 	4,960 	5,016 	4,534 	5,954 	5,981 	2,732 	2,346 	−816 	−1,414 	979 	1,762





a Only 80% of calculated residue were used for estimating residue credits, according to recommendations by BEK (Arbeitsgruppe-BEK, 2021).
 

Land management based GHG balances for each model farm, calculated by multiplying crop specific GHG emissions with their occupied land, are shown in Table 8 and more detailed values in Figure 3. The land based GHG emissions of the RapeF farm of 311,486 kg CO2e farm−1 year−1 was considerably higher than comparable emissions from the LegF farm of 150,306 kg CO2e farm−1. Almost similarly low land based GHG emissions could be achieved with the hLegF farm of 172,798 kg CO2e farm−1 year−1. The MixF farm model resulted in GHG emissions of 251,415 kg CO2e farm−1 year−1, with emissions being in between the RapeF and LegF farms.


TABLE 8 Estimated greenhousegas (GHG) emissions for farmland and animal husbandry based sources for four model farms.


	
	Model farms



	Attribut
	RapeF
	LegF
	MixF
	hLegF

 

 	 	Modelled GHG emissions and landuse


 	 	GHG emission from farmland (kg CO2e farm−1 year−1)


 	a) GHG Balance all land 	311,486 	150,306 	251,415 	172,798


 	 	GHG emission for sold products (kg CO2e farm−1 year−1)


 	b) Sum credits for sold products 	−76,307 	−79,671 	−113,606 	−129,181


 	 	GHG emission for fodder production (kg CO2e farm−1 year−1)


 	c) GHG balance fodder production
1
 	235,179 	70,635 	137,809 	43,617


 	 	GHG emission stable/animal sourced (kg CO2e farm−1 year−1)


 	Slurry storage and stable related 	134,786 	134,786 	134,786 	134,786


 	Enteric fermentation 100 dairy cows 	356,100 	356,100 	356,100 	356,100


 	d) GHG Balance animal related 	490,886 	490,886 	490,886 	490,886


 	 	Area required for fodder production (ha Farm−1 farm−1 year−1)


 	e) Land used for fodder production 	74.7 	90.5 	81.5 	83.5


 	 	 	 	 	


 	 	GHG emissions related to different units


 	 	Fodder-GHG emission per TM fodderproduct (kg CO2e kg DM−1)


 	Included (2) c) 	0.322 	0.097 	0.189 	0.060


 	 	Fodder-GHG emission per ha fodder production (kg CO2e ha−1 farm−1 year−1)


 	Included c), e) 	3,148 	781 	1,691 	522


 	 	Total-GHG emission per ha fodder production4 (kg CO2e ha−1 farm−1 year−1)


 	Included c), d), e) 	9,720 	6,205 	7,714 	6,401


 	 	Total-GHG emission per dairy cow (kg CO2e cow−1 farm−1 year−1)


 	Included c), d) 	7,261 	5,615 	6,287 	5,345


 	 	Total-GHG emission per ECM (kg CO2e ECM−1)


 	Included (3) c), d) 	0.81 	0.62 	0.70 	0.59





The GHG emission based on sold products, fodder production enteric fermentation and slurry storage are listed as well. Various product based GHG emission factors are listed, based on the product-output of 100 dairy cows with a productivity of 9,000 ECM cow−1.1 includes sold rape and purchased RES according to the allocation factor 0.35 for RES and 1 for rape. 2 Fodder-DM requirement: 100 cow Farm−1 *365 days *20 kg TM cow−1 day−1 = 730.000 kg DM Farm−1. 3 900.000 kg ECM produced per Farm. Subtotals in bold.
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FIGURE 3
 Estimated farmland-based greenhouse gas emissions and credits due to sold crop products from land and straw. Credits due to soil humus accumulation, already included estimated land use based GHG emissions, shown as well.


A further aim was to determine land based GHG emissions for fodder production of the four model farms and therefore GHG emissions or GHG credits attached to sold products such as grain or straw had to be determined and subtracted from the land-based GHG emissions.

Traded crops were mainly wheat-grain, oilseed-rape-oil and cereal straw in our model farms (Table 4). The farms varied significantly in sold wheat-grain, which was highest for the hLegF farm (121 t DM farm−1 year−1), followed by the MixF and LegF and lowest for the RapeF farm (14.7 t DM farm−1 year−1), as shown in Table 4. The oil fraction of oilseed-rape was sold externally, whereas the RES fraction was used internally. This required a splitting of the land requirement and attached GHG emissions between both fractions. The allocation was conducted according to the energy content of the fractions, allocating 35% of the GHG emission and land-requirement to the protein and 65% to the oilseed-rape-oil fraction. As a result of this allocation the model farms received some GHG carbon credits and some reduction in required landuse due sold products (Table 8).

The resulting GHG emissions for just fodder production per farm are shown in Table 8 and Figure 3 with emissions being by far the lowest in the hLegF farm with 43,617 kg CO2e farm−1 year−1 and the LegF farm with 70,635 kg CO2e farm−1 year−1. Equivalent values for the RapeF farm of 235,179 kg CO2e farm−1 year−1 were considerably higher, differing by even a factor of five and estimates for the MixF farm were in between. The required land area for fodder production was adjusted similarly. Land required for feed production and available land for externally traded products are shown in Figure 4. In contrary to GHG emissions the RapeF farm showed the least land requirement (74.7 ha), whereas the LegF farm showed highest requirements (90.5 ha), with the MixF and hLegF showing intermediate values (Figure 4).
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FIGURE 4
 Land requirements for internal feed production and externally sold products for the four model farms.


Landuse based GHG emission can also be expressed in different units, such as per hectare fodder production or per kg fodder-DM. When GHG emissions were expressed in relation to fodder-DM then legume-ley dominated farms showed by far the lowest GHG emission values of 0.097 or 0.060 kg CO2e kg DM−1 compared to values of the RapeF farm (0.322 kg CO2e kg DM−1) differing by 70 to 81%, respectively (Table 8). Similarly the LegF and the hLegF farm showed considerably lower GHG emission per hectar fodder production (781 kg CO2e ha−1 year−1 and 522 kg CO2e ha−1) than the RapeF farm (3,148 kg CO2e ha−1 year−1), differing by 76 and 83%, respectively.

Landuse based GHG emissions need also to be shown in combination with respective animal husbandry based GHG emissions to be able to calculate product based GHG emission. The animal husbandry based GHG emissions due to enteric fermentation from 100 dairy cows (356,100 kg CO2e farm−1 year−1) and due to slurry storage (134,786 kg CO2e farm−1 year−1) are listed in Table 8. The GHG emissions of those two factors were similar for all the four model farms, since the cows received the same amount of concentrate feed and roughage.

The combined landuse and animal husbandry based GHG emissions can be expressed per dairy cow or per milk produced. Expressing them per dairy cow then again the LegF and hLegF farms showed lowest (5,615 or 5,345 kg CO2e cow−1 year−1), the MixF farm intermediate (6,287 kg CO2e cow−1 year−1) and the RapeF farm highest (7,261 kg CO2e cow−1 year−1) GHG emissions. Emission-values of the RapeF and the LegF farm differed by 24%. Similarly the product based GHG emissions such as GHG emission per milk (ECM) produced was highest in the RapeF farm (0.81 kg CO2e ECM−1) and considerable lower in the LegF farm (0.62 kg CO2e ECM−1), differing also by 24%, since milk production per cow and per farm were similar for all farm types.

Landuse based GHG emission and related units depend strongly on the estimated humus-C balance, which in turn can vary considerably owing to residue management of residue producing crops and the choice of input values used in the BEK calculation standards. The impact of residue management on estimated humus-C accumulation for some residue producing crops are shown in Table 7, where residue related CO2e-credits and estimated humus-C balances are listed. The impact of residue management on the soil humus balance is also shown in a small scale sensitivity analysis (Figure 5), where other major factors, such as slurry related humus accumulation and the crop specific humus accumulation and reduction input values (Ebertseder et al., 2014), are shown for comparison.
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FIGURE 5
 Estimated humus-C balances for residue containing crops such as wheat maize-grain and rape with a varying amount of residue remaining in the field. Additionally for rape the humification quotient was altered from 0.1 to 0.05 (Par. 0.05) in the last comparison (Slurry application rate; WWeat60 m3 ha−1 Maize-grain 40 m3 ha−1 Rape 20 m3 ha−1).


For cereals the amount of straw or residue remaining in the field had a marked effect on the estimated soil humus-C balance of the crop (Figure 5). Similarly for oilseed-rape, the estimated humus-C content varied markedly with residue management. The humus-C content was estimated to increase by 1,674 kg CO2e ha−1 year−1 when 100% residue remained in the field, whereas a reduction of −1,024 kg CO2e ha−1 year−1 was estimated when all residue was removed (Figure 5). Furthermore, the input-parameter that determines oilseed-rape residue humification rate is not well established and at the same time has a significant effect on the humus-C balance. Altering just this factor for oilseed-rape residue from 0.1 to 0.05 halved residue-based CO2e credits and reduced the estimated humus-C balance from 1,674 to 268 kg CO2e ha−1 (Figure 5). Altering this input value would increase the estimated GHG emissions for oilseed-rape from 2,346 to 3,534 kg CO2e ha−1 year−1. In comparison, an increase in diesel consumption from 115 L to 230 L ha−1 year−1 would increase the estimated GHG balance by 449 kg CO2e ha−1 year−1 only.

The model farm set up also allows to determine the N-flows to and from the farms, which are shown in Table 9. The N flows to the farm were mainly determined by N-fertilizer purchases. Potential N flows to the farm due to the N-rich RES fodder were deemed to be balanced with N-exports in the sold oilseed-rape grains, assuming negligible N-losses during processing. The N-balance at farmgate, considering the N-purchases minus N-sales, were markedly lower for the LegF farm (−593 kg N farm−1 year−1, −5.9 kg N ha−1 year−1) and the hLegF farms compared to the RapeF farm which showed the highest N-balance of 5.959 kg N farm−1 (59.6 kg N ha−1). The MixF farm showed an intermediate N balance of 1,725 kg N farm−1 year−1 (17.3 kg N ha−1 year−1). When estimated N2 fixation was included in the N-balance then the total-N-balance was quite similar for all four farm types, varying between 4,728 to 5,959 kg N farm−1 or 47 to 59 kg N ha−1 year−1.


TABLE 9 Nitrogen (N)-flows in the four model farms varying in crop and fodder production.


	Attribute
	Model farms



	
	RapeF
	LegF
	MixF
	hLegF



	
	(kg N farm−1 year−1)

 

 	 	N-flows in and out of the farm


 	Purchase mineral N-fertilizer 	11,697 	6,669 	9,557 	7,448


 	Purchase feed-N 	na3 	0 	na3 	0


 	Sales N in cereal grain 	−375 	−1,628 	−2,083 	−2,779


 	Sales N in straw1 	−351 	−623 	−737 	−857


 	Sales N in animal based products2 	−5,012 	−5,012 	−5,012 	−5,012


 	N-balance (purchase−sales)
3
 	5,959 	−593 	1,725 	−1,200


 	 	N-fertilisation of agricultural land


 	Purchase mineral N-fertilizer 	11,697 	6,669 	9,557 	7,448


 	Produced slurry N 	11,906 	11,906 	11,906 	11,906


 	Losses slurry storage 	−1,553 	−1,553 	−1,553 	−1,553


 	Losses slurry distribution (ca 10%) 	−1,035 	−1,035 	−1,035 	−1,035


 	 	N input and N requirements


 	N-fertilisation (minus losses) 	21,015 	15,987 	18,875 	16,766


 	N fertilisation required (all land) 	−20,740 	−15,633 	−18,518 	−16,893


 	Estimated N2-Fixation4 	0 	6,164 	3,002 	6,247


 	Total N-input (all land) 	21,015 	22,151 	21,877 	23,013


 	 	N-balance


 	N-balance (purchase−sales+N

2

Fix) 	5,959 	5,570 	4,728 	5,047





Each farm consisted of 100 ha farm−1 and kept 100 dairy cows farm−1.

1 5 kg N t FM−1 straw. b N in milk, N in purchased versus sold dairy cows, N in sold calws. 3 N in rape sales and N in RES purchases assumed to even out. 4 N2 fix estimation: Nfix = 0,026*DM+7 (Carlsson and Huss-Danell, 2003), 80% legume in grass-leg.-ley. Subtotals in bold.
 



4 Discussion

The implications of different feeding and dependent farming strategies on GHG emissions of dairy farms with a similar productivity level were assessed using the BEK calculation standards. The used approach deliberately embraced the whole farming enterprise since most practices have multiple interactive effects on GHG emissions throughout the farm. With a so called cradle to farmgate approach, which includes major external sources of GHG emissions, we could demonstrate, that the increased use of SSL-leys could reduce GHG emissions of dairy farms by a distinct margin. The estimated GHG emissions for different agricultural crops varied considerably from 5,954 kg CO2e ha−1 year−1 for maize-silage to −816 or even −1,414 kg CO2e ha−1 year−1 for Leg or hLeg crops, respectively. Oilseed-rape was somewhere in between with 2,346 kg CO2e ha−1 year−1 estimated GHG emission. Variations in GHG emissions were foremost based on the crop specific humus reduction/ accumulation input value (Ebertseder et al., 2014) and partly due to differences in fertilizer requirements and residue management.

For crops with a sizable amount of residue, such as rape, maize grain and cereals, the estimated amount of GHG emissions varied distinctly with residue management. This was at least the case using our approach, which meant assigning the humification potential of residue to the residue itself instead of the grain as the major tradeable product. Particularly for cereals, where straw can be exported, the estimated GHG emissions varied considerably depending on its use. The estimated GHG emission for wheat varied between 4,932 and 2,818 kg CO2e ha−1 year−1 depending whether straw was exported (and credits used elsewhere) or whether straw remained in the field or on the farm. Therefore straw management could be used as a tool to increase humus-C-balances on farms by making use of a sideproduct of lower financial value or alternatively used on an external farm. However, uncertainty of GHG assessments increase, when residue management is not known from purchased residue containing crops.

The residue of maize-grain and rape in our study was assumed to stay in the field. However, a high percentage of rape as a source for RES is imported (Statista, 2024) and residue management is most likely not known. Due to the uncertainties attached with the “GHG burden “of rape, it was directly assessed in our model farms although it generally is not grown to such an extent on dairy farms. The GHG balance of rape varied between 4,723 and 2,346 kg CO2e ha−1 year−1, depending whether 0% or 100% of the residue remained in the field. Some uncertainty arises due to the parameter “humus build up coefficient for by-products“. The parameter was established for cereal straw and was used for rape due to lack of a rape specific parameter. However, rape straw has a higher water content and a lower C/N ratio than cereal straw (Gan et al., 2011) and may humify to a different extent. The “humus build up coefficient” has a considerable impact on the estimated soil humus-C balances and in consequence on the crop specific GHG emissions of rape (and RES) and other residue containing crops (Figure 3).

The soil humus balance in general was a key factor when crop specific GHG emissions were estimated (Figure 3; Table 8). The crop specific input value for “humus accumulation/reduction” (Ebertseder et al., 2014) was, beside residue management, the major input value affecting the estimated, crop specific soil humus-C balance. For legume-dominated leys, the input value for soil humus accumulation was comparably high and as a result the overall GHG emissions for this crop was estimated to be negative. Admittedly, the used VDLUFA approach for estimating soil carbon changes has been questioned recently, demonstrating little correlation between estimated and measured soil humus values from mid- and longterm trials (Rainford et al., 2024). However, when only longterm data (>37 years) and the effect of residue and organic fertilizer input were considered, then the correlation between measured and estimated soil carbon content improved significantly (Rainford et al., 2024). Additionally, the effect of a change in crop rotation on soil humus-C content was not the focus of this mentioned study. Despite the considerable uncertainties attached to estimating soil carbon changes, it still cannot be omitted in GHG assessments, since those changes can affect the global warming potential markedly (Knudsen et al., 2019). Furthermore, actual increases in soil organic carbon levels have indeed been measured in a number of field studies after including leys in the crop rotation (Prade et al., 2014; Triberti et al., 2016; Loges et al., 2018; Guillaume et al., 2022; Hu and Chabbi, 2022; Jensen et al., 2022; Malisch et al., 2024) suggesting a positive effect of this management strategy. Increases in soil carbon content may also be enabled by less frequent soil preparation of these multiannual ley crops.

The choice of fodder crops with dependent crop specific GHG balances affected the estimated GHG emissions of the four model farms substantially. The sum of GHG emissions estimated for arable land varied from 258,626 to 97,446 kg CO2e farm−1 year−1 for the four model farms, mainly due to including SSL-leys on farms (Figure 3). This was shown by the considerable difference in GHG emission between the RapeF and LegF model farm. This marked difference remained when GHG emissions attached to sold products were subtracted and GHG emission for fodder production was calculated. The GHG emissions based on fodder production were reduced from 235,179 to 70,635 kg CO2e farm−1 year−1, when changing from a conventional RapeF to a LegF farmtype. This change in crop selection would allow for GHG reductions of 169,544 kg CO2e farm−1 year−1.

These marked savings in GHG emissions due to choosing clover-gras leys as a major protein crop (see above: 169,544 kg CO2e farm−1 year−1) are on a comparable scale to GHG emissions due to slurry storage plus stable related slurry emissions (134,786 kg CO2e farm−1 year−1). Estimated savings were close to half the amount originating from enteric fermentation (356,100 kg CO2e farm−1 year−1) for those model farms. This agrees with other studies that found fodder based GHG emission even to be a similar seized source of GHG emissions compared to enteric fermentation based emission (Frank et al., 2019). Absolute values of GHG emission still need to be related to farm productivity to make values comparable to farms differing in productivity levels.

To include farm productivity the estimated GHG emissions are generally expressed in relation to different units such as per milk output, per cow, per ha fodder production, per sold-products and even a biophysical allocation method has been discussed (Ineichen et al., 2022). When estimated GHG emissions are related to land used for fodder production, the cultivation of SSL as fodder reduced the average GHG emissions from 3,148 kg CO2e ha−1 year−1 to 781 kg CO2e ha−1 year−1 for fodder production for the LegF and the RapeF farm, respectively. Reductions on a similar scale from 2,100 kg CO2e ha−1 year−1 to 600–800 kg CO2e ha−1 year−1 were reported by switching from a cereal dominated to a grass-clover containing rotation (Björnsson and Prade, 2014) and from 2,578 kg CO2e ha−1 year−1 to 341 kg CO2e ha−1 year−1 by changing from a conventional to a SSL ley containing fodder regime (Reinsch et al., 2021).

Similarly, when GHG emission are expressed on a fodder per cow basis the benefit of using SSL leys is shown by the marked difference between the RapeF farm of 2,352 kg CO2e cow−1 year−1 and the LegF farm of 706 kg CO2e cow−1 year−1. Values for the LegF farm were even lower than the 1,820 kg CO2e cow−1 year−1 estimated for a range of mainly grass-based systems in Switzerland (Ineichen et al., 2022).

Estimated GHG emissions related to the amount of human consumable products, which was energy corrected milk (ECM), in our model approach, revealed a similarly substantial benefit of SSL. The estimated GHG emission of LegF farm based milk of 0.62 kg CO2e kg ECM−1 was notably lower than the 0.81 kg CO2e kg ECM−1 estimated for the RapeF farm. These values are on the lower end of the scale usually reported in other studies of generally 0.8–1.3 kg CO2e kg ECM−1 (Kristensen et al., 2011; O’Brien et al., 2012; Zehetmeier et al., 2014; Ineichen et al., 2024). Omitting heifer production as a source of GHG emission must have caused the comparably low estimated emissions per sold product in our study since heifer production generally amounts to about 21–24% of total CO2e emissions in dairy farms (Köke et al., 2021; Ineichen et al., 2022). By increasing our values by 21–24% they fall in the range of values generally estimated for existing farms. Despite low absolute values, the relative differences between our model farms can still be used for direct comparisons.

The observed relative differences in GHG emissions of 0.19 kg CO2e kg ECM−1 by changing from a rape-maize-silage (RapeF) to a legume-ley dominated farming model (LegF) would equate to a sizable reduction of 24% of the carbon footprint of milk. Findings are in agreement with reported differences in the GHG product footprint of 0.3 kg CO2e kg ECM−1 (Reinsch et al., 2021; carbon credits included), when an intense conventional farm was compared with a grass-clover-leys based farm with lower milk output. Again, values reveal a significant potential for GHG reductions by using SSL-leys as a major fodder crop.

In all absolute or relative units that modelled GHG emissions were expressed, the benefit of using SSL-leys to reduce GHG emissions were found to be substantial and in agreement with estimated values for existing farms. Comparing our modelled with measured farm data can be questioned since modelling whole farming complexes are inevitably based on a number of assumptions (Köke et al., 2021; Reinsch et al., 2021) and on omitting reality based details. However, also GHG balances of existing farms are based on a number of assumptions (Elmiger et al., 2024) and input information can be imprecise or incomplete at times (Frank et al., 2019). Besides, modelling is a necessary tool to assess new or rarely used feeding and related landuse strategies and their impact on GHG emissions. However, the modelled reductions of 23% of GHG emission per hectar (including landuse and animal husbandry sources) for the LegF compared to the RapeF farm were also determined in an independent modelling approach using the Austrian model Farmlife (www.farmlife.at; data not shown), substantiating current findings. The modelled reductions in GHG emissions due to including SSL leys in crop rotations are large and thus should be paid attention to in the future, when GHG conserving management options may be sought after.

The significant reductions in GHG emissions due to using SSL legumes instead of RES as protein source were estimated by even using conservative values for the product RES. The GHG burden of 1 kg RES in our study can be estimated to be 0.354 kg CO2e kg DM−1 (2,346 kg CO2e ha−1 *0,35 allocation factor protein/ 3,800* 0.61 kg RES-DM ha−1). This value is conservative since it omits carbon costs of transport and industrial processes. A significantly higher value of 0.548 kg CO2e kg DM−1 was determined for RES in a life cycle analysis (Hörtenhuber et al., 2011) including these processes. Differences in farm GHG emissions would even be more marked when a legume based feeding ration would be compared to a soybean meal based one. The estimated GHG emission of soybean meal produced exclusively in the Ukraine of 0.363 kg CO2eq kg soybean meal−1 (Zamecnik, 2023) is comparable to our estimated values for RES. Imported soy for the European Union was mentioned to have on average a GHG footprint of 0.77 kg CO2e kg soy−1 (Escobar et al., 2020). However, using a LCA analysis and including GHG emissions due to land use changes for soybean meal used in Europe a considerably higher GHG footprint of 3.05 kg CO2e kg DM−1 was estimated by Tallentire et al. (2018) and of 3.28 kg CO2e kg DM −1 by Hörtenhuber et al. (2011). The range in estimated GHG footprints of soybean meal is large and demonstrates the complexity of this issue in terms of chosen base values and system boundaries. At the same time the mentioned GHG burden of RES or soybean meal are generally higher than values used in the current comparison. This suggests that the sizable savings in GHG emissions by using SSL as protein source in European dairy farms are estimated on a conservative basis in this study and could be considerably larger.

The feeding strategies and thus the choice of arable crops affected a number of further aspects, such as the N mass flow to and from the farm, land requirement for feed production and last but not least the revenue for farmers, which usually promotes the acceptance of new management options by farmers.

The N mass flow to SSL cultivating farms was significantly reduced compared to a conventional farm (RapeF). The ability of legumes for symbiotic N2-fixation reduced the need for N-fertilizer (Table 9) and as a consequence the N-input to farms by up to 5,028 kg N farm−1 or 43% compared to the conventional farm. At the same time N-exports in plant based products were even somewhat increased compared to the conventional RapeF farm. This arose since the biological N-input to the LegF farm due to N2-fixation of legumes (6,164 kg N farm−1 year−1) plus purchased N-fertilizer, was estimated to be higher than the purchased N-input to the conventional farm. The N mass flow in animal feed purchases was not a factor in our study, since rape as protein source for RES was grown locally on the farms and only rape-oil was traded externally. The environmentally important N balance per hectare was about equal for the four model farms and suggested an N surplus of 47–59 kg N ha−1 year−1, when N2 fixation was taken into account.

The crop specific N requirements minus slurry supplied N determined the N-flow to farms. The slurry-N content of all model farms were kept similar although it can be argued that feeding rations with a higher RNB (LegF, hLegF) result in higher urinary N excretion and in consequence in a higher slurry N-concentration. The RNB between the LegF and the RapeF farm differed by 2.3 g N kg DM−1 feed, which is equal to 46 g N day−1 cow−1 which in turn increases milk urea N concentration (Jilg et al., 1997) and urinary nitrogen excretion (Spek et al., 2013). Using correlations from both authors the urinary N excretion of dairy cows were estimated to be 48 and 60 kg N cow−1 year−1 in the RapeF and LegF farm, respectively. Adding fecal N-excretion of 62 kg N cow−1 year−1 (Huhtanen et al., 2008) the total N excretion would be 110 and 122 for cows in the RapeF and LegF farm, respectively, close to the assumed 119 kg N cow−1 year−1. The RNB based difference in N excretion between those two farm models would be 12 kg N cow−1 year−1 or 1.200 kg N farm−1 year−1. Enhanced slurry N concentrations would arise on SSL leys rich farms with an enhanced RNB in the fodder. However, if slurry-N is analyzed by farmers, then increases in N-concentrations would result in a reduced need for mineral N fertilizer applications and the net changes to estimated GHG emissions are not likely to be significant. If slurry-N was not analyzed, the increase of 1,200 kg N farm−1 year−1 in internal N mass flow would equate to N2O based GHG emissions of 7,534 kg CO2e farm−1 year−1 if slurry was land applied. Stable and storage based N-losses (NH3, N2O) and related GHG emission would also be enhanced by estimated 3,557 CO2e farm−1 year−1 (BEK, KTBL, 2024). Both estimates together are still low compared to a difference in GHG emissions of 164,897 kg CO2e farm−1 year−1 between the LegF and RapeF farms.

The difference in N mass flows to farms obviously affected estimated GHG emissions of farms, since this affects energy requirements for N-fertilizer production, N2O losses during N fertilizer application and N2O losses during N-rich residue decomposition. The estimated differences in N purchase of 5,028 kg N farm−1 as mineral fertilizer between the LegF and RapeF farm would equate to about 17,699 kg CO2e farm−1 (3.52 kg CO2e kg N−1 during the production of mineral N fertilizer in Europe (Arbeitsgruppe-BEK, 2021). These emissions are effectively saved in legume based farms since there is no evidence for significant GHG emissions arising due to symbiotic N2-fixation (IPCC, 2006; Rochette and Janzen, 2005; Barton et al., 2011). The N2O losses from mineral N fertilizer application are a second but larger source of GHG emission (29,758 kg CO2e for 5,028 kg N farm−1 year−1) which can be reduced in legume-leys due to their lower N-fertilizer requirements. Significant reductions of N2O based GHG emissions using legume compared to grass leys were measured in field experiments (Schmeer et al., 2014). The third element, the extent of N2O emissions from residue and in particular legume root residue derived N was broadly factored in by the model by stating the N-content of roots and residues but omitting the fact that this aspect depends on synchronization of N supply and N uptake of crops. Nevertheless, the residue-N based GHG emissions of SSL-leys on 37 hectare (LegF) was estimated to be increased by 9,368 kg CO2e year−1 when compared grass-leys (when compared to a wheat crop it would be increased by 14,558 kg CO2e year−1). Those three mentioned nitrogen based differences in GHG emissions sum up to 38,088 kg CO2e farm−1 year−1 and are significant, but only a part of the modelled differences in GHG emissions of 164,897 kg CO2e farm−1 year−1 between the RapeF and LegF farm.

Fodder crops may be selected based on their effect on GHG emissions, but from a farmers perspective the land requirement of the respective crop is a more important concern since land is often a limiting factor (Ineichen et al., 2023) and spare land can be used to grow tradeable products to increase farm revenues. When calculating land requirement for fodder production of the model farms, the land use by rape needed to be allocated either to internally used RES or the externally traded rape-oil. Land requirement for RES and oil was split according to the energy content, 0.35 to 0.65 (Majer et al., 2015). Since the major portion of rape occupied land was allocated to externally traded oilseed-rape oil, the effective landuse for fodder production was considerably lower for the conventional RapeF (74.7 ha, Table 8) than for the LegF farm (90.5 ha). This enhanced landuse is a notable disadvantage for SSL based farms affecting both from environmental and financial aspects. The landuse could be reduced with high yielding legume-grass leys (83.5 ha, hLegF) and also with a mixed feeding strategy (81.5 ha, MixF).

The MixF farming type in general was set in between the two extremes of either a SSL ley dominated and an oilseed-rape plus maize-silage dominated feeding and farming strategy. The estimated savings in GHG emission by the MixF farm are just slightly more than half the amount gained by using the LegF strategy. For example landuse based GHG emission per ha fodder production could be reduced by 42% in the MixF farm compared to 70% by the LegF farm, using the conventional model farm as the standard. Similarly, the product based GHG emissions per ECM in the MixF farm could be reduced by 14% compared to 24% by the LegF farm. These savings in GHG emissions of the MixF farm model are still substantial compared to the conventional farm type while land requirements were intermediate compared to the conventional farm. The MixF farm may also be a safe option in terms of phytosanitary problems, since the clover-ley proportion was only 25% of arable land compared to 53% in the LegF farm.

Phytosanitary issues may possibly arise, when a high percentage of SSL is included in the crop rotation, since they are known for their self-incompatibility. To sustain legume dominated leys encompassing 43 to 53% of the arable land, as in the hLegF and LegF farm, may be difficult over an extended period of time. But then it still allows for a three year break in the rotation, when SSL-leys are cultivated for three years in a row. Furthermore, successful farming with a considerable percentage of clover-grass leys in the rotation has been described previously for organic farms (Reinsch et al., 2021). Further research is needed to determine a feasible maximum or optimum percentage of SSL-leys that can be sustained in a crop rotation also for conventional agriculture.

The comparison of model farms differing in their extent of cultivating SSL based fodder have shown that substantial reductions in GHG emissions from agricultural land (Table 10) can be achieved by including SSL in the rotation while making use of locally produced protein. These reductions are feasible at least under moderate climatic conditions, where water requirements for SSL growth are met. These marked GHG reductions were largely based on an increased soil humus-C balance due to SSL-leys crops and further enabled by the reduced N purchases of those farms. Then again, disadvantages in terms of enhanced land requirements for fodder production and a reduced availability of land for tradeable products exist. It appears to be difficult to optimize all criteria at the same time (Table 10). A compromise in fulfilling contrary demands is depicted by the MixF farm model showing intermediate reductions in GHG emissions, intermediate land requirements while avoiding the risk for phytosanitary problems. All criteria could only be optimized with high yielding legume-grass leys (hLegF) enabling reduced fodder landuse but ongoing high yields of clover-grass leys may only be possible in selected growth areas favorable for legumes.


TABLE 10 Selected criteria to judge the respective benefit of each model farm.


	Attribut
	Unit
	Model farms



	
	
	RapeF
	LegF
	MixF
	hLegF

 

 	a) GHG emission (fodder) 	(kg CO2e farm−1 year−1) 	235,179 	70,635↑ 	137,809 	43,617


 	b) Humus-C balance 	(kg CO2e farm−1 year−1) 	92,906 	198,804↑ 	127,535 	199,758


 	c) N-mass-flow to farms 	(kg N farm−1 year−1) 	5,992 	−560 ↑ 	1,758 	−1,167


 	d) Land required for fodder 	(ha year−1) 	74.7 	90.5 ↓ 	81.5 	83.5




 

The choice of fodder production determines the criteria which will be optimized (Gislon et al., 2020). If GHG reductions in the dairy system is deemed to be the most important criteria then SSL dominated systems are the most favorable option. However, since land use and presumably related financial revenues show disadvantages for these farm types, the farmers most likely would choose a conventional or mixed farm type. If GHG savings for all arable land is to be rewarded financially the dominant use of SSL as fodder would be of interest to farmers while ensuring high productivity of dairy cows and reducing GHG emissions at the same time. In the meantime increasing the landuse of SSL dominated leys combined with a mixed feeding strategy still offers a practical option to allow for sizeable reductions in GHG emissions in the dairy system.


4.1 Conclusion

The use of a SSL ley based feeding regime for dairy cows and the dependent land use resulted in marked reductions in GHG emissions, partly due to an increase in estimated soil humus-C and supported by a reduced N-Mass flow to farms when compared to a common feeding regime based on maize-silage and RES. Savings in terms of GHG emissions were considerable and on a magnitude comparable to GHG emissions arising from slurry in the stable and during storage. The magnitude of changes in GHG emissions makes a legume-ley based feeding ration a potent tool to reduce GHG emissions in dairy production, particularly since those changes are easily implemented. Interesting to note is that the more tangible factors for GHG emissions such as diesel consumption and N-fertilizer purchases have a lesser effect on GHG emissions compared to less tangible factors such as N2O emissions or scantly recorded factors such as residue management. Although SSL-ley based feeding strategies were the best option to decrease GHG emissions it also showed some disadvantages such as increased land requirement for fodder production and in consequence reduced available land for tradeable products. All three aspects can only be optimized by cultivating high yielding legume-grass leys. A mixed feeding strategy and dependent landuse is an easy to be implemented compromise, achieving moderate reductions in GHG emissions and N-purchases combined with moderate changes in land requirement. In any case, the use of SSL-leys is an effective and easily applicable tool to reduce GHG emissions of dairy farms, which can be up or downscaled, depending on farming circumstances.
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