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Abstract

Manures and crop residues can be utilised for digestion, without any significant losses of nutrients. This paper presents the results of field trials about the effects of biogas digestion in a mixed organic cropping systems on nutrient cycling and yield of a whole crop rotation. Digestion of slurry affected yields and N uptake only after soil incorporation. The inclusion of crop residues for digestion increased the amounts of “mobile” manure. N uptake and yield of non-leguminous main crops increased about 10%, due to a more adapted allocation of nutrients within the whole cropping system by reallocation of N towards the crops with higher N needs. Additionally, removing the cover crops in autumn and their digestion increased the fertilizing efficiency of N, lowering the risk of leaching losses. 

Introduction

Nitrogen (N) is frequently considered to be one of the key limiting factors responsible for the limited productivity of organic farming systems (e.g. Berry et al., 2002). The supply of N from organic resources is difficult to synchronize with crop N demand (Pang and Letey, 2000). Crops under organic farming management are almost exclusively dependent on soil biological processes which provide nutrients by mineralization of applied organic matter like animal manure, crop residues, or green manuring. Improved agricultural management practices to meet crop N demand while avoiding N losses to the environment is a challenge, particularly for organic farming systems. During the anaerobic digestion, slurry dry matter is degraded. The elevated NH4+-N concentration in the digested material indicates its special suitability as plant-available N manure, making the nitrogen readily available for the crops. Commonly it was assumed, that digestion was connected with an enhanced N availability of applied slurry-N. The objectives of the trials presented were (i) to measure the impact of digestion of slurry on N uptake and yields within a whole eight year crop rotation, (ii) to determine the effect of digestion of crop residues (CR) like straw and of cover crops (CC) (iii) and of additionally introduced external substrates (equivalent to 40 kg N ha-1) on fluxes of N, N uptake and yields within the rotation.

Materials and methods

The experiments were carried out between 2002/03 and 2004/05 at the research station for organic farming “Gladbacherhof” of the University of Giessen, situated 17 km east of Limburg in Hessen. The research station is located 140 - 230 m above sea level. The average annual temperature is 9.3 °C and the mean annual precipitation is 682 mm (1960-2000). The soils are of a silty loam texture derived from loess with pH values of 6.6 - 6.9 and are classified as Calcic Luvisols with a field capacity of 330-370 mm m‑1. The field experiments were designed as a mixed system with crops on arable land (70%) and on grassland (30%). The designed arable crop rotation comprises eight years. It includes: 1-2. Clover/grass-ley (2 years); 3. Winter wheat+CC; 4. Maize (at 80% of the area) and potatoes (at 20% of the area); 5. Winter rye+CC; 6. Peas+CC; 7. Spelt+CC, and 8. Spring wheat. The CC mixture consisted of summer vetch (Vicia sativa) at 90 kg ha-1 and oil radish (Raphanus sativus) at 5 kg ha-1. The plots were set at fixed places. All field experiments were carried out fourfold in a completely randomised design.

A common farmyard manure (FYM) and undigested slurry (US) system were compared to three manuring systems in which the cattle slurry and other substrates were digested in a biogas plant prior to field application In DS only slurry was digested. In DS+FR slurry and all kind of CR and CC were digested, the effluents of the percolation digester producing solid and liquid effluents were reallocated within crop rotation. DS+FER was similar to DS+FER, additionally purchased substrates at 40 kg N ha-1 were digested. More details: Möller et al. (2006).

Results
Comparing digested and undigested cattle slurry showed that total N content did not differ after digestion. However, the ammonia content in the slurry arose through digestion from 43 to 53% of the total N. The organic dry matter content (ODM) decreases significantly, as well as the C/N ratio decreased by about 25% due to slurry digestion. The pH arose 0.8 points, which means, that the concentration of protons due to digestion decreased by the factor of 6.3. Also, the mineral nutrient content in DM arose due to the concentration process of the partly decomposed dry matter in the digester. Digestion of CR and CC produced solid residues very similar to farmyard manure. The liquid residues of digestion in the percolation digester showed very similar properties than dung water obtained from farmyard manure staple in all relevant parameters, showing very high K and N contents, and a narrow C/N ratio. 

No differences in total available manure N were registered in the three systems US, DS and DS+FR. In systems without CR and CC digestion (FYM, US, DS) ca. one half of total manure N was available as manure N and the other half as immobile green manure N. As far as additional digestion of CC and CR are concerned similar amounts of N were available as in US and DS. However, 87% of the total available N was mobile as effluents of the digester. The higher amounts of N in manures allowed a reallocation of nutrients within crop rotation towards crops with a higher N demand (winter wheat), at the cost of crops with a lower N demand like peas or spelt. 

Differences yields were caused mainly by differences in the yields of the high N demanding non-legume cash crops (winter and spring wheat) within the crop rotation. No differences in total biomass yields were measured in crops with a lower crop N demand (rye, spelt and the three legume main crops). The cereals with lower N demand (rye and spelt) showed in DS+FR and DS+FER a strong tendency to lodging, which results in serious damage to the crop during the main growing period (Tab. 1).

Tab. 1: Crop dry matter yield (t ha‑1) and total N uptake main crops (kg N ha‑1)
	DM yields:
	FYM
	 US
	 DS
	DS+FR
	DS+FER

	Clover/grass-ley 1
	13.3
	13.7
	13.7
	13.8
	13.9

	Clover/grass-ley 2
	12.1
	12.2
	11.9
	12.3
	12.5

	Winter wheat
	5.25a
	5.73b
	5.67b
	6.09c
	6.21c

	Root crops:

   Potatoes (0.2 parts)
	6.42
	6.36
	6.72
	6.88
	6.65

	   Maize (0.8 parts)
	14.7
	14.9
	15.2
	15.9
	15.9

	Rye
	5.02
	4.69
	4.66
	4.26
	4.48

	Peas
	2.88
	2.84
	2.74
	2.82
	2.62

	Spelt
	3.57
	3.60
	3.52
	3.40
	3.23

	Spring wheat
	3.83a
	3.76a
	4.17b
	4.33b
	4.93c

	MV Crop rotation
	7.38a
	7.47a
	7.48a
	7.63b
	7.74b

	MV non-legumes
	6.15a
	6.19ab
	6.30ab
	6.44bc
	6.58c

	MV legumes
	9.43
	9.59
	9.44
	9.62
	9.66

	Crop N uptake:
	
	
	
	
	

	Clover/grass-ley 1
	414
	423
	422
	427
	433

	Clover/grass-ley 2
	375
	378
	364
	372
	381

	Winter wheat
	112a
	129b
	129b
	152c
	170d

	Root crops:

   Potatoes (0.2 parts)
	98
	97
	103
	103
	103

	   Maize (0.8 parts)
	143a
	150ab
	149ab
	173b
	176b

	Rye
	113a
	113a
	112a
	120ab
	126b

	Peas
	151
	152
	146
	147
	140

	Spelt
	114
	128
	120
	116
	121

	Spring wheat
	98a
	111ab
	119b
	145c
	166d

	MV Crop rotation
	189a
	197b
	194b
	205c
	212c

	MV non-legumes
	114a
	124b
	124b
	139c
	149d

	MV legumes
	313
	318
	311
	315
	318


Values with the same letter are not different at P ≤ 0.05

The lowest N yields were obtained in FYM (Tab. 1). US and DS showed significant higher N uptakes as a sum of whole crop rotation as FYM. The inclusion of CR and CC in digestion process (DS+FR) caused a further substantial increase of N yields. In legumes the N uptake and yields didn’t differ in any way. The main differences in crop N uptake were related to the non-legumes within the crop rotation. Non-legumes were able to take much more N in US than in FYM, whereas digestion of slurry did not influence N uptake of non-legumes. Digestion and reallocation of nutrients of CC and CR (DS+FR) resulted in a further increase of N uptake of non-legumes, without any adverse effect on N uptake of leguminous crops such peas. The highest N yields were obtained by inclusion of external substrates in digestion process (DS+FER).

Further effects of digestion were a strong reduction of the balance of emissions of greenhouse gases and the replacement of fossil fuels due to the production of heat and power energy. Harvest and digestion of CR and CC reduced furthermore the nitrate leaching risk (for more details: Möller et al. (2006).

Discussion 
Digestion of slurry had only small effects on the overall yields and the N use efficiency of the whole arable crop rotation. Probable causes are: (i) Higher ammonia losses after spreading digested slurry (not shown), or (ii) the organically bound N of undigested slurry seems to have enough time, for example in long cycle crops like maize to become mineralized and available to crops. The higher yields of the manuring system which includes CC and CR in digestion process (DS+FR) are strongly related to a higher N use efficiency of the system. In the system similar amounts of nitrogen circulated than in US and DS (Table 5), but the non-legume main crops yielded significant higher amounts of nitrogen, and grains with higher nitrogen content (not shown). The harvest of CC in autumn and posterior digestion and application directly to the following main crop enhances N use efficiency significantly. Including not only CR, but also external substrates in the system (DS+FER), led only to a small further increase in yields on the arable land in comparison to DS+FR, in spite of the high amounts of N introduced into the system by the purchased substrates. The causes are strong lodging of less N demanding cereal crops and a higher weed infestation through Gallium aparine. 
Conclusions
Biogas plants may act as nutrient bank where the nutrient harvested from crop residues and cover crops can be released and used as manure on high-value crops.  Digestion of CC and CR will increase the amounts of mobile manures, allowing a more pronounced manuring of high N demanding crops. Furthermore, N use efficiency of manuring was higher if the biomass is digested and reallocated within the same crop rotation in comparison to direct soil incorporation. However, digestion is only a first step towards a higher efficiency of the N cycle in organic farming systems. Digestion can constitute an important key technology for implementation of more appropriate techniques for manure application by reducing solid concentration and by having a significant effect on particle size distribution. A subsequent solid-liquid separation of the residues combined with slurry injection techniques might allow further improvement of organic manuring systems.
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