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Summary

Agro-ecosystems can be considered as multi-level nested hierarchies, with cross-level interactions of a nonlinear dynamic character. In a balanced situation, agro-ecosystems are capable to apparently behave as selfregulative ‘closed circuit’ systems. Agro-ecosystems, i.c. animal production systems, comprise the subsystems animal, plant and soil. 

Nutrient use efficiencies at production system level, at issue in this paper, are found to be primarily related to apparent nutrient uptake from the subsystem soil and the balance between the subsystems, rather than to nutrient use efficiency within the subsystem animal. Moreover, animals as such should be considered open systems, with nutrient use efficiencies determined by type and level of production on the one hand and dietary (net/metabolisable) energy to nutrient ratio on the other.

The paper addresses the impact of biological manure quality. The authors argue that manure with a higher C:N ratio as a result of lower-protein and higher-fibre diets could serve a variety of purposes. Organic manure with a surplus value compared to artificial fertiliser could replace a major part of external fertiliser use. So, improving manure quality could be the key solution to effectively reducing nutrient emissions to the environment while maintaining high production levels. Such a change in feeding practice is also supposed to benefit health, of animals and soil as well as of the agro-ecosystem as a whole.

The authors emphasize that basic technical research alone, carried out under controlled conditions, cannot provide integral solutions for sustainability issues. Interdisciplinary efforts would be needed, undertaken over longer periods of time. New perspectives may emerge through participatory initiatives involving both farmers and scientists for designing, on-farm testing and implementing novel farming technologies. A plea is made for a more complex (nonlinear) and ecocentric (ecotechnological) type of farm management, supporting the whole agro-ecosystem and approaching problems through precaution, rather than through rational (linear) technical control measures. Under such measures natural systems become harnassed, while the ‘end of pipe’ technologies are expensive and, on the longer run, ineffective.
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General introduction
Dutch livestock production has adverse effects on the environment. Domestic animals utilise nutrients, i.c. fats, carbohydrates and proteins, inefficiently, in spite of advanced diet formulation and modern breeding techniques. So, a major part of the nutrients, i.c. nitrogen (N), phosphorus (P) and potassium (K), is excreted in faeces and urine. Therefore, a  more responsible nutrient management is urgently needed at various levels of the agro-ecosystem, i.c. at the levels of (1) the region, (2) the farm, (3) the animal, (4) digestion and metabolism, and last but not least of (5) the soil-plant interface. This paper primarily deals with nutrient dynamics at the animal and the agro-ecosystem levels, because the excess nutrient emissions to the environment is the most acute problem to be solved. The key question addressed is: “Why has technical research not been more successful in increasing nutrient use efficiencies at commercial farms?”. This cannot simply be a matter of a poor rate of adoption, because farmers are inclined to adhere to conventional practices. Neither is it a question that the proposed technologies would be unpractical and/or too costly. We mean that at the onset of the new millennium, it is time to face the fact that technical experiments as such, carried out on subsystem level under controlled conditions, cannot solve the sustainability issues. Such experiments cannot represent a complex set of interactive parameters across various temporal and spatial scales. Agricultural research practices often apply inappropriate levels of analysis and integration. One should be aware that research at lower aggregation levels, e.g. productivity of individual plants/animals or even beyond, does not automatically provide sound information on system performance at a higher hierarchical level, e.g. the farm. Each level of hierarchy exhibits its own emergent properties, reflecting higher-order interactions among subsystems, in a multidimensional environment.

Therefore, before starting an in-depth analysis of nutrient dynamics at various hierarchical levels, it should be realised that the concept “sustainability” entails a variety of objectives that must all, at least partly, be achieved simultaneously. A sustainable (healthy) production system should (1) have no adverse side effects on fragile regions elsewhere in the world and not jeopardise the needs of future generations, (2) be socially acceptable and economically viable in the long term, (3) utilise non-renewable resources as efficiently as possible, (4) use restricted amounts of drugs and agro-chemicals, (5) be ecologically compatible, (6) produce wholesome products for human consumption at a fair price, (7)  take into account the integrity of the animal, including health and welfare, (8) be compatible from an ethical perspective, and (9) contribute to the viability of a multifunctional rural environment (Van Bruchem, 1998). 

According to Waltner-Toews (1997), addressing sustainability questions goes to the very heart of how to make intelligent decisions in the midst of the almost unimaginable complexity of living systems (Fig. 1). The classical notion of animal science is merely geared towards sequential analysis at lower aggregation levels, for instance at level L-2 (organs/tissues) or L-3 (molecular genetics). However, agriculture activities take place within a complex set of interactions between culture and nature. Hence, addressing the problems in agriculture needs philosophically grounded integrative methodologies, at aggregation levels L1 (soil-plant-animal system) to L3 (including gamma and other disciplines as well as the place and time domains). An interdisciplinary approach is needed to deal with the full complexity of the phenomena being studied and to bring about an appropriate communication of integrated knowledge.

Agricultural scientists in general are fond of “hard systems”: they endorse and practice analytical/rational thinking, seeking solutions for their scientific problems. For example in the case of the postgraduate school WIAS more than 95% of the research is of a technical nature, of which ~75% at aggregation level L-2 or lower. Although models that account for energy and/or nutrient flows provide highly relevant information for evaluating agro-ecosystems (Heitschmidt et al., 1996; Vavra, 1996),  they can represent only a tiny part of the complex reality in the field, that also includes emotional, mental and spiritual matters. Agro-ecosystems must be considered as multilevel nested hierarchies that have a nonlinear dynamic character and result in high levels of complexity. According to Checkland & Scholes (1990), “hard ware” agricultural cycles are embedded in “human activity systems”. Agro-ecoystems are the product of a combination of evolutionary and genetic history, and the priorities of their managers. We mean that the vitality of the agro-ecosystem is seriously threatened by the lack of coherence between ecologically defined hierarchies representing long-term harmony-balance-flexibility-resilience, and the paradigms of managers and governments, characterised by  short-term competition-imbalance-rigidity-fragility. Therefore, integrated action is most urgently needed, to avoid the risk of an eventual collapse of the agro-ecosystem and the rural economies (Van Haaften & Van de Vijver, 1996). 
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Figure 1. Research focus relative to level of aggregation (L-3 to L3), from analysis and specialisation to interactive synthesis and design (e.g. L-3, molecular genetics or intracellular, L-2 metabolism or organ/tissues; L-1, animal breeding, nutrition or husbandry; L0 animal; L1, soil-plant-animal cycle; L3, representing 33 subsystems/disciplines/stakeholders).

This illustrates that solving the excessive nutrient emissions to the environment is not simply a technical issue. It clarifies why recent initiatives aimed at increasing nutrient use efficiencies (NUE) at crop and animal levels have occasionally resulted in even lower NUE at farm level (Van Keulen et al., 1996). When production systems become unbalanced, nutrient use efficiency may decrease due to antagonistic feedback mechanisms between subsystems. On the other hand, in more balanced situations, synergistic effects may emerge and the performance of production systems as a whole may surpass the total of the subsystems. Therefore, understanding the holistic structure of an animal production system as a functionally self-supporting unit, would be a fundamental step towards sound and meaningful animal science research. 

Living systems exhibit a dissipative nature. They are open systems which depend on continuous flows of energy and nutrients. Driven by solar energy, water and nutrients from the soil and carbon dioxide from the atmosphere are converted into organic compounds. Plants constitute the main link between the above-ground and below-ground compartments of terrestrial agro-ecosystems. Plant biomass is ingested by animals and converted into animal biomass and heat. So, nutrients flow through the system while energy gradually dissipates in the form of heat (Phillipson, 1966). Animals, at a macro as well as a micro scale, can be considered open subsystems that produce waste. However, what is waste for one species, is feed for another. Waste products, i.c. excrements, along with plant detritus and animal biomass, are utilised by decomposers, i.e. bacteria and fungi, and their predators, e.g. protozoa, nematodes and micro-arthropods (Hassink et al., 1994). These predator-prey interactions are in turn controlled by higher level predators, e.g. centipedes, beetles and spiders. A second pathway of decomposition is formed by decomposers that ingest the organic matter, such as enchytraeids, millipedes, isopods and earthworms, and their predators, such as small mammals and birds. In undisturbed ecosystems, processes of mineralisation and immobilisation are tightly connected with plant growth. From an ecological point of view, it appears that the greater the biomass and complexity of the food web are, the less nutrients are lost from that system, the more tightly nutrients are recycled from retained forms and back again (Brussaard et al., 1997). Beyond their basal equilibrium, agro-ecosystems are able to maintain a higher-level stable equilibrium/organisation, balanced by a matrix of feedback regulation mechanisms. They form, so to speak, “islands of order in seas of disorder” (Capra, 1996). Unlike the situation in modern high-tech farms, the level of self-organisation and robustness of such agro-ecosystems increases with biodiversity. 

Problem statement and experimental approach

Nutrient use efficiencies in Dutch livestock farming, with its high external inputs of feed and fertiliser, are extremely low (Boons-Prins et al., 1996). Consequently, the nutrient emissions are unacceptably high, leading amongst others to acidification and eutrofication of the environment. This paper primarily focuses on the low use efficiency of nitrogen (N); the most volatile nutrient among the macro-nutrients. Overall N losses in Dutch agriculture, amounting to 350 kg.ha-1, cause nitrate leaching and volatilisation of ammonia, N2O and NOx, at levels exceeding the present and future European standards.

With highly digestible and protein rich diets, as recommended and widely applied in practice, the C:N ratio in manure is considerably lower than in soil organic matter (6-7 vs 10). The N in “low C:N ratio” manure is quickly mineralised, so that such manure largely bypasses the soil food web. Moreover, low C:N ratio manure may contain significant amounts of phytotoxic components, e.g. phenolic and aromatic compounds, which may have a harmful effect on soil biota and soil health, and the functioning of the rhizosphere (Parr et al., 1997). 

Our comprehensive hypothesis is that it is feasible to counteract this negative cascade of events by feeding lower-protein diets. This would significantly reduce urinary N excretion. If associated with diets somewhat higher in fibre, the amount of organic matter in faeces would increase, while an additional part of the urinary N excretion would be shifted to the faeces. This would lead to an increased C:N ratio of the manure, which would result in reduced ammonia emission and nitrate leaching. Furthermore, dietary fibre is known to have a “preserving health” effect, as a substrate for short-chain fatty acids. The latter have been associated with the maintenance of a healthy colonic mucosa and the maturation and differentiation of the animals’ immune system (Ewing & Cole, 1994). Thus, we mean that with lower-protein and higher-fibre diets we would arrive at ecologically sustainable production systems, in which the produced manure is a valuable fertilising source, that has surplus value compared with chemical fertiliser.

To test the hypothesis, a “learning to adapt to complex living systems” approach has been adopted. Long-term experiments in an integrated/interactive context have started, amongst others in co-operation with the Friesian environmental dairy farmers’ co-operatives VEL & VANLA. The analyses elaborate on nutrient dynamics in the soil-plant-animal system, to identify whether manure with a higher C:N ratio benefits apparent nutrient (in this case N) recovery from the soil and other complex indicators of agro-ecosystem health. The impact of allegedly risky interventions is evaluated at prototype experimental farms of Wageningen UR. 

Nutrient use efficiencies in Dutch agriculture

The external inputs, related to livestock farming in the Netherlands, are significantly higher than elsewhere in the world. Dutch farmlands comprise approximately 2 million hectares of cultivated soil, consisting of heavy clay, loam, sand or peat soils. An area of high-quality loamy and sandy soils, i.c. 0.7 million hectares, is used for arable and/or mixed farming. An area of 1.0 million hectares on heavy clay is used for specialised dairy farming largely based on perennial grasslands. In poor quality rain fed sandy regions, i.c. 0.3 million hectares, fodder crops are predominant, i.c. grass and silage maize. Traditionally, in the latter regions, large scale specialised pig and poultry operations are concentrated.

In arable and animal farming as a whole, nutrient use efficiencies are low, for N and P respectively 22 and 31 percent only (Boons-Prins et al., 1996). Table 1 shows external inputs of N and P in chemical fertiliser and concentrates in proportion  to the outputs of N and P in products, i.c. milk, meat and egg. About 55 percent of the N surplus can be attributed to dairy farming, primarily caused by the excessive use of fertiliser. Approximately 65 percent of the P surplus is related to intensive animal production, i.c. pigs and poultry husbandry. These operations are predominantly driven by use of feedstuffs imported from abroad, exceeding the natural carrying capacity of the agro-ecosystem. The table also shows desired reductions in external inputs and wanted increases in internal nutrient use efficiencies (NUE). 

Table 1. N and P balances cq use efficiencies in Dutch agriculture (Boons-Prins et al., 1996).
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Concentrates


190

35

150

28
kg.ha-1
Minerals




  8




kg.ha-1
Fertiliser


220

20

  80


kg.ha-1
Miscellaneous


  35

  2

  10


kg.ha-1
Products


100

20

100

20
kg.ha-1
Surplus


345

20

140

  8
kg.ha-1
Use efficiency


  22

31

  42

  71
%
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According to national legislation, by 2003 the “annual losses per hectare” should be reduced to 140 kilograms of N (180 kg for grassland and 100 kg for arable land) and 8.7 kilograms of P (i.e. 20 kg of P2O5), respectively. To achieve these reductions at system level, overall increases in NUE are needed from 22% to 42% for N and from 31% to 71% for P. According to Van Bruchem & Tamminga (1997), maintaining arable/animal crop production is most sensitive to the apparent nutrient uptake efficiency from the soil (Sensitivity Coefficients 94% and 84%, for N and P, respectively), while the N loss is most sensitive to chemical fertiliser use (SC 62%) and the P surplus to the importation of feedstuffs (SC 60%). Nutrient use efficiency at animal level is, in second position to the soil, highly relevant for production (SCN 60%, SCP 58%), but hardly effective for decreasing nutrient emissions to the environment (SCN 17%, SCP 23%).

At “APMinderhoudhoeve”, a 45/55 dairy/arable prototype farm in Swifterbant (52o32’ N, 5o40’ E), it is currently shown that in regions suitable for mixed farming, N and P use efficiencies (i.e. nutrients in products in proportion to nutrients in external inputs) of almost 100 percent may be achieved (Van Bruchem et al., 1999a). So, low external input and high productive (LEI-HP), apparently “closed circuit” farming systems seem within reach. Following this strategy, nutrient emissions to the environment could be drastically reduced while the current high levels of production could be maintained.

As is shown below, an integrated soil-plant-animal approach is expected to lead to new perspectives for specialised dairy farming and, potentially, for pig/poultry production systems as well. There is an urgent need for a paradigm shift, calling on for considering animal manure a valuable source for biological soil fertility instead of considering manure a waste to be disposed of off-farm. This paper focuses on N as the nutrient for which long-term sustainable management is most urgently needed, because of the assumed negative impact of nitrogenous compounds on the biological quality of manure (phytotoxic compounds: ammonia, cyanide, biogenic amines, e.g. putrescine and cadaverine, phenolic compounds, e.g. indole, p-cresol and skatole) and animal health and welfare (e.g. with respect to lameness and stress) (Ewing & Cole, 1994). Moreover, their malodorous side effects, and solubility in water (e.g. nitrate) or volatilisation (e.g. ammonia, N2O, NOx) cause various adverse effects in ground and surface water and in the atmosphere.

Farming Systems Analysis

In the framework of a dairy farmers’ initiated project aimed at reducing N emissions to ecologically justified levels, an appraisal was made of ~90 dairy farming operations, united in two Friesian environmental co-operatives, respectively VEL in Eastermâr (Oostermeer) and VANLA in Achtkarspelen (approximate locations 53o15’ N, 6o10’ E). For each individual farm, the N flows (kg.ha-1) were assessed in (I) the external inputs of fertiliser and concentrates, (II) in homegrown forage and (III) in the outputs of milk and meat. A summary is presented in Table 2, with Nmanure approximated as Nfeed (i.e. Nforage plus Nconcentrates) minus Nproducts. The following N use efficiencies (NUE) were assessed: (1) NUEanimal, including dry cattle and young stock, as Nproducts over Nfeed, (2) NUEsoil as Nforage over Nfertiliser plus Nmanure, and (3) Nfarm as Nproducts over Nfertiliser plus Nconcentrates. Finally, the N loss (surplus) was assessed as Nexternal inputs minus Nproducts. Subsequently, to identify the most effective interventions, the dairy farms were evaluated through sensitivity analysis, that connected the relative change (%Y) in (a) production and (b) N surplus (environment) with a relative change (%X) of (c) Nfertiliser, (d) Nconcentrates, (e) NUEanimal and (f) NUEsoil. The outcomes of the analysis of the 1995/6 N flows at farm level are presented in Table 2 (Verhoeven et al., 1998).

This analysis has led to the following conclusions. Productivity at farm level (product-N output per hectare) is primarily determined by NUEsoil, i.e. the apparent uptake of  N from the soil, with NUEanimal, the N use efficiency at animal level, in second position. The variation coefficient for NUEsoil was considerably larger than that for NUEanimal, despite the average milk production among farms varied between ~4000 and ~9000 kilograms per lactation cycle, and the genetic make-up of the dairy cows varied from Dutch Friesian (DF) to Holstein Friesian (HF). However, reduction of N losses to the environment could most effectively be achieved by a gradual decrease of fertiliser N supply, to a level that did no longer exceed the natural carrying capacity of the agro-ecosystem, i.c. the soil. In this respect, milk production per cow had hardly any impact. It is argued that N fertilisation can be decreased substantially, without any significant decrease in forage yield. According to Lantinga & Groot (1996), beyond 200 kg N fertiliser per ha, there is little scope for higher forage yields. At higher supplies, the quality of the sward decreases, amongst other things, because of urine scorching patches (sandy soils) and hoof crushing (clay, peat). Moreover, excessive fertiliser supplies lead to the production of forage containing excessive amounts of protein and considerable amounts of non-protein N, to overestimation of NEL (net energy lactation; Valk et al., 2000), and, as is elaborated on below, to low-quality manure with a low C:N ratio.  

Table 2. N flows, N use efficiencies (NUE) and sensitivity coefficients (SC) at dairy farms united in the Friesian environmental co-operatives VEL & VANLA (1995/1996).
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N flow

NUE


SCproduction
SCenvironment



kg.ha-1

%


%

%
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Forage


182-434



  

Concentrates

  31-197



  39 (1.0)
  19 (0.6)1
Products

  32-  93

NUEanimal



10-24


  89 (0.3)
  15 (0.4)

Manure

195-533

Fertiliser

154-478



  51 (0.9)
  69 (0.7)

NUEsoil



30-60


117 (2.1)
  20 (0.8)

Surplus

162-560

NUEfarm



10-41
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1) SEM in parentheses

A lower fertiliser N supply is expected to have a beneficial effect on NUEsoil and soil health, while producing forage with a higher ratio NEL:CP (crude protein). This results in the production of manure with a higher C:N ratio, particularly if forages are cut at a more mature stage. According to principles adhered to in organic agriculture, organic manure with a higher C:N ratio has a long-term beneficial effect on soil biological functioning, soil health and nutrient use efficiency (Brussaard et al., 1997; Hennig, 1997). In addition, manure with a higher C:N ratio, brings about a drastic reduction of urinary urea excretion. Ammonia emission as well as nitrate leaching are significantly reduced (De Visser & Verhoeven, 1999). At “APMinderhoudhoeve”, a grass/clover ley is used for permanent grazing from May to October during day time. No additional inorganic fertiliser is applied. In March, early June and late July 30 m3 of manure is applied, containing 64 kg.m-3 dry matter (Reference Value 90), while the dry matter contains 751 g.kg-1 organic matter (RV 733), 14 g.kg-1 mineral N (RV 29) and 13 g.kg-1 organic N (RV 26). The average C:N ratio was 13.5  (RV 6.7). In October 1998, nitrate content in groundwater amounted to 2.5 mg.ltr-1, about a factor 5 below the EU standard. 

Nutrient dynamics at animal level

Biological processes, i.e. milk, meat and egg production, in essence can be considered energy driven processes. As a result, nutrient use efficiencies (NUEanimal) can be considered a derivative of the nutrient (e.g. N) to energy ratios. In European countries, energy evaluation systems for ruminants and pigs have been developed that are based on net energy (NE):

NE = GE - FE - UE - H

With
GE: 
gross energy


FE: 
faecal energy


UE: 
urinary energy, including methane energy


H: 
heat

For poultry, feed evaluation systems are usually based on ME (metabolisable energy), i.e. GE minus energy in excreta (i.e. FE + UE).

Below, the impact of feeding practices on amount and quality of manure is evaluated through ‘on desk’ computations. The relationship was assessed between on the one hand dietary characteristics, i.c. ME or NE and crude protein (CP) values, and animal performances and on the other hand the amount and composition of excreta. The model computations concerned dairy cows (DC), fattening pigs (FP) and  laying hens (LH). For dairy cows, the net energy lactation (NEL) ranged between 5.5-7.5 MJ.kg-1 dry matter (DM), the NEL/CP ratio between 35-45 MJ.kg-1 and fat and protein corrected milk (FPCM) between 35-45 kg.d-1 (Table 3a). The effects on the composition of the slurry are presented in Fig. 2. 

Table 3a. Computed dry matter ingested/needed (DMI), faecal organic matter excreted (FOM) and N use efficiency (NUE) in relation to dietary net energy (NEL) and crude protein (CP) contents and fat/protein corrected milk (FPCM) production (independent variables in bold).
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DMI
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33.0  

24.2
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  2.5

11.3  

  3.1
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NUE



26.9
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%

NEL/CP 45 MJ.kg-1
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Fig. 2a. C:N ratio in manure relative to dietary net energy (NEL) and  (crude) protein (CP) contents and performance in dairy cows (digestible organic matter; DOM; solution domain C:N > 10, SD; minor effect related to milk production). 

For fattening pigs, the net energy (NEfp) ranged between 8-10 MJ.kg-1 DM, the NEfp/CP ratio between 55-75 MJ.kg-1 and the growth rate between 700-900 g.d-1 (Table 3b). The effects on the composition of the slurry are presented in Fig. 2b. 

Table 3b. Computed dry matter ingested/needed (DMI), faecal organic matter excretion (FOM) and N use efficiency (NUE) in relation to dietary net energy (NEfp) and crude protein (CP) contents and growth rate in fattening pigs (independent variables in bold).

===================================================================

growth rate


700



900

g.d-1
NEfp 


    8 

10 

  8 

10
MJ.kg-1 DM

DMI


2.37  

1.89

2.81 

2.24
kg.d-1
FOM


0.70  

0.27

0.83 

0.32 
kg.d-1
NEfp/CP 55 MJ.kg-1
NUE



29.3



31.7

%

NEfp/CP 75 MJ.kg-1
NUE



39.9



43.2

%
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Fig. 2b. C:N ratio in manure relative to dietary net energy (NEfp) and  (crude) protein (CP) contents and growth rate in fattening pigs (digestible organic matter; DOM; solution domain C:N > 10, SD; minor effect related to growth rate). 

Finally, for laying hens, metabolisable energy content of the diet (MElh) ranged between 10.5-12.5 MJ.kg-1 DM, the MElh/CP ration between 70-80 MJ.kg-1, and the laying performance between 70-90% (Table 3c). The effects on the composition of the excreta are presented in Fig. 2c. 

Table 3c. Computed dry matter ingested/needed (DMI), faecal organic matter excretion (FOM) and N use efficiency (NUE) in relation to dietary metabolisable energy (MElh) and crude protein (CP) contents and performance in laying hens (independent variables in bold).
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laying performance

  70



  90

% eggs d-1

MElh 


10.5 

12.5 

10.5 

12.5
MJ.kg-1 DM

DMI


122 

103
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114
g.d-1
FOM


  49 

  28

  54 
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MElh/CP 70 MJ.kg-1
NUE
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31.8

%
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31.4



36.3
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Fig. 2c. C:N ratio in manure relative to dietary metabolisable energy (MElh) and  (crude) protein (CP) contents and performance in laying hens (digestible organic matter; DOM; solution domain C:N > 10, SD; minor effect related to laying percentage). 

Dietary energy content turned out not to affect significantly NUEanimal, neither in a direct manner nor indirectly through slightly lowered animal performances, but had a profound effect on amount/composition of excreta. Both NUEanimal and manure composition were highly significantly related to dietary protein content. This thought experiment showed that to attain a higher C:N ratio in manure, it is important to lower (1) dietary energy content and (2) crude protein content (Fig. 2d). 

[image: image5.wmf]Fig. 2d. Impact of performance (production), and dietary crude protein (CP) and net/metabolisable energy  (NEL/NEfp/MElh) contents on C:N ratio in manure (dairy cows, DC; fattening pigs, FP) and excreta (laying hens, LH).

In terms of nutrition physiological background, meat production and egg production are about similar in terms of the composition of the produce. In fattening pigs and laying hens, protein is solely derived from amino acids absorbed from the small intestine. On the other hand, fat (i.c. triglycerides) can be derived from ketogenic, glucogenic as well as aminogenic sources. In general, heterotrophic metabolic pathways are subject to a kind of hierarchy: aminogenic ( glucogenic ( ketogenic nutrients. Aminogenic nutrients can be utilised for glucogenic and ketogenic purposes. Glucogenic nutrients can be used for ketogenic purposes, i.c. as an energy substrate or for deposition in adipose tissues. The reverse biochemical reactions, however, are impossible. An approximation of the stoichiometric relationships governing the conversion of feed into products is presented in Table 4.

Table 4. Overview of approximate proportions of aminogenic (A; proteins), glucogenic (G; carbohydrates) and ketogenic (K; lipids) nutrients in diets and products in dairy cows (DC), fattening pigs (FP) and laying hens (LH).
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dietary





product


A

G

K

A

G

K

--------------------------------------------------------------------------------------------------------------

DC

15

80

  5

30

401

30

FP

15

75

10

40

  5

55

LH

16

75

 9

45

  5

50
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1) including glucogenic nutrient requirements for NADPH-dependent de novo fat synthesis.

Tissue protein deposition on the one hand, and egg protein ‘excretion’ on the other relative to digestible protein intake may differ. Tissue (lean meat) protein deposition must be regarded as the resultant of  protein synthesis and protein degradation. In other words, tissue proteins are subject to a process, known as protein turnover. Consequently, the energetic efficiency of for tissue protein deposition, i.c. net deposition, vs digestible protein intake, may be lower than the production of egg and milk protein. Besides, a significant difference has been observed between species. Bikker (1994) and Gerrits (1996) determined the slope between net protein deposition and digestible protein intake. Regression coefficients varied from 0.5-0.6 in growing pigs to 0.2-0.3 in veal calves, respectively. 

Further, milk production differs from meat and egg production, in terms of the glucogenic nutrients required. In addition to protein and fat, milk contains lactose as a glucogenic compound. Besides, ruminants are foregut fermenters. In the compound forestomachs a significant part of the protein and carbohydrates (cell walls, starch, sugars) is irreversibly converted into lower-order nutrients (volatile fatty acids), of which the major part (acetic and butyric acid) is ketogenic. This happens particularly in the case of high-NEL and high-protein diets. The magnitude of the events taking place along the gastrointestinal tract is presented in Table 5.

Table 5. Relative significance of fermentative/digestive processes along the gastrointestinal tract of dairy cows (DC), fattening pigs (FP) and laying hens (LH).
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*) less relevant; **) relevant, ***) highly relevant; HAc: acetic acid; HPr: propionic acid; HBu: butyric acid, HLa: lactic acid; MP: microbial protein; VFA: volatile fatty acids; FFA: free long-chain fatty acids; k: ketogenic; g: glucogenic; a: aminogenic; 1) depending on prevalence protozoa

For dairy cows, Van Bruchem et al. (1997) made a quantitative compilation of:

· The fermentative events taking place in the forestomachs (and hindgut):

· conversion of cell walls into acetic, propionic and butyric acid

· conversion of starch, sugars and glycerol into propionic, butyric and lactic acid

· de novo synthesis of microbial biomass

· absorption of volatile and lactic acids

· The digestive events taking place in the small intestine:

· absorption of free long-chain fatty acids (FFA)

· digestion of starch and microbial polysaccharides; absorption of glucose

· digestion of rumen bypass and microbial proteins; absorption of amino acids

· production and re-utilisation of endogenous proteins; balance of amino acids

· The post-absorptive events taking place in the body organs/tissues:
· meeting maintenance requirements of glucose and protein

· synthesis of milk fat from body reserves, small intestine derived FFA and rumen/hindgut derived ketogenic VFA, including glucose derived NADPH for de novo synthesis of FFA

· synthesis of protein from body reserves and small intestine derived amino acids

· synthesis of lactose from rumen/hindgut derived glucogenic organic acids and small intestine derived glucose and glucogenic amino acids

[image: image6.wmf]The results are presented in Figure 3, illustrating that next to dry matter intake capacity milk production is primarily constrained by the availability of glucogenic nutrients. In addition, it should be stressed that glucogenic nutrients become even more limited when (for improving the C:N ratio of manure) the dietary fibre content is increased and protein content decreased. With a shift from non-structural carbohydrates to structural carbohydrates the ratio of ketogenic to glucogenic organic acids produced during fore/hindgut fermentation increases (Czerkawski, 1986). Further, it is shown that body protein reserves are relatively low compared with milk protein synthesis. 
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Figure 3. Relative proportions of keto-genic (lipids), gluco-genic (carbohydrates) and amino-genic (proteins) nutrients in the diet, the vascular (blood) compartment and milk (including glucose needed for de novo milk fat synthesis), relative to maintenance requirements (mnt req) and body reserves. 

During peak lactation, the hormonal status of the animal and the limited feed intake capacity induce a negative energy balance, with 1 kVEM (i.e. 6.9 MJ NEL) on average equivalent to 425 g live weight (365 g empty body weight), 200 g fat, 40 g protein and 125 g tissue water (Tamminga et al., 1997). Over an 8-week period, average rates of mobilisation were 43 g.d-1 for protein (~4% of daily output) and 552 g.d-1 for fat (~40% of daily output). In addition, it was demonstrated that the shift from a negative to a positive protein balance preceded that from a negative to a positive energy balance. So, relative to requirements for milk production, body adipose tissue reserves exceed body protein reserves. For glucose as a precursor of lactose the body pool size is even less. Upon arrival in the liver, glucogenic organic acids (i.c. propionic and lactic acids) are almost wholly converted into glucose (De Visser et al., 1997). 

High-quality animal manure - a natural resource of fertiliser

Unlike man-controlled linear systems and computer models stemming from reductionism, complex living systems are capable of fulfilling a great number of objectives simultaneously. Because of the key role of manure as a valuable resource of fertiliser, we advocate that priority be given to the production of high-quality (HQ) animal manure, i.c. manure with a higher C:N ratio. HQ manure is assumed to be capable of simultaneously serving a number of beneficial effects, including:

· it constitutes an internal nutrient source for the soil vs chemical fertiliser as external input

· it does not require fossil fuel energy, in contrast with chemical fertiliser production

· it saves on the cost of chemical fertilisers

· it would contribute to broaden societal acceptance of animal farming

· it provides opportunities for a viable rural development through down-grading and integration of functions (Van der Ploeg and Long, 1994)

In the medium term, confirmative as well as explorative, monitoring research is needed to show the impact of HQ manure on:

· the agro-ecosystem

· biodiversity

· economic viability

· redox potential (Rao, 1995)

· integrity/resilience and flexibility

· balance between beneficial and hazardous (EM) radiation (Tiller, 1997)

· the soil

· balance between para- en diamagnetism (Callahan, 1995)

· balance between beneficial and pathogenic nematodes/fungi/micro-organisms

· structure, organic matter status, biological functioning and water holding capacity

· the animals

· balance between beneficial/pathogenic micro-organisms, use of antibiotics/drugs

· health status (vitality), welfare and adaptive capability (Ewing & Cole, 1994)   

· the products

· contamination with agro-chemical residues 

· biological product quality (Van Wijk and Schamhart, 1988)

As we showed in Fig. 2d, the C:N ratio of manure is most sensitive to dietary energy content, with dietary protein content in second position. Animal performance is unimportant in this respect. Therefore, in line with the outcome of the analysis at the VEL & VANLA farms (Table 2), there is no need for breeding with the purpose of a higher animal performance. In general, we mean that the current huge environmental problems caused by animal production, can be attributed to a lack of common sense, through neglecting several natural feedback mechanisms as well as communication channels (e.g. between scientists, extension officers and farmers). Importation of feedstuffs beyond the natural nutrient carrying capacity of the Dutch agro-ecosystem has led to a considerable environmental pollution, which can be regarded as the reverse side of irreversible soil degradation  elsewhere in the world. Without feed acting as a constraint, animal subsystems tend to proliferate in an exponential manner. The potential number of female offspring in a lifetime approximates 4 for a dairy cow, 50 for a sow and 500 for a laying hen, all the more a reason to opt for production systems that are adjusted to regionally available feed resources. We aim at regionally based, natural resource controlled systems that, additionally, could stabilise market price developments for dairy/pig/poultry produce in support of rural economies. Such regional systems could also foster and promote the production of consumer controlled safe food, a desirable development, as recently appeared in Europe.

Framework for improving nutrient use efficiencies at system level

As shown above, NUE at the level of the soil-plant-animal system is more sensitive to apparent nutrient uptake from the soil (NUEsoil) than to nutrient conversion efficiencies in the animals (NUEanimal). The two processes of major importance for the persistence of soil ecosystems are photosysnthesis and decomposition (Brussaard et al., 1997). Since the two are interdependent, investigations into the functioning of terrestrial ecosystems should address both the above-ground and below-ground food web. We believe that the concepts of (agro)biodiversity, nutrient use efficiency and animal/soil/system health will prove to relate in a positive manner, in the sense that the more biodiverse a system is the greater its buffering capacity and the more resilient its homeostasis. This positive effect presumably also extends to processes associated with soil-borne diseases and pests.

Following the Livestock Farming System (LFS) approach (Van Bruchem, 1997), we currently seek to tackle the sustainability issues caused by Dutch agriculture through large-scale ‘target group’ driven projects, that include the design and validation of novel farming technologies at prototype farms. Dairy farming is tested at “APMinderhoudhoeve” (mixed integrated and organic dairy/arable farming on loamy soil), “De Marke” in Hengelo (52oN, 6o20’ E; integrated dairy farming on sandy soil), “Aver Heino” in Heino (52o25’N, 6o15’E; organic dairy farming on sandy soil) and “De Ossekampen” in Wageningen (51o55’N, 5o40’E; integrated dairy farming on heavy clay). Integration of principles from organic farming into common farming practices has led to a new approach, known as ‘integrated farming’. Integrated, i.c. ecocentric, farming aims at maintaining the current high level of production, while drastically decreasing the external inputs of chemical fertiliser, concentrates and agro-chemicals. Making progress in the direction of integrated farming refers to a number of shifts in progress: (1) analysing from a holistic perspective instead of a reductionistic one, (2) supporting a bottom-up approach instead of a top-down one, (3) following ecocentric principles for problem-solving instead of  focussing on technological solutions, (4) proceeding from a complex/inductive approach based on intuition and empirical farmers’ knowledge instead of  rational (linear) management, and (5) preventing environmental pollution ‘at the source’, instead of abating the pollution through ‘end of pipe’ technologies. 

In addition, we claim that long-term solutions that comply with the principle of inter-generational equity are preferred (Becker, 1997), that the precautionary principle be followed, and that a normative concept (paradigm) is needed for decision making at all levels, from farmers and their organisations at the local level to WTO policy makers at the global level. This is all urgently needed in order to prevent the needs of future generations from being jeopardised because of economic considerations, currently dominated by short-term interests. So, the paradigm in agriculture should shift towards balancing subsystems rather than optimising them according to the classical dose-response approach and the law of diminishing returns. We hypothesise that, when conditions are created favouring self-regulation, flexibility and adaptation, lower-order negative interactions will be compensated by higher-order positive interactions. Consequently, the axiom of negative trade-offs among the various sustainability goals may be transformed into positive interactions, providing for a ‘multiple gain perspective’ in terms of (1) solving the issue of nutrient losses to the environment, (2) furthering animal health and welfare, (3) enhancing biological product quality, etcetera. 

The prospects of such a holistically grounded ecotechnological approach are quite promising, as is presented in Table 6, which shows results achieved at the prototype farms “De Ossekampen” and  “APMinderhoudhoeve”. Within a context of  specialised animal farming along with mixed farming on a 50/50 basis, an average ‘N use efficiency’ (NUE) of N in external inputs (Nproducts over Nconcentrates + Nfertiliser) of at least 75% seems within reach.

Table 6. Eventual goals for specialised dairy farming1, compared with the projected results for a system designed at the “De Ossekampen” (OSK; dairy/meat/nature 55/36/9) and the results achieved in 1999 at the  “APMinderhoudhoeve” (APM; mixed dairy/arable 45/55).
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goals1

OSK

APM








dairying
heavy clay
loam



---------------------------------------------------------------------------------------------------------------

a. Concentrates


  75

  30

  30

kg N ha-1
b. Roughage



225

225

1103

kg N ha-1
c. Milk/meat



  752

  45

  35

kg N ha-1
d. Arable crops






  55

kg N ha-1
e. Manure



225

210

105

kg N ha-1
f.  Fertiliser/compost




  35

  55

kg N ha-1
g. N fixation



  75

  35

  30

kg N ha-1
h. Surplus
(a+f+g)-(c+d)

  75

  554

  254

kg N ha-1
NUEanimal 
(c)/(a+b)

  25

  18

  25

%

NUEsoil 
(b+d)/(e+f+g)

  75

  804

  874

%

NUEsystem
(c+d)/(a+f+g)

  50

  454

  784

%

=================================================================

1) for VEL&VANLA project and farmers’ study groups; 2) ~12500 kg milk ha-1; 3) including straw, beetpulp and breweries grains; 4) including N fixation

Nutrition and health of animals and agro-ecosystems

According to Waltner-Toews (1996), the recent outbreaks of feed/food borne diseases have shown that just when their control has become technologically feasible, it is eluding us. He contends that agro-ecosystem health is interconnected with the state of health of the whole complex of people, animals, plants, environments, and activities that people have created to grow crops, to keep animals and to distribute feed/food. The functioning of such an integrated framework is not only determined by the functioning of the individual parts at farm level (animal rearing conditions, feed harvesting methods and manure storage/application systems), but also by how well the parts (amongst others the retailers) are accomplishing what consumers want them to accomplish, that is to provide a resilient and sustainable, health-nurturing food supply. Questions to be answered are: (1) “How could we create a situation that nurtures the health and well-being of agro-ecosystems, including the physical and socio-economic health of the people who depend on it, as well as the health of the soils and waterways, and the domestic and wild plants and animals?” and (2) “What kind of systems could produce sufficient and safe feed and food on a sustainable and flexible basis?” 

When considering the epidemiological patterns of feed/food-borne illnesses, it is clear that science and technology alone will not be able to provide the solutions. Such events can be described in scientific terms, but solutions clearly need social, economic and political commitments. Therefore, on the verge of the new millennium, we should aim at a methodology that is capable of validating the concept of agro-ecosystem health in a highly complicated context. To assess system health, Becker (1997) proposed to define a set of indicators that compress information concerning complex processes or states into a more readily understandable form. For the below-ground compartment, indicators could be: (1) apparent nutrient uptake efficiency, (2) organic matter content, and (3) the balance between beneficial and harmful micro-organisms, fungi and nematodes. For the above-ground compartment, the health status of plants could be used as an indicator. Low intensity photon emission has been proposed as an indicator for ‘biological quality’ of food/feed  (Van Wijk & Schamhart, 1988). Nielsen (1992) suggested to use ‘health of domestic animals’ as an additional monitor of agro-ecosystem health. 

In general, diseases are classified as infectious or multi-factorial in nature. They are a negative reflection of the dynamic balance between host resistance factors, comprising immunological and physiological mechanisms of defence, and environmental stressors (Schrama et al., 1997). Stress, both chronic and acute, and sub-clinical diseases significantly increase maintenance energy requirements. Opportunistic pathogens, such as Escherichia coli,  Clostridia, Staphylococci, Proteus and Pseudomonas, develop under conditions of a protein-type fermentation. This occurs particularly, when highly digestible diets are fed, resulting in protein rich digesta, with a significant part of the protein derived from endogenous sources, i.c. mucoproteins, residual enzymatic proteins and shed epithelial cells, entering the hindgut. On the other hand, the production of volatile fatty acids is increasingly associated with animal health, because they are assumed to contribute to prevention of inflammation and immune suppression (Ogra et al., 1994; Rao, 1995). When animals get sufficient fibre in their diet, they develop a healthy microflora, including Bifidobacteria, Eubacteria, anaerobic cocci and Lactobacilli. In future, the principle of radionics might be used to assess the vitality and welfare of animals, as integrative indicator of agro-ecosystem health (Tiller, 1997).

Recommendations for future integrative and disciplinary research efforts

Summarising, we argue that, for solving the complex of problems in western animal production systems, an integrated approach is needed and a focus on natural regulatory mechanisms. Agriculture is an integral part of a ‘human activity driven’ system that is organised in a highly complex manner. In this context, (bio)diversity can be considered a natural resource for health and stability. To arrive at a viable multifunctional rural environment, with farmers as participatory managers, down-scaling and integration of functions have to become key issues in the future (Van der Ploeg & Long, 1994). 

According to Sasson (1990), it is of great importance that the public be given the opportunity to follow consciously and intelligently the results of scientific research. It is not sufficient that each result be taken up, elaborated and applied by only a few specialists in the field. “Restricting the body of knowledge to a small exclusive group deadens the philosophical spirit of people and leads to spiritual poverty” (Vandana Shiva, 1997). This all argues for a participatory approach, through establishing societal producer/consumer founded platforms creating opportunities for discussion. 

There is an overwhelming evidence that two decades of basic and ‘on desk’ research have not really contributed to solving the environmental issues and other questions of sustainability in The Netherlands. One of the central challenges that we have to face is the gap between ecologically defined hierarchies and the concerns of institutions involved in research, management and government. For curing the patient we need a plurality of approaches with a unity of vision, combining value judgements with objective measurements for evaluation. 

Legislative efforts, e.g. with respect to below-ground injection of manure and ‘green label’ animal houses, have significantly increased the costs of production, but have had only a marginal effect on abating ammonia emission and nitrate leaching (Erisman & Monteny, 1998; Erisman et al., 1998). On the other hand, modern farming practices, using heavy machinary, may have had even a negative impact on the soil in terms of physical structure, meso- and micro-animal biomass, biological regulation, nutrient uptake efficiency and health. This can amongst others be attributed to the fact that government policies are based on simulation models that have not been adequately validated under practical conditions. This lack of validation is due to a lack of feedback between ‘on station’ defined interventions and their practical impacts, as well as to a lack of communication between researchers and farmers. There is an urgent need for change, indeed. Scientists, along with farmers, should adopt a more ecocentric and humble attitude, in harmony with nature rather than ruling nature, while rediscovering the importance of intuition and empirical farmers’ knowledge . 

As a matter of fact, bringing about change is actually not that difficult. We could start designing solutions founded on inspiration and historical analogies. For instance, with the soil in a better biological constitution, in spring the grass would start growing spontaneously without excessive amounts of fertiliser, when soil temperature rises and consequently the rate of mineralisation. The NEL:CP ratio in forage and the C:N ratio of manure would increase automatically when fertiliser supplies would be gradually decreased and harvesting the grass would be postponed to a somewhat more mature stage. Consistently following such a guideline, we are confident that we eventually will arrive in an upward cascade of events. Most surprisingly, at “APMinderhoudhoeve”, the system responded rapidly, the dairy cows did not react with lower body scores and milk production, as predicted by the energy and protein feed evaluation systems in place. In the course of three years, the herd’s health status even improved, while the fat/protein corrected milk production increased from ~8000 kg in 1996/7 to a projected ~9200 kg per 305-d lactation cycle in 1999/2000. The annual increase of  400 kg on the average was more than twofold the herd book (NRS) annual increase in genetic make-up of ~150 kg. These results illustrate that there is a risk that single ‘on desk’ and ‘on station’ research, without interacting with experiences in the field, may very well block solutions for the future, instead of finding them. Therefore, we urge that a significant part of future disciplinary research efforts be geared towards monitoring complex ‘health’ indicators in an interactive agro-ecosystem context. Sound disciplinary research is urgently needed to interpret adaptations that emerge under field conditions. Perhaps, researchers and extension officers should be educated to comply with the basic axioms governing agro-ecoystems in a nonlinear dynamic manner. In the long run, lower aggregation levels will never be able to dominate higher level interactions (trends), and lower frequency (energy) levels (specialisation, disintegration) will always remain subordinate to higher (subtle) energy levels (integration, self-organisation).

Looking again at Fig. 1, we feel permitted to put forward that university education, research and extension are rather unbalanced in terms of linearity vs complexity and analysis vs synthesis. Most researchers, lecturers and extension officers are no longer aware of what could be called “functionally self-supporting units”. The endeavours of animal scientists should, at least, also include aggregation level L1, that of the soil-plant-animal system. If not, their efforts may result in even more confusion of tongues instead of effectively opening sustainable perspectives. Communication of knowledge and dissipation of energy are governed by similar natural laws. Without an adequate balance between the left multidisciplinary ‘centrifugal’ circle and the  right interdisciplinary ‘centripetal’ circle (Fig. 1), the rational knowledge generated by basic research programs geared towards ever lower level of integration, may easily fade away without adequate integration at higher levels of integration. Therefore, disciplinary scientists should at least be aware of the various antagonistic and mutualistic feedback mechanisms acting at higher integration levels. After all, communities, ‘human activity driven’ agro-ecosystems, as well as lower-order systems (e.g. metabolic, digestive and immune systems) all meet the necessary conditions to be called complex nonlinear dynamical systems, showing a type of  self-organisation that stems from the collective behaviour of a large number of simple entities (Wilkinson, 1997). “It is an attractive, but as yet unproven conjecture that all living systems (single organisms and ecosystems alike) are balanced on the edge between order and chaos, since it is only on this edge that sufficient order is present for homeostasis, along with sufficient chaos for adaptive behaviour” (Langton, 1992).  
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