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Abstract 
The structure of pig production has changed dramatically during the last four decades. Raw materials 
for pig feeds are often grown in regions other than where pig production takes place. Since pig 
manure is mostly spread in the close vicinity of pig production facilities, this may lead to several 
environmental concerns on the quality of soil, water and air. Soil quality is most affected by 
accumulation of minerals like, phosphorus, copper and zinc. Moreover, minerals and nitrate may leach 
or run-off, resulting in enhanced nitrate and mineral levels in ground and surface water. Finally, large 
pig units generate bad smell, ammonia and dust, that may exceed tolerable levels. Negative aspects 
of pig production on the environment have already led to legislation that limits the use of animal 
manure or the expansion or localisation of pig operations in some countries or regions. Also the 
impact of EU legislation with regard to environmental issues is large.  
This paper provides an insight into environmental problems and environmental legislation. Next, the 
national balance in The Netherlands for nitrogen, phosphorus, copper and zinc are presented. 
Thereafter, nutritional measures are described to reduce environmental pollution by lowering the 
excretion of nitrogen, phosphorus, copper and zinc by changing the diet for the animals without 
compromising their health and performance. Also, ammonia and odour emissions can be reduced 
substantially by altering nutrition. Although the excretion of copper and zinc per pig has decreased 
during the last decades as a result of EU legislation, it still exceeds tolerable levels in several regions. 
In The Netherlands, the excretion of phosphorus per growing pig has more than halved in the last 30 
years as a result of intensive nutritional research on phosphorus digestibility, requirements for 
phosphorus, and on the efficacy of microbial phytase in pig feeds. Finally, several factors are 
discussed that should be taken into account to judge excretion of nitrogen and minerals on a system 
level, after which several conclusions are drawn. 
 
1. Introduction 
There is an increasing awareness of the impact of livestock production systems on the environment, 
especially in countries or regions with a dense animal population, e.g., in Denmark, The Netherlands 
or Brittany in France (Jongbloed et al., 1999). In the past, animals were fed home-grown feeds and the 
manure produced was regarded as a scarce and valuable commodity for maintaining soil fertility. This 
ensured nutrient recycling except for losses associated with storage, transport and nutrients deposited 
in milk, meat and eggs.  
Livestock production per hectare has increased by using more nitrogen (N) and phosphorus (P) on 
dairy farming systems in the form of inorganic fertilisers and purchased feeds, or in pig and poultry 
farming by purchased feeds. Thus, crop production and animal production were specialised and 
separated, in many cases by large distances. As a consequence, large amounts of nutrients excreted 
in animal manure, are not fully utilized in the soil-plant-animal system and finally lost to the 
environment, resulting in accumulation. 
Environmental concerns can be divided into three categories: concerns related to the soil 
(accumulation of nutrients), the water (eutrophication) and the air (global warming, ammonia, odours, 
dust). The major concern in many countries such as The Netherlands, is finding an acceptable 
balance between the input and output of N and minerals per hectare of cultivated land. A recent 
overview of heavy metal balances across EU member states (Eckel et al., 2005) shows that net 
accumulation rates for Cu vary from -138 to +908 g/ha/yr (median value: 109 g/ha/yr) and from -131 to 
+3523 g/ha/yr (median: 389 g/ha/yr) for Zn. The net positive input to soils inevitably will lead to an 
increase in the Cu and Zn level in the soil. This in turn leads to increased leaching rates from soil to 
ground- and surface waters. The continuation of the accumulation of phosphorus and minerals in soils 
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from manure, therefore, will lead to even higher levels of metals in surface waters. This can pose new 
restrictions on the use and disposal of manure or sludge (not relevant in the Netherlands since it is not 
allowed to be used). Furthermore, because of excessive application of manure and fertilisers per 
hectare of land, surplus precipitation and leaching, nitrate often exceeds tolerable values in fresh 
water as well as for P. Generally, the enrichment of the environment leads to less biodiversity. This 
aspect is stressed more and more in The Netherlands. 
Ammonia and greenhouse gases, together with noxious odours from animal husbandry are also of 
concern. Animal husbandry causes 90% of the total NH3 emission in The Netherlands (Anonymous, 
2006). The contribution of agriculture in The Netherlands to emissions of CH4 primarily from 
ruminants, and gases like N2O which contribute to global warming (greenhouse effect) are 48% and 
54%, respectively (Anonymous, 2006). Dust, noise, visual pollution, and animals and their manure as 
carriers of pathogens, may also be regarded as environmental concerns.  
Protein (nitrogen/amino acids) and the minerals like P, Cu and Zn are essential dietary nutrients for 
maintenance and production of animals. However, to avoid unnecessary excretion of these nutrients, 
there should be a close balance between the animal's genetic potential and the quantity and quality of 
nutrients consumed (Jongbloed et al., 1999).  
After having described the environmental concerns associated with intensive animal production with 
special reference to nitrogen, minerals such as P, Cu and Zn, and emissions of ammonia and bad 
odours, the aim of this paper is first to give some insight into the European and Dutch environmental 
legislation. Next, the national balance in The Netherlands is presented for N, P, Cu and Zn. 
Consequently, examples will be described on nutritional means to reduce the excretion of N, P, Cu 
and Zn, and reduction of NH3 and odour. Only nutritional aspects will be discussed here, although the 
author is aware that aspects such as housing, mechanisation, labour and economy are also important.  
 
2. Legislation 
The aims of governmental policies in the European Union (EU) are mainly based on the nitrate 
directive of the EU (1991) for the protection of water. A maximal allowed level of 50 mg NO3

-/L is 
given. For P a maximal level of 0.15 mg total P/L is allowed in The Netherlands. In 2000, the Water 
Framework Directive in the EU was established and will impose standards for “good quality” of surface 
waters (EU, 2000). In this directive a framework is given which aims to maintain and improve the 
aquatic environment in the EU. As a result of this Directive, in The Netherlands, legislation was 
adopted regarding concentrations in soil and ground water for minerals (Staatscourant, 2004). In this 
document the target values for Zn in shallow and deep ground water are 65 and 24 µg solubilized 
Zn/L, respectively. In their review, De Vries et al. (2002) showed that leaching of Cu and Zn from dairy 
farms in The Netherlands on sandy soils may range from 80 - 220 and 160 – 1000 g/ha, respectively. 
An amount of 1000 g Zn/ha results in The Netherlands in about 330 µg solubilized Zn/L, which is far 
above the maximally tolerable risk level. However, more recent estimates of Zn load show that 
leaching of Zn is much lower in surface water than earlier estimates, however this largely depends on 
the height of the water table level (Bonten and Brus, 2006). 
In 1999, the Gothenburg Protocol was adopted to abate acidification, eutrophication and ground-level 
ozone (Gothenburg, 1999). This protocol sets emission ceilings for 2010 for four pollutants: ammonia, 
sulphur, NOx and VOC (Volatile Organic Compounds). These ceilings were negotiated on the basis of 
scientific assessments of pollution effects and abatement options. Countries whose emissions have a 
more severe environmental or health impact and whose emissions are relatively cheap to reduce, will 
have to make the biggest cuts. Once the Protocol is fully implemented, Europe’s sulphur emissions 
should be cut by at least 63%, its NOx emissions by 41%, its VOC emissions by 40% and its ammonia 
emissions by 17% compared to 1990. Table 1 shows an overview of emission ceilings for ammonia in 
some European countries and the EU. This table shows large differences in reduction of ammonia that 
should be achieved in 2010, and ranges from 43% for Denmark and The Netherlands to even an 
expansion of 10% for Portugal. For the EU as a whole 15% reduction of ammonia emission is 
foreseen. 
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Table 1.  Emission ceilings for ammonia in some European countries (1000 tonnes per year; 
Gothenburg, 1999) 

Country Emission in 1990 Emission ceilings in 
2010 

Reduction% in 2010 
(base year 1990) 

Denmark 122 69 43 
France 814 780 4 
Germany 764 550 28 
Ireland 126 116 8 
Netherlands 226 128 43 
Portugal 98 108 10% higher 
Slovakia 62 39 37 
United Kingdom 333 297 11 
European Community 3671 3129 15 

 
In 2003, the EU adopted new maximum authorized levels of micro-minerals in animal rations, which 
for pigs are presented only for Cu and Zn (Table 2). The physiological requirements as mentioned in 
this document should be the basis for the maximum authorized dietary levels in the EU and not 
pharmacological doses such as those for Cu and Zn. One of the reasons was that Cu and Zn in 
animal manure can form a considerable environmental hazard now or in the future. 
 
Table 2.  Overview of maximum allowed concentrations of Cu and Zn in diets for specific categories of 

pigs (mg/kg; EU, 2003). 
 Copper (mg/kg) total diet Zinc (mg/kg) total diet 
 EU till 2004 EU ≥2004 EU till 2004 EU ≥2004 
 total total total total 
Piglets till 12 weeks of age 175 170 250 150 
From 12 - 16 weeks of age 175 25 250 150 
Fatteners from 16 weeks of age 35 25 250 150 
Breeding sows 35 25 250 150 

 
No legislation at EU level on odour emission has been set yet, but several member states have odour 
legislation such as Germany, Austria, Belgium and United Kingdom. In The Netherlands, revised 
legislation on odour emission has been implemented since 01-01-2007 (Staatscourant, 2006). The 
concentration of odour is expressed in European odour units per cubic meter air (ouE/m3), and is 
defined as the amount of odour-causing gases which, when diluted in 1 m3 of air, can just be 
distinguished from clean air by 50% of the members of an odour panel. Odour emission is defined as 
the number of odour units emitted from a manure surface per second (ouE/sec/m2). In Staatscourant 
(2006), odour emission factors for various categories of animals and housing systems are listed, and 
expressed in (ouE/sec/m2). A growing-finishing pig from 25 kg to slaughter has an odour emission 
factor of 17.9, but with a chemical air washer in the building, this is 12.5 (30% reduction). The total 
emission from a farm is estimated by means of a dispersion model, and calculates the dispersion of 
odour between the emission point and the odour-sensitive object. According to the Dutch legislation, 
the maximal allowed odour load is 35 ouE/m3, but the authorities of the communities, who have to give 
permission for the livestock operation, may deviate from this. 
 
3. Estimation of the load of nitrogen and minerals in The Netherlands 
To give insight into the load of N and minerals per ha of land in The Netherlands, Table 3 lists the 
contributions of N and P from animal manure and fertilisers in The Netherlands together with the 
surplus of these minerals per ha of utilized agricultural area (CBS, 2002; LEI, 2005).  
Table 3 demonstrates that an increase of N and P output from manure took place from 1970 to 1990 
after which a substantial decrease was obtained (primarily as a result of legislation). Nevertheless, 
there is still a significant excess of N and P per ha of land. 
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Table 3.  Amount of N and P in animal manure and fertilizers in The Netherlands (kg/ha utilized 
agricultural area; CBS, 2002; LEI, 2005). 

 Nitrogen Phosphorus 
Year 1970 1980 1990 2003 1970 1980 1990 2003 
Manure 133 190 239 141 35 50 47 27 
Fertilizer 185 240 201 122 22 17 16 10 
Other 14 17 19 41 2 3 3 3 
Total input 332 447 459 304 59 70 67 39 
In crops 167 210 248 164 22 29 31 23 
Surplus 165 237 211 140 37 41 36 16 

 
Table 4 lists the contribution of several sources on the load of agricultural area in The Netherlands by 
Cu and Zn in 1980 and 2003 (g/ha of utilized agricultural area; Anonymous, 2006). It should be noted, 
however, that the input of Cu and Zn is underestimated because the use of minerals either supplied as 
a free premix or via drinking water is not taken into account. 
 
Table 4. Load of Cu and Zn in utilised agricultural area in The Netherlands (g/ha). 
 Copper Zinc 
 1980 2004 1980 2004 
Animal manure 525 208 900 600 
Inorganic fertilizers 75 17 75 23 
Wet and dry deposition 40 10 230 30 
Other sources 60 10 85 80 
Total input 680 245 1200 733 
Output via crops 70 50 350 285 
Net load, excl. leaching 610 195 850 448 

 
Table 4 shows that compared to 1980, the input of Cu and Zn from manure has decreased 
substantially, mainly by setting lower maximum levels in the diets for pigs. However, animal manure is 
still the main contributor to the load of these minerals per ha of land. The net load of the minerals 
listed has more than halved since 1980, however, accumulation still occurs. Jongbloed and Kemme 
(2007) estimated the excretion and potential soil accumulation of Cu and Zn due to pig production only 
in the EU at several options. This was calculated on the basis of recent Eurostat data and 
performance characteristics of pigs in the countries of the EU, and if applicable, in several regions of 
these countries. Accumulation of Cu and Zn in the soil (20 cm deep) was expressed in the number of 
years that are necessary to obtain an increase of 1 mg/kg soil, in which leaching was not taken into 
account. It was shown that according to the current EU legislation (EU, 2003), it takes about 30 and 9 
years for Cu and Zn, respectively, in the Netherlands, Belgium, Denmark and in the regions of 
Nordrhein-Westfalia (Germany), Brittany (France), Cataluna (Spain), Lombardia (Italy), Murcia (Spain), 
Niedersachsen (Germany) and Lisboa et Valo de Tejo (Portugal). The accumulation of Zn is more 
severe than that of Cu, even at maximal levels of 75 mg Zn/kg of diet it takes only 20 years for an 
enhancement of the Zn content in the soil of 1 mg/kg.  
Based on proposed amounts of N and minerals that can be applied per ha of land (see Jongbloed and 
Kemme, 2007), Table 5 is presented showing how many growing-finishing pigs or breeding sows are 
allowed per hectare of land in The Netherlands. Concentrations of N and P in the diets are those 
currently used in practice in The Netherlands. Those for Cu and Zn are those according to EU 
legislation before and after 26th of January 2004 or at further reduced levels. Calculations for breeding 
sows include a sow and her piglets up to 26 kg.  
 
Table 5.  Number of growing-finishing pigs or sows allowed per hectare of land when complying 

proposed constraints in The Netherlands. 
 N P Cu  Zn  
   EU< 

2004 
EU≥ 
2004 

15 
mg/kg 

EU< 
2004 

EU≥ 
2004 

80 
mg/kg 

Growing-finishing 
pigs (26-114 kg) 

102 59 11 19 43 10 18 35 

Breeding sows + 
piglets to 26 kg 

12.6 5.9 0.9 1.0 5.0 1.2 2.0 3.8 
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Table 5 shows clearly that with regard to the number of growing-finishing pigs or sows allowed per ha 
of land, and with the current EU legislation, Cu and Zn are the most limiting minerals for applying 
manure and not N or P. Now only the manure of 19 growing-finishing pigs is allowed per ha of land to 
comply with the (proposed) Dutch legislation. The number of breeding sows allowed per ha of land is 
only one or two at the current EU and Dutch legislation. In some countries, 1500 to 3000 mg Zn/kg of 
feed is used because of its positive effect on the performance of piglets. If only during 14 days post-
weaning 3000 ppm of Zn is provided to the piglets, the excretion of Zn per sow per year is increased 
from 302 (EU≥ 2004) to 748 g. 
 
4. Reduction of excretion of N, and emission of ammonia and odour by altering nutrition 
Numerous experiments have shown that a reduction in dietary protein and supplementation of diets with 
crystalline amino acids can have a profound impact on N excretion (Dourmad et al., 1999; Rademacher, 
2000; Kerr et al., 2006). Lowering dietary crude protein level for growing-finishing pigs by 2% units will 
reduce N excretion by approximately 20%. This is more than double the reduction observed for the first 
1%-unit reduction in dietary protein because of changes from less digestible feedstuffs to better 
digestible ones (Lenis, 1989). The reduction of N excretion will not be further outlined here and the 
reader is referred to Jongbloed (2006). 
 
4.1. Ammonia emission 
Ammonia emission from pig manure originates mainly from urea in the urine. Nitrogen in the faeces 
comprises undigested dietary N and endogenous N, mainly as amino acids, and microbial N, partly 
present in nucleic acids. The main part of ammonia emission from pig houses originates from manure 
storage and fouled floors (Aarnink, 1997). The urea concentration of urine and the pH of faeces and 
urine are important characteristics of excreta determining the rate of ammonia emission (Van Vuuren 
and Jongbloed, 1994). The urea concentration is highly dependent on protein nutrition and can be 
altered by changing dietary protein content. Other relevant dietary factors are (fermentable) non-starch 
polysaccharides (NSP) and acidifying salts. Based on research of at our institute during the last 
decade, the results of monofactorial effects of these factors and their combined effects are presented. 
Effects were quantified using an in vitro laboratory set up (Canh, 1998; Le, 2006) and occasionally as 
an in vivo experiment. 
Several studies show that lowering dietary protein levels has a profound effect on NH3 emission (e.g. 
Canh, 1998; Le, 2006; Cnockaert and Sonck, 2007; Powers et al., 2007). Figure 1 shows a much 
lower NH3 emission at lowered protein contents. As a rule of thumb, each percentage-unit lower 
protein content reduces NH3 emission by 10%. Lowered protein content, without compromising animal 
performance, can be achieved by supplementing crystalline amino acids although there are limits on 
supplementary levels.  
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Figure 1. Relationship dietary protein level and NH3 emission (Le, 2006; Canh, 1998; Bakker et al., 

2004; number after name in legend indicates chapter or treatment). 
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Non-starch polysaccharides are not digested in the small intestine but can be fermented by microbes 
in the large intestine of pigs. Microbes use NSP (as a source of energy) and undigested protein (as a 
protein source) to synthesize microbial mass. Surplus of undigested protein can be used as energy 
source as well. In that case protein is broken down and the released NH3 is absorbed into the blood 
circulation and excreted as urea via urine. Thus, increased dietary fermentable NSP concentrations 
lead to a decreased ratio of urine-N and faecal-N (Figure 2 left; 8 experiments) and a reduced NH3 
emission (Figure 2 right). In practical feeding of growing pigs, the problem is the lowered net energy 
content of most NSP-rich raw materials, resulting in lowered energy intake.  
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Figure 2. Effect of NSP content on N-urine/N-faeces ratio (left) and on NH3 emission (right). 
 
The effect of acidifying salts was measured on urinary pH, nutrient retention and NH3 emission from 
fouled floors and from the manure pit by growing pigs (Canh et al., 1998; Figure 3). The following 
treatments were used: CaCO3, CaSO4, Ca-Benzoate or CaCl2 at two supplementation levels to obtain 
7 and 10 g Ca/kg diet, except for CaCO3, which was also used at 4 g Ca/kg. Diets with a high dietary 
electrolyte balance (dEB, meq/kg; Na+ + K+ - Cl-) and with a low dEB were used. It was found that 
acidifying Ca-salts reduced urinary pH by 1.6 to 1.8 units, thereby diminishing NH3 emission by 26 to 
53%. Besides, reducing dEB from 320 to 100 meq/kg DM lowered urinary pH by 0.48 units, and 
ammonia emission by 11%. 
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Figure 3. Effect of acidifying salts on NH3 emission (Canh et al., 1998). 
 
Finally, in a large scale balance experiment using a central composite design, 26 different diets were 
tested differing in levels of protein (142, 161 and 180 g/kg), CaSO4 (added: 0, 9 and 18 g/kg), NSP 
(140, 210 and 280 g/kg) or fermentable NSP (60, 90 and 120 g/kg) to evaluate possible interactive 
effects of the dietary factors imposed on NH3 emission. Results showed that there was no interaction 
among the treatments. This means that the effects on NH3 emission are additive. Cumulative NH3 
emission could be estimated by the following equation: 
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   NH3 (g/7d) = -5.347 + 0.056 x protein – 0.050 x acidifying salt – 0.010 x NSP, R2 = 93.2; protein, 
acidifying salt and NSP are in g/kg. 
 
From the experiments described above it was concluded that dietary factors imposed to reduce NH3 
emission from pig houses are additive within the ranges studied. Theresults of the in vitro model 
corroborated well with those of the in vivo studies. 
Recently, there are indications that NH3 is a precursor of particulate matter (Visser et al., 2001), and 
therefore, also reductions of NH3 emission may become even more prominent. 
 
4.2. Odour emission 
Odour is a complex mixture of various volatile compounds, of which more than 300 may contribute to 
odour nuisance. Odorous compounds can be classified into four main groups: 1. sulphurous 
compounds, 2. indolic and phenolic compounds, 3. volatile fatty acids, and 4. ammonia and volatile 
amines (Le et al., 2005). Odour is emitted from animal houses, manure storage, and during field 
application of manure. It is mainly produced by the microbial conversion of feed components in the 
large intestine of pigs and after excretion by microbial conversion of excreta under anaerobic 
conditions in manure. In literature, most studies concerned reduction of dietary protein content on the 
concentrations of several odorous components in the manure (Hobbs et al., 1996; Sutton et al., 1999; 
Van Heughten and Van Kempen, 2002; Otto et al., 2003; Kerr et al., 2006). Several experiments were 
also carried out at our institute to investigate whether alteration of diet composition, and dietary protein 
content in particular, would reduce odour emission by pig production facilities (Le, 2006). In contrast to 
earlier studies in literature, all our measurements included olfactometry (with a sniffing panel) which 
were carried out according to the CEN standard 13725 (CEN, 2003). In the first experiment three diets 
were formulated with 120, 150 and 180 g protein/kg. In these diets barley was exchanged for 
extracted soybean meal. The most important results are presented in Table 6. 
 
Table 6.  Odour concentration and emission from manure and some manure characteristics of pigs fed 

different dietary protein levels (Le et al., 2007a) 
 
Variables Protein content in the diets 
 120 150 180 
Odour concentration, ouE/m3 7259 13226 31888 
Odour emission, ouE/s/m2 1.03 1.85 4.46 
Total N, g/kg manure 5.78 6.24 7.25 
pH 7.10 7.52 7.83 
Phenol, mg/kg manure 9.1 17.3 32.7 
Indole, mg/kg manure 6.0 9.8 10.0 
Methylsulphide, mg/kg manure 1.4 8.1 6.5 
 
Table 6 shows that at increasing dietary protein content, both odour concentration and odour emission 
were enhanced, especially when the protein content was increased from 150 to 180 g/kg. Also, the 
concentrations of several odorous compounds were increased at higher protein contents. 
In a second experiment, diets were formulated with high additions of crystalline amino acids to the 
diets. In one diet 10 g DL-methionine was added; methionine is the precursor of S-containing odorous 
compounds. In the other diet 1.4, 0.60 and 0.40 g/kg were added of L-tryptophan, L-phenylalanine and 
L-tyrosine, respectively, being precursors for the odorous compounds phenol, indole and 3-methyl 
indol (skatol). The most important results of this experiment are presented in Table 7. 
 
Table 7.  Odour concentration and emission from manure and some manure characteristics of pigs fed 

different types of amino acids (AA; Le et al., 2007b) 
Variables Diets 
 No addition of AA Addition of 10 g 

Met./kg 
Addition of Tryp., 
Phe. and Tyr. 

Odour concentration, ouE/m3 13224 111302 16318 
Odour emission, ouE/s/m2 1.88 15.48 2.23 
Total N, g/kg manure 6.0 6.6 6.2 
pH 7.75 7.65 7.93 
Phenol, mg/kg manure 16.2 17.2 20.5 
Indole, mg/kg manure 9.8 3.5 9.9 
Methylsulphide, mg/kg manure 1.2 2.4 3.8 
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Table 7 shows that supplementation with DL-methionine, both odour concentration and odour 
emission were substantially enhanced, while by supplementation of L-tryptophan, L-phenylalanine and 
L-tyrosine these were not significantly enhanced. The concentrations of phenol and indole, however, 
were increased in the latter diets. The conclusion of this experiment is that dietary concentrations of S 
have a large impact on odour emission by generation of e.g. hydrogen sulphide (H2S). However, in 
contrast to what was expected, higher concentrations of phenolic and indolic compounds in the 
manure were not perceived by the odour panel as very offensive. 
 
Other experiments by Le (2006) showed that several concentrations of fermentable protein (28 vs. 38 
vs. 48 g/kg) did not show significant differences in odour concentration and odour emission among the 
treatments.  
Using resistant potato starch in the diet (300 g/kg), Willig et al. (2005) observed substantial lower 
odorous components in the headspace of manure from growing pigs. This was also found in studies 
by Kerr et al. (2006), who used soybean hulls (150 to 170 g/kg) in their diets. In an other experiment 
by Le (2006), however, he showed a significant interaction between dietary protein content and the 
concentration of fermentable NSP on odour concentration and odour emission (Table 8). 
 
Table 8.  Odour concentration and emission from manure and some manure characteristics of pigs fed 

diets differing in content of protein and DNSP (fermentable NSP; 95, 145 and 195 g/kg, 
resp.; Le, 2006) 

 Protein 120 g/kg Protein 180 g/kg 
 Low 

DNSP 
Medium 
DNSP 

High 
DNSP 

Low 
DNSP 

Medium 
DNSP 

High 
DNSP 

Odour concentration, ouE/m3 4817 4964 9799 6124 4915 4146 
Odour emission, ouE/s/m2 0.67 0.69 1.35 0.85 0.69 0.57 
Total N, g/kg manure 5.2 5.6 5.8 8.1 8.0 9.2 
pH 7.26 7.05 7.02 8.38 8.44 8.15 
Phenol, mg/kg manure 56.0 53.5 50.6 107.7 100.9 135.9 
Indole, mg/kg manure 7.3 8.5 8.5 13.3 10.2 15.2 
Carbon disulphide, mg/kg manure 7.5 8.9 9.4 26.9 30.2 27.3 
 
Surprisingly, it was shown for all experiments of Le (2006) that based on the olfactometry 
measurements, there was no correlation at all between odour emission and NH3 emission. 
 
5. Minerals 
5.1. Phosphorus 
It is important to supply dietary P in close accordance with the animals' requirement. This requires 
adequate knowledge about the digestibility (absorbability) of P in the feed used, and on the animal 
requirements for P. It has been recognised that the nutritional requirements for minerals in different 
countries may vary because of differences in housing conditions, genotype of the animals, level of 
feeding, major ingredients used in the diets and response criteria. 
Results on apparent faecal P digestibility show that there are large differences among feedstuffs of 
plant origin. There are also substantial differences among those from animals and feed phosphates. 
The large variation in P digestibility among and within a feedstuff is attributed to differences in phytate 
P content, phytase activity and processing (Jongbloed and Kemme, 1990). Because feed phosphates 
are only used to supply P, one can easily choose those feed phosphates in which P is highly 
digestible. In the Netherlands, this has already led to an almost total shift to monocalcium phosphates 
(digestibility = 83%) at the expense of dicalcium phosphates (P digestibility = 67%). 
Raw materials with lowered concentrations of phytate P, such as low-phytate corn and soybean meal 
indeed show higher P digestibilities than the regular types of seeds (Spencer et al., 2000; Bohlke et 
al., 2005; Dilger and Adeola, 2006).  
The requirements are also expressed in terms of digestible P. Piglets and growing pigs deposit P in 
lean tissue, organs and bones and are estimated by the factorial approach. There is now a fairly good 
agreement of the requirement of P that is based on digestible P (Jongbloed et al., 2003; Jondreville 
and Dourmad, 2005). The amount of P deposited at a certain empty body weight is presented in 
Figure 1. When compared with data before 1985, there is no decline at higher body weights, as is 
indicated by the P retention per kg growth. This is possibly due to the higher lean production of the 
modern pigs. In this study it was also shown that modern growing-finishing pigs contain more 
phosphorus compared with pigs from experiments published before 1985. 
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Figure 1. Course of P retention in growing pigs in relation to empty body weight (EBW) and genotype 

(old - before 1985 and modern pigs - later than 1984; Jongbloed et al., 2003). 
 
The requirements of pigs for Ca and digestible P are summarised in Table 9. The content of digestible 
P in terms of g/EW (1 EW equals 8.79 MJ NE or 12.55 MJ ME) decreases gradually from 2.4 at 25 kg 
live weight to 1.8 at 110 kg LW for a good type of gilt with a high feed intake capacity. It is obvious that 
the required amounts of digestible P are different at other growth rates.  
 
Table 9. Requirements of pigs for Ca and digestible P (g/12.55 MJ ME; Jongbloed et al., 2003) 
Animal category Calcium Digestible P 
Piglets   
  0 to 2 weeks post-weaning 8.0 3.2 
  2 weeks post-weaning to 25 kg 9.5 3.4 
Growing-finishing pigs   
  25-35 kg 6.9 2.4 
  35-70 kg 6.4 2.2 
  >70 kg  5.7 1.9 
Breeding sows   
  < 70 days of pregnancy 5.0 1.5 
  70 – 98 days of pregnancy 6.6 2.0 
  >98 days of pregnancy 7.3 2.2 
  lactating 7.7 2.9 
 
Plant ingredients used to formulate pig diets may contain from 0.7 to 3.5% of phytates (Cosgrove, 
1980). They are of very limited digestibility for pigs. Therefore, feed manufacturers and farmers have 
to add inorganic P from feed phosphates to their pig diets. To enable dephosphorylation of the dietary 
phytates, intrinsic or extrinsic (microbial) phytases can be used. Since 1990, several experiments with 
exogenous microbial phytases were reported to quantify their effect on the apparent digestibility of P. 
A survey of a large part of these studies has been presented by Jongbloed et al. (2000). Numerous 
studies have been performed on evaluating efficacy of microbial phytase. Most studies show an 
exponential dose-response curve (Jongbloed et al., 2000; Jondreville and Dourmad, 2005; Kies et al., 
2005). The latter authors showed that at 15,000 FTU/kg, an absorbability of P could be obtained of 
over 80% in weaner pigs. 
When 500 to 1000 units of Aspergillus niger phytase are added per kg of feed, the increase in amount 
of digestible P is almost 50% of the requirement for digestible P of a growing pig. The efficacy of 
microbial phytase depends, apart from its origin, also on animal related factors like physiological 
status and housing conditions (Kemme et al., 1997a,b). It has also been demonstrated that microbial 
phytase is effective in breeding sows (Jongbloed et al., 2004a). 
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In addition to the positive effect on the digestibility of P, microbial phytase also increases that one of 
the other mono- and divalent cations (Kies et al., 2006). Revy et al. (2004) showed that using 1200 U 
phytase in the basal diet largely exceeded the effect of adding 20 mg Zn/kg, while also Cu availability 
was increased from 9 to 18%. Revy et al. (2005) further stated that using 700 U phytase could replace 
even 35 ppm Zn addition, but had no effect on Cu utilisation. 
Performance of pigs fed microbial phytase is better as compared with a non-supplemented diet or with 
a positive control diet (Jongbloed et al., 2000). The improvement in FCR can be attributed to 
increased digestibility of protein/amino acids and a slight increase in energy digestibility. The 
magnitute of the effect also depends on the dietary phytate content. 
Phytase-supplemented feeds for growing-finishing pigs and pregnant sows may need little or no 
supplementary feed phosphate, thereby reducing total dietary P content and excretion of P. Microbial 
phytase has been incorporated in more than 80% of pig feeds in The Netherlands. 
The environmental impact of microbial phytase is substantial. It is generally accepted that by using 
500 FTU/kg of feed, about 0.8 g digestible P/kg is generated which is equivalent to 1.0 g P from 
monocalcium phosphate or to 1.23 g P from dicalcium phosphate.  
Novoselova (2007) studied the implications of using modern technologies like GMO phytase, 
Enviropig and low-phytate cereals in pork production in the Netherlands. Using a diet commonly used 
in West-Europe the following input-output balance for P was estimated (Table 10). 
 
Table 10. Intake and excretion of P of a pig from 25 to 115 kg receiving West European diets at 

different options (g/pig; Novoselova, 2007). 
 P supplemented  Total P intake P excretion 
Standard with MCP 262 1313 840 
Microbial phytase 37 1089 620 
Enviropig 0 1051 580 
Low-phytate  219 1270 800 
 
Table 10 shows that the excretion of P with the standard and low-phytate diets hardly differed. This is 
due to the fact that the inclusion level of low-phytate soybean meal in West-European diets is rather 
low and also hardly low-phytate-corn is used in these diets. The differences with a typical corn-
soybean meal diet are indeed substantial lower compared to the standard diet. The excretion of P 
using microbial phytase and with the Enviropig are also small, because West-European diets are 
rather high in total P content. In this way despite of the higher digestibility of the diet with the 
Enviropig, no great advantage over microbial phytase can be obtained. 
 
5.2. Copper and zinc 
Nutritional requirements for Cu and Zn are to a large extent based on research at lower animal 
production levels than those of modern genotypes. Maybe, like for P, modern pigs have a higher 
requirement for Cu and Zn than previous genotypes. Therefore, to get a better insight into the actual 
nutritional requirements, we critically evaluated the background of the recommendations for pigs 
(Jongbloed et al., 2004b). In various cases, information is lacking as to whether recommendations are 
“true” minimum requirements or include a safety margin. Judgement of the recommendations is, 
therefore, difficult. The Cu and Zn needs may depend on the nature of the diet (other compounds 
interfering with absorption and utilisation of Cu or Zn), but this is difficult to quantify. We also 
discriminated diets into (semi)synthetic, maize-soybean meal diets and other types of diets. 
Table 11 summarizes the recommendations on requirements of Cu and Zn in different countries for 
specific categories of pigs and those obtained in our study. In some countries no discrimination is 
given between requirements according to category of the animal. This means e.g. that the same 
requirement is given for growing and lactating animals, which is indicated in Table 11. 
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Table 11. Summarised inventory of requirements of Cu and Zn for piglets and growing-finishing pigs in 
different countries and the results of our study (concentrations as mg/kg fresh diet; 
Jongbloed et al., 2004b). 

Piglets and growing-finishing pigs  
 Requirement of Cu  Requirement of Zn 
Country  Our study  Our study 
ARC, 2003 (UK) 6 (added) 60 – 100 (added) 
NRC, 1998 (USA) 3 – 6 50 – 100 
Pallauf, 1996 (D) 4 – 5 45 – 90 
INRA, 1989 (F) 10* 

4 added to a diet 

100* 

67 

* = same for all categories of the specific animal species 
 
Table 11 shows that the recommended requirements vary substantially among the different countries. 
The recommendations of Cu for growing-finishing pigs are in rather good agreement with our results. 
An addition of 4 mg/kg Cu to a complete diet (88% DM) seems to be sufficient. The recommendations 
for Zn in different countries for growing-finishing pigs are intermediate with our results. Based on 
maize-soybean meal diets we concluded that 57 mg Zn/kg seems to be sufficient. However, a 
concentration of 67 mg Zn/kg is recommended for pigs receiving other diets than maize-soybean 
meal. Recommendations for Cu and Zn were assessed in diets without microbial phytase. Based on 
results describing enhanced Zn availability by using microbial phytase, this should offer possibilities to 
take this in account when formulating diets for pigs. No definitive answer could be obtained if and how 
much the requirements should be enhanced at higher animal performance levels than documented in 
the literature. No large differences were noted between various inorganic Cu sources for pigs, except 
for CuS, which is least available (Jongbloed and Kemme, 2007). Zinc sulphate shows a slightly higher 
availability than ZnO. It is surprising that the mineral chelates in the study of Jongbloed et al. (2004b) 
did not show higher availabilities than the inorganic Cu and Zn sources. However, they reviewed 
literature until 2002. Maybe, newer types of organic minerals show a more convincing positive effect 
on availability. Some unpublished data look promising. 
It may be discussed on what essential levels of both metals in feed additives should be in view of 
environmental effects on soils and ecosystems. At present, there is a substantial gap between what is 
believed to be required by the animal versus what is allowed according to EU regulations; most of the 
feed compounders seem to utilise the maximal allowed quantities in the diets. 
 
6. Other aspects 
For N and P, the concentration of digestible amino acids and P per kilogram feed can decrease as the 
live weight of the pig increases from 25 to 115 kg. Therefore, the introduction of a two-, three- or multi-
phase feeding system will help balance digestible nutrients in the diet to the requirements of the 
animals. Phase-feeding leads to less N and P excretion: in the case of one additional feed up to 6% 
according to Lenis (1989). A slightly larger reduction in P excretion by growing pigs can be achieved 
by mixing a feed rich in protein and minerals (feed A) with a feed having a low concentration of protein 
and minerals (feed B) in a changing ratio during the fattening period (multi-phase feeding). This mixing 
system can be achieved with a computerised mechanical feeding system.  
Required concentrations of digestible amino acids and P per kg feed for breeding sows are much 
lower during pregnancy than during lactation. The use of separate diets for pregnancy and lactation 
compared with one diet for both reduced the excretion of P by 20% (Everts and Dekker, 1994).  
 
A powerful tool to decrease the excretion of N and P is to aim at improvement of the feed conversion 
ratio of pigs. One and the same diet is offered to pigs that have large differences in their potential for 
growth, and consequently in their feed conversion ratio. This means also a large range in utilisation 
and thus excretion of N, P, Cu and Zn by a growing-finishing pig. Table 12 shows the effect of different 
feed conversion ratios (average, best and worst 20% of the farms in The Netherlands in 2006) on the 
excretion of P and Zn by a growing-finishing pig from 25 to 110 kg LW. A feed conversion ratio that is 
obtained on the worst 20% of the pig farms as compared with the best 20%, results in 0.19 kg more P 
and 6 g Zn excreted per pig. Thus, by improved performance (genetical improvement of pigs) 
reduction of the excretion of minerals can be achieved. 
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Table 12. Effect of different feed conversion ratios on P and Zn excretion (kg/pig) by growing-finishing 
pigs (25-110 kg). 

Feed conversion ratio FCR average 
2.69 

FCR worst 20% 
2.93 

FCR best 20% 
2.46 

 P Zn P Zn P Zn 
Intake (kg) 1.12 0.034 1.22 0.037 1.02 0.031 
Excretion (kg) 0.66 0.033 0.76 0.036 0.57 0.030 
Excretion (relative to 
average = 100) 

100 100 115 109 86 91 

 
7. Course of P and Cu excretion by growing-finishing pigs in The Netherlands 
Table 13 summarises the course of P and Cu excretion by growing-finishing pigs in practice in The 
Netherlands. From 1973 to 2006 the total P content in diets for growing-finishing pigs has decreased 
by more than 2.5 g/kg. Meanwhile, the feed conversion ratio has improved substantially, while the 
health of the pigs has not been compromised. From 1991 to 2000 is predominantly the phytase effect. 
Phosphorus excretion in the period 1973 to 2006 decreased by 1.00 kg per pig, which is almost two-
thirds! With regard to Cu excretion a significant decrease can be noted: in 2006 only 10% of the 
amount excreted in 1973. This is mainly due to legislation on maximal allowed concentrations in pig 
diets.  
 
Table 13. Mean excretion of P and Cu of growing-finishing pigs from 25 to 110 kg in The Netherlands 

(kg or g/pig) 
Year In diet  

(g/kg) 
In diet (mg/kg) Feed 

conversion 
Excretion 
(kg) 

Excretion 
(g) 

 P Cu  P Cu 
1973 7.4 250 3.37 1.66 71 
1983 6.2 175/125 3.08 1.18 33 
1988 6.0/5.0a 175/35 2.96 0.89 16 
1992 5.5/4.9 175/35 2.87 0.76 14 
1996 5.3/4.6 175/35 2.71 0.64 14 
2001 5.3/4.6 175/35 2.57 0.57 12 
2006 5.4/4.8 170/25 2.69 0.66 8 
a 6.0/5.0 means 6.0 g/kg in the starter diet and 5.0 g/kg in the grower-finisher diet 
 
8. Discussion and applications for practice 
At the interface of sustainable agriculture and pig production, Honeyman (1996) indicates four levels 
of issues, specifically the farm, the rural community, the society or consuming public, and the 
ecosystem or environment. It could be speculated that in the future pig production will have to deal 
with more constraints that are imposed from society, more than in the past. This may relate to animal 
well-being and health, quality of the animal product and production system, utilisation of nutrients, and 
last but not least from an environmental viewpoint. 
First of all, it should be noted that minerals in animal manure have been, and still are used, to maintain 
and improve soil fertility to produce crops for human and animal consumption. Application of nutrients 
via manure and/or chemical fertilisers on the fields should be in close balance with the uptake by the 
crop, with minor losses via leaching or volatilisation/evaporation. This is part of our goal to achieve a 
sustainable agriculture. The problem is when there is an imbalance in the supply of, and the demand 
for certain nutrients, not only for crops but also in relation to livestock production. Manure legislation 
can help to achieve a better balance in nutrient input and output. Also, a regional approach can be 
recommended. 
Nutrition management can substantially contribute to reductions in N, P, Cu and Zn excretion by pigs, 
and ammonia and odour emissions. Adequate knowledge is required on the digestibility of amino 
acids and P in the feed used, but for Cu and Zn no adequate data are available yet. New technologies 
are required to increase the digestibility of Cu and Zn substantially. Supplementary microbial phytase 
can enhance the digestibility of P by 20% or more so that feeds for growing-finishing pigs and for 
pregnant sows may need little or no supplementary feed phosphate. Phosphorus excretion can be 
lowered by 20 to 30% by using microbial phytase. Also, digestibility of at least Zn is increased by 
microbial phytase. A favourable feed conversion ratio also contributes to a lower excretion of minerals 
per pig.  
It is known that ruminants and pigs consume a lot of by- or co-products and also (wet) co-products. 
These co-products may originate from several food-processing industries, etc. In this respect, pigs are 
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used to utilise products that are not or can not be used for modern human consumption, as has been the 
case in past centuries (De Boer, 1980). Therefore, pigs substantially contribute in reducing industrial 
wastes. Because part of these products has lower digestibility and utilisation of N and P compared with 
common feedstuffs, they seem to become less attractive for environmental reasons. As a consequence, 
part of these waste products may be transported directly to the refuse dump, which is even worse. Apart 
from the higher costs for the producer of these waste products, and possibly the higher price for the food 
to be paid by the consumer, this should worsen the national or regional mineral balance. Home-grown 
feeds can also contribute to a better regional mineral balance.  
Current knowledge concerning the possible reduction of the manure surplus has to be integrated into 
future feed strategies. A further integration of the nutrition research with other disciplines is necessary. 
In this respect, both the genetic potential of the animals and hygienic conditions should be evaluated. 
An approach more at system level should be emphasised. 
 
9. Conclusions 
Soil fertility and quality of the surface and groundwater and the air determine to a large extent the 
amount of manure that can be applied per hectare. Nowadays on most intensive livestock farms the 
input of N, P, Cu and Zn by means of feeds and inorganic fertilizers often exceeds the output in meat, 
milk or eggs. Therefore, new legislations have been enforced, that limit the use of animal manure per 
hectare of land or put limits on maximal allowed contents of minerals in diets. However, animal 
manure is still a valuable commodity to maintain or improve soil fertility. 
Accumulation in the soil is more severe for Zn than for Cu in the EU, but it is more a regional than a 
countrywide problem. Alleviation of this accumulation is only possible when growth-promoting levels in 
pig diets are banned, and Cu and Zn sources enter the market which are much more absorbable.  
Nutrition management can substantially contribute to reduction in N and P excretion. Adequate 
knowledge is required on the availability/digestibility of P in the feeds used and on the requirement of 
P at any stage and type of production. The digestibility of P can be enhanced by using microbial 
phytase, resulting in a lowered P excretion of 20 to 30%. Also the availability of Zn is increased by 
microbial phytase. In the future more tailored nutrition and feeding strategies will be applied to obtain a 
further reduction of N, P, Cu and Zn excretion.  
Recommended requirements of Cu and Zn for growing-finishing pigs vary substantially between 
different countries. No definitive answer could be obtained if and how much the requirements should 
be enhanced at higher animal performance levels than documented in the literature. 
By means of legislation on P in The Netherlands, excretion of P in manure of pigs has already 
decreased considerably. New technologies to supply the market compounds with a high availability for 
Cu and Zn look promising, and are necessary to comply with environmental and consumers’ 
demands. 
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