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Abstract 

Abstract 

Van der Stelt, B., 2007. Chemical characterization of manure in relation to 
manure quality as a contribution to a reduced nitrogen emission to the environ­
ment. 
PhD-thesis, Wageningen University, Wageningen, the Netherlands, 152 pages. 

More insight in manure composition, ammonia (NH3) volatilization, and 
into relationships between soil organic matter (SOM) content and nitrogen (N) 
flows in grasslands is needed to improve the nutrient use efficiency of manure as 
fertilizer for plants and concomitantly to reduce the environmental impact of 
agricultural activities. 

Additives are often added to improve manure quality (e.g. reduce NH3 

volatilization). Laboratory studies showed that additives used in this study did in 
general not affect manure characteristics or NH3 volatilization, when manure was 
incubated at three temperatures and either regular mixed or not mixed. Only 
when Agri-mest® and Effective Micro-organisms® were both added and the 
manure was incubated at 4 °C without mixing, NH3 volatilization was reduced by 
34%. 

To study manure composition in more detail, a DMT-manure cell was 
developed, which either measures 'free' dissolved cation or anion concentrations 
in manure. Dilution studies showed that total nutrient concentrations and 
monovalent 'free' dissolved cation concentrations decreased proportionately with 
increasing dilution, whereas 'free' dissolved divalent cation concentrations were 
buffered upon dilution. The buffering of divalent cation concentrations is probably 
the result of the release of these ions from organic matter, or it is the result of 
the dissolution of certain phosphate minerals (e.g. struvite and whitlockite). Only 
a small part of the total phosphorus (P) content (<1%) and the total sulphur 
content (<13%) was present in a 'free' dissolved ionic form. 

A feeding trial with non-lactating cows showed that the total N and P 
content and the total ammoniacal nitrogen (TAN= NH3,aq + NH4

+) content of 
manure increased when the dietary protein or energy content was raised, 
whereas the 'free'-to-total ratios of Ca and Mg in the manures were not affected 
by dietary changes. Ammonia volatilization from manure increased with an 
increase in dietary protein content and decreased with an increase in dietary 
energy content, although the TAN content of manures produced from diets with a 
higher dietary energy content were higher. 



A field tr ial, in combination with incubation studies, was carried out in the 

VEL-VANLA area to study how N dynamics was affected by SOM content. 

Incubation studies showed that potential N mineralization rates (measured at 20 

°C and 60% water holding capacity) of eighteen grassland soils were related to 

the initial dissolved organic nitrogen content and to the dissolved organic carbon 

content of the soil, as measured in 0.01M CaCI2 extracts. During the growing 

season, two peaks in total soluble N content were observed, which could not be 

related to the time of manure application, but were both preceded by a period of 

draught. Maximum total soluble N and nitrate content were higher in soils with a 

lower SOM content. This is probably caused by faster water depletion of soils 

with a lower SOM content during drought periods, which will hamper N uptake by 

plants. 

Concluding, adjusting diets seems to be a more promising way to reduce 

NH3 volatilization than the use of manure additives, especially since adjusting the 

diet will reduce NH3 volatilization at any t ime of manure handling (housing, 

storage, and during manure application), which is not always the case for other 

NH3 volatilization reduction techniques. A proper estimation of N mineralization 

during the growing season can help to improve the nutrient gift (via manure) in 

order for plants to grow with limited risks to the environment. Dissolved organic 

N might be a promising parameter to estimate N mineralization. 

Keywords: manure composition, ammonia volatilization, free ions, Donnan 

Membrane Technique, manure additives, dietary changes, nitrogen dynamics, 

grassland soils. 
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Chapter 1 

Agriculture is an important branch in the Netherlands. More than 10% of 

all economic activities are related to agriculture and agricultural activities cover 

about 60% of the total surface area of the Netherlands (LNV, 2006). The main 

sector in Dutch agriculture is dairy farming, which combines plant and livestock 

(milk) production. Transfer of nutrients between the plant and livestock com­

partment occurs through animal manure and roughage (Aarts e ra / . , 2000). Dairy 

farming in the Netherlands is highly intensive and productive, resulting in large 

quantities of forage and concentrates being imported to the farms. In contrast, 

relatively small amounts of the imported nutrients are exported from the farm as 

consumer goods (milk, meat or feed) and so large amounts of nutrients are ex­

creted by the animals, making manure a valuable source of plant nutrients. 

Application of manure at higher rates than needed for crop production or 

out of sync with the uptake of plants can result in a nutrient increase in the soil. 

When the nutrient binding capacity of the soil is exceeded, nutrients can be lost 

to the environment by leaching. Losses from manure to the environment can also 

occur by volatilization during animal housing and storage of manure, during and 

after application of manure slurry, or during animal grazing. 

The most important nutrients related to environmental problems are nitro­

gen (N) and phosphorus (P). As N cycles through the farm it is transformed into 

different compounds, which are susceptible for losses to the atmosphere, 

groundwater and surface waters (Rotz er a/., 2005). N losses to the environment 

contribute to ecosystem fertilization, acidification, eutrophication and climate 

change. In contrast, P is less susceptible for volatilization and is primarily lost to 

surface waters by surface runoff, erosion of soil particles and leaching from satu­

rated soils (Borucki Castro er a/., 2004), where it can lead to eutrophication 

problems. At the turn of the millennium, 10% of the climate change problems, 

42% of the acidification problems and 80% of the eutrophication problems in the 

Netherlands could be related to agricultural activities (De Clercq e ra / . , 2001). 

During the 1970s, the link between environmental problems and agricul­

tural activities became evident and from that t ime onwards the government has 

played an active role in reducing the environmental impact of agricultural activi­

ties by implementing several policies and measures (Oenema, 2004). 

In this chapter an overview is given of the agricultural developments in 

Europe, particularly in the Netherlands, during the last centuries. Next, the main 

policies aimed at reducing nutrient losses from agriculture to the environment 

are discussed. Subsequently, as N was the main focus of this thesis, the main N 

flows in dairy farming systems are dealt with. After that, the effects of ammonia 
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(NH3) volatilization on the environment and possible reduction measures are dis­
cussed. Finally, the objectives and the outline of this thesis are described. 

Historical overview 

Until the Golden Age era, agriculture in the Netherlands consisted of mixed 
farming-systems (combined food and livestock production), which primarily 
worked at a local scale. Coherently with the economic expansion in the 16th and 
17th century, agricultural activities specialized in crop production for the industry 
(e.g. hops) or in dairy farming (De Vries, 1974). During the industrial revolution 
agricultural production further improved, as cheap energy and transport became 
available. In 1870, agricultural productivity (per hectare and per head) in the 
Netherlands was higher than agricultural productivity in most other European 
countries (van Zanden, 1991). 

A cheap supply of wheat and maize from The United States, which lowered 
the price of cereals, combined with poor harvest yields, high labor wages and 
high land prices caused an economic crises in European agriculture in the 1880s. 
Several European governments reacted to this crisis by starting financial support 
programs for agricultural production (e.g. subsidies and import levies), by stimu­
lating research, education and extension and by subsidizing the reclamation of 
poor soils (Oenema, 2004). Because of less international competition at the live­
stock market and an increased demand for livestock products agricultural pro­
duction shifted towards livestock farming (van Zanden, 1991). 

Breakthroughs in fertilizer production, advancing knowledge of soil chem­
istry, and an increased use of concentrates improved agricultural productivity 
and land use intensity during the period 1880-1910. Until 1929 income and out­
put levels of agricultural activities increased as technological progress compen­
sated for agricultural prices that deteriorated since the beginning of the 19th cen­
tury (Smits, 2006). 

During the 1930s the economical viability of agriculture worsened rapidly, 
forcing the Dutch government to intervene. The Dutch government reacted by 
setting minimum prizes for arable products and ensuring minimum prices for 
livestock and horticultural goods. Furthermore, a beginning was made with redis­
tribution of agricultural lands, in order to reach scale increases and cost abate­
ments. Agricultural activities shifted from labor-intensive root crops to wheat 
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Chapter 1 

and, after 1935, to rye and oats. Mechanization increased, while the amounts of 

hired labor decreased. 

After the second World War agricultural production and intensity strongly 

increased. Important factors for this increase were the implementation of the 

Common Agricultural Policy (CAP) of the European union and relatively low prices 

of inorganic fertilizers and concentrates (Van Keulen er a/., 2000). The CAP in­

tended to (Oenema, 2004): 

1) increase agricultural productivity, 

2) create a fair standard of living for the agricultural entrepreneurs, 

3) stabilize markets, 

4) create stable supply chains, and 

5) create reasonable consumer prices. 

Furthermore, mechanization was stimulated and the use of milking machines and 

tractors were structurally introduced (Van Home and Prins, 2002). 

Between 1960 and 1980 the number of dairy farms decreased with ca. 

60% (Figure 1.1a). In contrast, the total number of dairy cows increased in the 

same period with 45% and the milk production almost doubled. Furthermore, 

grassland areas decreased slightly (ca. 10%), whereas maize production in­

creased (Figure 1.1b). Also, the use of concentrates into dairy rations increased 

(Figure 1.1b), as did the amount of fertilizer N applied to grasslands (Figure 

1.1c). 

At the end of the 1970s people became aware of the adverse effects of the 

intensification of agriculture on the environment. Agricultural products (e.g. but­

ter, beef, and cereals) were overproduced at the cost of environmental sustain-

ability (Oenema, 2004). To stop overproduction of milk, a quota for milk produc­

tion was introduced in 1984 for all EU member states (Van Home and Prins, 

2002). The milk quota resulted in a decline in the number of cows (Figure 1.1a) 

and consequently led to a decrease in the amount of manure produced (Figure 

1.1c). Furthermore, the use of fertilizer N decreased, while the use of concen­

trates leveled off (Figures 1.1b and 1.1c ). 
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Figure 1.1. Changes in dairy farming system characteristics between 1960 and 2005. Figure 1.1a: 
— O—• number of farms with dairy cows; ••••• number of dairy cows and —o— milk production. 
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However, nutrient inputs into farming systems remained considerably 
higher than nutrient outputs via milk and meat. In the period 1983-1986 outputs 
of N, P and potassium (K) were only 14, 32, and 17% of their inputs, respec­
tively (Van Keulen et al., 2000). From the mid 1980s onwards the Dutch gov­
ernment started to intervene, by regulating both manure production and applica­
tion (Henkens and Van Keulen, 2001). The introduced regulations have resulted 
in a gradual decrease in the amount manure produced (Figure 1.1c). Between 
1985 and 2002 the amount of dairy manure produced decreased about 27%. 
Also, manure N and P content decreased between 1985 and 2002 with 29 and 
34%, respectively (European Commission, 2005). Furthermore, the number of 
farms and the number of dairy cows declined, but milk production remained 
more or less constant (Figure 1.1a). This suggests a better utilization of feed N, 
since feed requirements per kilogram milk are lower (Aarts era/., 1992). 

Manure policies and measures 

European policies and measures 

To minimize the environmental impact of agricultural activities, several 
European policies and measures have been introduced, of which the most impor­
tant are the Agenda 2000, the Water Framework Directive (including the Nitrate 
Directive) and the EU Air Quality policy. 

The action program Agenda 2000 affects nutrient management by con­
cluding agri-environmental commitments with farmers (e.g. regulation 1259/99) 
and by supporting rural development to restore and enhance competitiveness 
(e.g. regulation 1257/99; Oenema, 2004). The program especially aims at less-
favored areas and environmental sensitive areas and at agricultural production 
methods which are designed to protect the environment and to maintain the 
countryside. 

The Water Framework Directive provides a framework for the protection of 
inland surface waters, transitional waters, coastal waters and groundwater, in 
order that these waters reach good ecological status by 2015 (De Clercq er al., 
2001; Oenema, 2004). To assure that a good ecological status will be reached, 
the directive imposes water quality standards, emission limits and legislation 
measures to be taken. Within the Water Framework, the Nitrate Directive 
(91/676/EC) affects agriculture most, as it's objective is "to decrease water pol-
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lution caused or induced by nitrates from agricultural sources and prevent further 
such pollution" (Oenema et al., 2004). The most important characteristics of the 
Nitrate Directive are the designation of nitrate vulnerable zones, establishment of 
action and monitoring programs and a Code of Good Agricultural Practices for 
these zones (De Clercq et al., 2001). The whole of the Netherlands has been 
designated as a nitrate-vulnerable zone and the legal standard for N03" concen­
tration in the upper groundwater was set at 50 mg L"1. 

The Air Quality Directive (1999/30/EC) aims at reducing gaseous losses 
(NH3, nitrogen oxides (NOx), sulphur (S) and volatile organic compounds (VOC)) 
from energy generation, industrial sources, motor vehicles and agriculture, in or­
der to reduce acidification, eutrophication and ground-level ozone (De Clercq et 
al., 2001). For each individual member state, reduction targets for gaseous 
losses are set, which have to be reached by 2010. The N reduction targets set for 
the Netherlands are -43% for NH3 and -54% for NOx emissions, compared to 
their levels in 1990. Furthermore the directive contains measures to control NH3 

emissions from agricultural sources 

The manure policy of the Netherlands 

In 1984 the Dutch government introduced The Temporary Act Restriction 
Pig and Poultry Husbandry, which can be seen as the first manure policy meas­
ure, as it aimed at restricting, both, the use of nutrients and the volume of ani­
mal manure produced (Henkens and Van Keulen, 2001). The manure policies and 
measures implemented by the government since that time can be divided into 
three phases (Neeteson, 2000; Oenema, 2004). 

In the first phase (1984-1990) expansion of livestock production was pro­
hibited and transport of animal manure from areas high in livestock farming to 
areas high in arable farming was promoted (Neeteson, 2000). Characteristic for 
this period were the introduction of manure quotas per farm and P based limits 
for manure application to land (Oenema, 2004). 

In the second phase (1991-1997) manure production had to be gradually 
decreased, which was realized by step-wise decreasing the amounts of P which 
were allowed to be applied to soils. Furthermore, it was no longer allowed to ap­
ply manure to soils during autumn and winter, because of high risk of N03" leach­
ing during that period. Also mandatory guidelines to reduce emission losses of N 
during storage, handling and application of manure were introduced. 
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In the third phase (1998 onwards) a transition to more balanced inputs of 
N and P has to be made. To realize this transition the Dutch government ex­
tended and implemented several regulations (Neeteson, 2000), including: 

• a ban on spreading animal manure on agricultural land during the 
winter; 

• the obligation to cover storage facilities for animal manure; 
• compulsory low-emission methods for the application of animal 

manure to land; 
• manure application limits based on N; 
• levies which are applied when the maximum permissible annual N 

and P surpluses for farms are exceeded. 

To record the amounts of N and P entering and leaving the farm, the 
'farm-gate' based Mineral Accounting System (MINAS) was introduced. Farmers 
were allowed to have surpluses of N and P to certain threshold values, which 
were tightened periodically. Surpluses above these defined thresholds were lev­
ied. MINAS effectively decreased N and P surpluses, especially on dairy farming 
systems (RIVM, 2002). However, in 2003 the Dutch government was forced by 
the European Court to abandon MINAS and to implement application standards 
for nutrient losses (e.g. restricting the annual dose of animal manure applied to 
soils) before 2006 (Oenema, 2004). In contrast to MINAS, application standards 
are not based on the maximum amount of N (and P) that is allowed to leach to 
the environment, but are rather based on the N amount required for optimal 
plant growth. The application standard for N applied via animal manure, includ­
ing that deposited during grazing, is set at 170 kg N (ha yr)"1 for European coun­
tries. However, by proving that with this N amount optimal plant growth condi­
tions were not met for the Dutch situation, because of the long growing seasons 
and the use of crops with high N uptake, the Netherlands were able to convince 
the commission of the European Communities to grant the Netherlands a deroga­
tion. This derogation allows 'farms with at least 70% grassland' under certain 
conditions to apply livestock manure (except from veal calves) to a total of 250 
kg N (ha yr)"1 (European Commission, 2005). These conditions include 'the es­
tablishment of fertilizer plans on a farm by farm basis, the recording of fertilizer 
practices through fertilizer accounts, periodic soil analysis, green cover in winter 
after maize, specific provisions on grass ploughing, no manure application before 
grass ploughing and adjustment of fertilization to take into account the contribu­
tion of leguminous crops' (European Commission, 2005). Compared to the year 
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2002 manure production both in terms of N and P may not increase, which has to 
be ensured by the government. Furthermore, the request for derogation has to 
be submitted each year in advance and must be in agreement with the current 
manure policy (European Commission, 2005). 

In order to comply with the manure application standards, while maintain­
ing or even increasing agricultural productivity, the use efficiency of manure 
needs to be improved. One of the factors determining the use efficiency of 
manure is manure quality. Insight in the composition of manure and how this 
composition can be manipulated can help to improve the availability of nutrients 
to crops and to reduce its potential for nutrient losses to the environment. 

N flows in dairy farming systems 

Negative effects of N surpluses on the environment were already recog­
nized during the beginning of the twentieth century. However, i.a. due to the 
complexity of the N flows in dairy farming systems (Figure 1.2), the contribution 
of agriculture to these surpluses was recognized decades later (Oenema, 2004). 

The most important inputs into intensively managed dairy farming systems 
are purchased fertilizers and feeds. About 15-25% of the N fed to lactating cows 
is used by the animals for maintenance, milk or meat production, while the rest 
is excreted, either via the feces or via the urinary tract (Aarts et al., 1992). In 
dairy farming systems, feces and urine are usually stored together as slurry, 
which additionally may contain some waste water and bedding material. 

The main N component in urine is urea (CO(NH2)2), which is rapidly hydro-
lyzed into carbonate and ammonium (NH4

+) by the enzyme urease, which is pre­
sent in feces (Bussink and Oenema, 1998). In manure slurry, NH4

+ is in equilib­
rium with dissolved ammonia (NH3). Furthermore, (dissolved) NH3 is also in equi­
librium with NH3 present in the air-phase in immediate contact with the slurry 
surface. Ammonia emissions to the atmosphere can occur, after NH3 has been 
transported from this surface boundary layer to the free air phase by convection 
and diffusion processes (Sommer and Hutchings, 2001). The most important 
parameters determining NH3 emissions from manure are pH, temperature, dry 
matter content and the total ammonical nitrogen content (TAN= NH4

+ + NH3,aq) 
of the slurry (Jar-vis and Pain, 1990; Sommer er al., 1991). 
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Figure 1.2. Major N flows in dairy farming systems. The box in the lower right corner is adapted 
from Ni (1999). 

When manure is exposed to oxygen (e.g. at the slurry surface), the TAN 
present in the manure can be transformed into nitrous oxide (N20) by micro­
organisms (nitrification and denitrification) (Mosier er a/., 1998; Oenema et al., 
2005). During manure application to agricultural soils up to 30% of the N applied 
maybe be lost via gaseous N losses to the atmosphere (Rotz, 2004). Deposition 
of N from the atmosphere to land can contribute to soil acidification and enrich­
ment of sensitive habitats with N. Furthermore, atmospheric NH3 can also react 
with atmospheric acids forming (secondary) particles, which can be transported 
over a large area (Webb et al., 2005). Another part of the N applied to the soil 
via manure application maybe lost by run off from the field after rainfall, or by 
(wind) erosion. 

Approximately half of the N present in dairy manure slurries produced in 
the Netherlands is present as mineral N (Mooij, 1996), which is readily available 
for plant uptake, after slurry application to soils. 
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Dissolved organic nitrogen (DON), like intact amino acids, can directly be 

taken up by plants, although its role in N uptake is probably of minor importance 

(Jones et al., 2005). Most of the organic N has to be transformed into an inor­

ganic form of N, before plant uptake can occur. After application of manure slurry 

to the soil, organic N is fragmented by soil faunal communities. The small organic 

parts obtained are subsequently mineralized by a series of microbial processes, 

e.g. ammonification and nitrification (Table 1.1). 

During ammonification, organic N is transformed into NH4
+, with NH3 as an 

intermediate. This transformation is regulated by protease and deaminase en­

zymes, which are produced by heterotrophic micro-organisms (Witehead, 1995). 

When NH4
+ is present in excess, it can be nitrified to N03", or it can be assimi­

lated by micro-organisms (immobilization) to organic N, thereby reducing it's 

availability for plants. 

Nitrification of NH4
+ consists of two steps (Table 1.1). In the first step, ni­

trifying bacteria belonging to the Nitrosomonas genus will oxidize NH4
+ to nitrite 

(N02"). In the second step, N02" is oxidized to N03" by bacteria belonging to the 

Nitrobacter genus. Since N03~ is very mobile in the soil solution, it is susceptible 

for leaching. In contrast, NH4
+ is less susceptible for leaching because it can be 

adsorbed to either the surface of soil organic matter (Chung and Zasoski, 1994), 

or to clay particles. Ammonium can also be present in minerals. Griffin et al. 

(2005) found that not only the extent of nitrification of manure NH4
+ was af­

fected by manure composition, but also the rate of nitrification of rapid and more 

stable phases during aerobic incubation in the soil. 

Nitrate can be taken up by micro-organisms and plants through assimila-

tory nitrate reduction, when energy is not a limiting factor. In this process, N03" 

is transformed into NH4
+, which is subsequently incorporated into amino acids 

(Myrold, 1998). Furthermore, N03" can be reduced by dissimilatory processes, of 

which denitrification is the most important process occurring in soils. 

Table 1.1. Microbial processes involved in the transformation of organic N into N03" and N2 

(Myrold, 1998; Amlinger et al., 2003). 

Process Reaction Micro-organisms 

Ammonification (humus)-R-NH2 + H20 -> NH3 + R-OH Heterotrophic micro organisms 

NH31 + H20 -> NH4
+ + OH" Heterotrophic micro organisms 

Nitrification 2 NH4
+ + 3 02 -> 2 N02" + 2 H20 + 4 H+ Nitrosomonas genus 

2 N02" + 02 -> 2 N03" Nitrobacter genus 

Denitrification 2 N 03_ + 10 e" + 12 H+ -> N2 + O Pseudonomas and Bacillus 
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During denitrification, N03" is reduced under anaerobic conditions to N2 by 
bacteria primarily belonging to the genera Pseudomonas and Bacillus (Myrold, 
1998). Also N20 and NOx can be produced during (nitrification and) denitrifica­
tion, which can be lost to the air, where they contribute to global warming and 
tropospheric ozone production (Velthof era/., 2003; Wrage etal., 2004). 

NH3 volatilization from dairy farming systems 

About 80-90% of the NH3 emitted to the atmosphere in Western Europe 
can be traced back to agriculture, with livestock production, especially dairy 
farming, as the major source (Bussink and Oenema, 1998). As mentioned previ­
ously, NH3 emissions can lead to acidification after it has been transformed into 
nitric acid and it can give rise to eutrophication problems. Moreover, NH3 can re­
act with atmospheric acids, forming particulates (Webb era/., 2005). 

The largest NH3 emissions at dairy farms occur during housing, storage, 
and application of manure to grassland or arable land and from urine patches on 
grazed pastures (Smits er a/., 2003). To reduce N emissions from the farm 
changes in feeding strategy, as well as changes in management, are required. 

Adjusting feeding regimes to reduce the amount of N excreted by dairy 
cows seems an efficient way to reduce NH3 emissions, since it will reduce volatili­
zation at any time when manure is handled. For instance, balancing protein gifts 
with protein needs of the cow, can reduce NH3 emissions, because excessive pro­
tein N is primarily excreted (as urea) in the urine, where it can readily be trans­
formed into NH3, as mentioned above. 

Another way to reduce NH3 emissions is by increasing the productivity of 
cows. An increase in productivity improves the N use efficiency of the cow, since 
more N is used for milk and meat production per unit of feed N (Rotz, 2004). 
Thus, the same production is obtained with a lower N consumption and excre­
tion. 

Since the 1980s several measures to reduce NH3 emissions from dairy 
farming systems have been introduced in the Netherlands. Differences in N emis­
sions from common housing systems are considerable, varying from (on 
average) 6% of total N fed in case of a tie housing system to about 50% in case 
of a feedlot system (Table 1.2; Rotz, 2004). Free stall housing is the most com­
mon housing system used in dairy farming and has an average N loss of 16%, 
which is almost entirely emitted as NH3. The free stall system consists of a ma-
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nure pit underneath a solid or a slatted floor. Ammonia volatilization from solid 
floors can be reduced by separating fecal and urinary excretions by means of a 
small slope of the floor. 

To prevent potential losses of nutrients to the environment farmers are 
not allowed to apply slurry to soils during fall and winter. Since livestock produc­
tion in that period continues, sufficient storage facility is needed. 

Table 1.2. N losses from cattle manure slurry (dry matter content= 10%) from housing facilities, 

during storage and during manure application to soils3. 

Manure type 

Housing 
Tie stall 
Free stall 
Bedded pack 
Feedlot 

Storage0 

Solid heap 
Solid compost 
Tank, top loaded 

Tank, bottom loaded 
Tank, enclosed 
Anaerobic lagoon 

Manure application*1 

Irrigated slurry 
Broadcast slurry on grassland 
Broadcast slurry on bare soil 
Broadcast of solids 
Band spreading / trailing hose 

Incorporated within 6 hours 
Shallow injection of slurry 

Deep injection of slurry 
Grazing feces and urine 

Typical loss 
/"% total A/7 

8 

16 
35 
50 

20 

40 
30 
8 
4 

70 

30 
25 
20 
20 
18 
10 
8 
2 

10 

Range 
/"% total Nl 

2-35 
10-20 
25-40 
40-90 

10-40 

20-50 
20-35 

5-10 
2-8 

50-99 

25-50 
15-40 
10-27 
8-60 

13-26 
6-13 
7-12 
1-5 
4-20 

N form lost" 

NH3, 

NH3 

NH3, 
NH3, 

NH3, 

NH3, 
NH3 

NH3 

NH3 

NH3, 

NH3, 
NH3, 

NH3, 
NH3, 
NH3, 

NH3, 
NH3, 
NH3, 
NH3, 

N20, N2 

N20, N2 

N03", N20, N2 

N03-, N20 

N03", N20 

N2, N20 

N03", N20 
N03", N20 

N03 ', N20 
N03", N20 
N03", N20 
N03", N20 
N03", N20 
N03", N20 
N03", N20 

aAdapted from Rotz (2004). 
bN forms are listed in order of the expected quantity lost, with most of the loss being in the form of 
NH3. 

CN losses expressed as a percentage of total N entering storage. 
dNH3 losses expressed as a percentage of the initial total N applied. 
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The common manure storing system used at dairy farms is the tank-
system, in which fecal and urinary excretions, with or without cleaning water 
spilled during farming practices, are stored together. The dry matter (DM) con­
tent of this so called manure slurry is between 7 and 15% and the slurry is 
stored under anaerobic conditions. Consequently, N is primarily lost by NH3 vola­
tilization, and the amount of N lost is mainly determined by the amount of mix­
ing during storage (Rotz, 2004). 

When manure is stored as solids (DM> 15%) aerobic decomposition or 
composting can occur, which can lead to large N losses. On average, N losses 
from solid heaps and solid compost are respectively 20 and 40% of the total N 
which enters the storage. Important parameters involved in N loss from stacks 
are the manure DM content, the Carbon-to-Nitrogen ratio, and the amount of 
aeration that the manure stack receives (Rotz, 2004). 

An effective way to reduce NH3 losses during storage of manure slurry is 
by covering the manure storage facility, i.e. a lid will reduce NH3 emissions with 
more than 80% (Sommer et al., 1993). In the Netherlands farmers are required 
by law to cover manure storage facilities (Neeteson, 2000). 

About 35 to 50% of all NH3 emissions to the atmosphere by livestock pro­
duction can be attributed to land spreading of manure (Webb er al., 2005). Less 
than 1% of the applied NH4 is volatilized as NH3 during the actual manure 
spreading itself (Sommer and Hutchings, 1995). However, one day after surface-
application of slurry, more than 50% of the maximum amount NH3 which can be 
lost, is emitted. (Stevens and Laughlin, 1997). 

Besides slurry characteristics, NH3 volatilization during and after land 
spreading of manure is affected by weather (air temperature, wind speed, pre­
cipitation), soil conditions (moisture content, texture, cation exchange capacity, 
pH, and plant or residue cover), and by the application method (Rotz, 2004). 

Several manure spreading techniques have been developed to reduce NH3 

emissions, that are cost-effective, practical and widely applicable (Table 1.2). 
When manure is applied to soils by either broadcasting or irrigation techniques 
more than 25% of the total N applied can be lost (Table 1.2). Applying manure 
slurry in small bands, using trailing hoses, reduces NH3 volatilization due to a re­
duced slurry area exposed to the air (Thompson et al., 1990). Circa 30% less 
NH3 is emitted when manure is applied via trailing hoses instead of broadcasting 
(Webb et al., 2005). Incorporation of manure into the soil strongly reduces NH3 

volatilization, although the reducing effect of incorporation rapidly decreases 
when the time between manure application and incorporation increases (Webb et 
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a/., 2005). Injection of manure slurry into the soil results in the lowest (relative) 
NH3 losses to the atmosphere (2-8% of the total N applied), and NH3 losses de­
crease with increasing injection depth. However deep injection (>5 cm) in grass­
lands or on arable fields can cause root damage, which may reduce crop growth 
(Rotz, 2004). 

Other measures, like slurry dilution, mechanical separation of slurry, ap­
plying water after spreading and optimized timing of manure application can re­
duce NH3 emissions. However, the effectiveness of these measures are strongly 
affected by climatic conditions and management, or the measures are still in de­
velopment. Some techniques which can reduce NH3 emissions like acidifying ad­
ditives or slurry separation are considered to be unrealistic or unproven under 
practical farming conditions (Webb et al., 2005). 

A fraction of the N applied as artificial fertilizers to agricultural soils can be 
lost to the atmosphere by NH3 volatilization. In general, it is considered that NH3 

emissions from fertilizers are low (<1%), except for urea based fertilizers and 
ammoniumsulphate (AS) and diammoniumphophate (DAP) applied to calcareous 
(alkaline) soils (Harrison and Webb, 2001). 

Also, considerable NH3 losses can occur during grazing of animals. In the 
field, feces and urine are normally excreted separately, at different places. N 
volatilization from fecal patches is low, e.g. ca. 5% of the l\l in feces (Rotz, 
2004). In contrast, N loss from urinary patches is normally much higher, since 
urea in urine is easily hydrolyzed into NH3. Depending on weather and soil condi­
tions, N losses from urine can vary between 5 and 66% of the total urinary N 
content (Rotz, 2004). 

Reducing NH3 emissions by implementing N conserving methods and tech­
niques will improve the nutrient value of manure slurry, but can also lead to 
higher nutrient losses to other environmental compartments (e.g. leaching and 
denitrification losses). 
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This thesis 

Main objectives 

Proper nutrient management in dairy farming systems will supply crops 
with sufficient nutrients, while nutrient losses to the environment will be limited. 
For proper nutrient management, each component of the chain: crop-cow-
manure-soil has to be matched. Therefore, sound knowledge of the underlying 
mechanisms is required. In this thesis I have focused on the manure and soil 
compartment. 

The main objectives of the thesis were to gain more insight into manure 
composition, NH3 volatilization and to gain more insight into the relationship be­
tween organic matter content and N flows in grasslands. A technique was devel­
oped to study 'free' nutrient concentrations in manure slurries. Furthermore, it is 
described how manure composition and NH3 emissions were affected by feeding 
strategy and by manure additives. This research has been executed in laboratory 
experiments, as well as in a field trial, which was carried out within the VEL-
VANLA area. 

VEL-VANLA 

The environmental co-operatives 'Vereniging Eastermar's Lansdouwe' 
(VEL) and 'Vereniging Agrarisch Natuur- en Landschapsbeheer Achtkarspelen' 
(VANLA), located in the northern Frisian Woodlands (the Netherlands), were 
founded in 1992. The co-operatives aim at integrating environment, nature and 
landscape, and productivity objectives into their dairy farming systems. 

Characteristic for the area is the dense land use pattern of hedges and 
belts of alder trees, resulting in small-scale and closed landscapes on the higher 
sandy soils alternated by relatively open areas on the lower peat-clay soils (Fig­
ure 1.3; Stuiver et al., 2003). Dairy farming is the most important land use type 
in this area. 

In 1998, a mineral project was launched to explore possibilities to invigo­
rate region-specific farming. The main objective of the project was to increase N 
use efficiency at the farm level, in order to reduce N emissions to the environ­
ment cost-effectively (Wiskerke et al., 2003). A farm system approach was se­
lected (Figure 1.4), which especially focused on the N efficiency of the soil. Main 
features of the VEL-VANLA approach are I) reducing the amount of artificial fer­
tilizers applied to the soil and II) improving feeding strategy. Lowering protein 
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content and increasing fiber content of the feed will reduce the amount of N ex­
creted by the animal and will lead to an increase in the organic N fraction (e.g. 
more N is excreted via the feces), which will lower the susceptibility of the ma­
nure for NH3 volatilization and leaching. 

Farmers participating in the project have reduced 'their' N losses from an 
average surplus of 270 kg N ha"1 in 1997 to 172 kg N ha1, while the average 
surplus on Dutch dairy farms was approximately 200 kg N ha"1. More than 90% 
of the farmers involved in the project complied in 2002 with MINAS norms of 
2003 (Wiskerke era/., 2003). 

Figure 1.3. Characteristic scenery of the VEL-VANLA area. Picture was 
obtained from Google Earth. 

Outline 

This thesis presents the main result of the research into manure composi­
tion and nitrogen flows in dairy farming systems. 

In Chapter 2 it is described how NH3 volatilization from manure is affected 
by manure additives, temperature and mixing. After applying the additives to the 
manure slurries, the slurries were incubated at 3 temperatures (e.g. 4, 20 and 
35 °C) and half of the samples were regularly mixed. 
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N input concentrates N efficiency animal N output in milk and meat 

N loss N efficiency soil N input fertilizer 

Figure 1.4. The VEL-VANLA strategy as derived from 
Stuiverera/. (2003). 

Chapter 3 describes how the Donnan Membrane Technique (DMT) was 
made applicable to measure 'free' dissolved NH4

+ and other cation concentrations 
in manure slurry. The developed DMT-manure cell was further used to study the 
buffering of 'free' cation concentrations after dilution of manure slurry with dis­
tilled water. 

Chapter 4 focuses on the relationships between dietary characteristics and 
manure composition. The slurries studied were obtained from a feeding trial, in 
which the feeding regimes mainly varied in protein and energy content. Addition­
ally, the slurries were subjected to a NH3 volatilization experiment. 

In Chapter 5 the application of the DMT-manure cell to determine 'free' 
dissolved anion concentrations and its application to manure slurry are de­
scribed. First, the DMT-cell was tested in synthetic solutions, after which the cell 
was used to determine 'free' anion concentrations in three dairy manure slurries. 

Chapter 6 deals with the major N flows in grasslands during a growing 
season. For this experiment, eighteen fields were selected on nine dairy farms 
within the VEL-VANLA area, covering a broad range of soil organic matter con­
tent. Besides field measurements, incubation and modeling studies were per­
formed. 
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Chapter 2 

Abstract 

Ammonia (NH3) volatilization decreases the N-nutrient value of livestock 

manure slurries and can lead to soil acidification and eutrophication problems. In 

this study the effect of three manure additives (Euro Mest-mix® (Mx), Effective 

Micro-organisms® (EM), and Agri-mest® (Am)) on NH3 volatilization at three 

temperatures (4, 20, and 35 °C) was investigated. The manufacturers claim that 

Mx contains absorbing clay minerals and that applying Am and EM to slurry will 

reduce nitrogen losses, most likely by enhancing the biodegradation of manure 

slurry. Furthermore, the effect of mixing slurry on NH3 volatilization has been in­

vestigated. Ammonia volatilization increased with increasing temperature and 

mixing of the slurries. However, at 35 °C mixing of manure slurry reduced NH3 

emissions compared to non-mixing, which is related to a reduced crust resistance 

to gaseous transport at higher temperatures for non-mixing. Moreover, mixing 

introduces oxygen into the anaerobic slurry environment which will slow down 

microbial activity. The use of additives did not change manure characteristics 

(pH, dry matter, Ntotai, Nminerai/ C/N, and C/Norganic) and did not result in a signifi­

cant (p<0.05) decrease in NH3 emissions, except that at 4 °C and no mixing a 

significant decrease of 34% in NH3 volatilization was observed, when Am and EM 

together, were applied to slurry. 
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Introduction 

Most ammonia (NH3) losses to the atmosphere are related to NH3 volatili­
zation from livestock manure. In areas with high livestock-intensities more than 
70% of the NH3 emissions can be attributed to farming practices (Sommer and 
Hutchings, 2001). Apart from a decrease in nutrient value of manure slurry, ex­
cessive loss of NH3 can lead to soil acidification and eutrophication problems. In 
the atmosphere, NH3 can react with nitrate and sulphate to form particulates, 
which can contribute to (regional) acidic depositions (Sommer and Hutchings, 
2001). In recent years, several techniques have been developed to reduce NH3 

emissions during livestock housing (e.g. automated scrapers (Phillips et al., 
1999)), during storage (e.g. surface covers (Webb etal., 2005)) and during ap­
plication of slurry to the soil (e.g. trail-hoses or slit-injection (Huijsmans et al., 
2001)). In the Netherlands farmers are obliged by law to apply manure to the 
soil using reduced-emission techniques (Webb er al., 2005). Changing manure 
composition can also be an effective way to reduce NH3 emissions (Monteny et 
al., 2002; Barsting era/., 2003). Main manure characteristics that determine NH3 

volatilization are the total concentration of ammoniacal nitrogen (TAN= NH4
++ 

NH3), pH and dry matter content (Jarvis and Pain, 1990; Sommer and Husted, 
1995). Reducing the dry matter content of slurry by diluting slurry with water 
results in lower NH3 emissions, due to a lower TAN content and a decrease in pH 
(Sommer and Hutchings, 2001; Van der Stelt era/., 2005). Changing the diet of 
the animal can affect manure quality. Kiilling et al. (2001) reported a 68% de­
crease in NH3 volatilization from manure slurry (from lactating cows) when the 
dietary crude protein content decreased 30%. Comparable decreases in NH3 

volatilization with a decrease in the crude protein content of the feed were found 
by Paul etal. (1998) and James etal. (1999). 

A range of chemical and biological amendments are known to reduce NH3 

volatilization from manure. They can be divided, according to their modes of ac­
tion, into five groups (McCrory and Hobbs, 2001): (i) Digestive additives are 
amendments which enhance the biodegradation of manure and consists of mi­
crobial strains and/or enzymes, (ii) Acidifying additives lower the pH of manure, 
which will lead to a shift in the NH3/NH4

+ equilibrium towards a higher NH4
+ con­

centration, which concomitantly will lead to reduced NH3 emissions (Dewes, 
1996). (iii) Adsorbing additives, like zeolite (e.g. clinoptilolite) or peat, are in­
volved in the binding of NH3, NH4

+, or both (Lefcourt and Meisinger, 2001; 
McCrory and Hobbs, 2001). Other adsorbents bind toxic substances in manure 
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and thereby improve the conditions for micro-organisms to decompose manure 
slurry, (iv) Urease inhibitors prevent the breakdown of urea, which is a major 
source of NH4

+/NH3/aq in manure (Sommer and Husted, 1995). However, the use 
of urease inhibitors is momentarily not profitable, (v) Saponins, which are 
glycosides derived from the yucca plant, are supposed to bind or to convert 
l\IH4

+. 

A number of farmers already use additives like Effective Micro-organisms® 
(EM), Euro Mest-mix® (Mx), and Agri-mest® (Am). However, little is known about 
the effectiveness of these additives on NH3 volatilization from manure. Based on 
the classification approach of McCrory and Hobbs (2001) EM can be classified as 
a digestive additive, whereas Mx shows properties of both digestive and adsorb­
ent additives. Am can not be classified into one of the groups as mentioned 
above, but acts as a kind of catalyst, which enhances the anaerobic fermentation 
of manure by micro-organisms. 

The objective of this research was to study the effects of the additives EM, 
Mx, and Am on NH3 volatilization from manure at different temperatures (4, 20, 
and 35 °C). Also the effect of manure mixing on NH3 volatilization was studied. 
Ammonia volatilization is the result of chemical, physical, and (micro)biological 
processes occurring in manure. All processes involved are temperature depend­
ent. Our hypothesis was that NH3 volatilization would increase with temperature 
increase and that the amendments would have more pronounced effects, if any, 
at higher temperatures. Mixing affects NH3 volatilization by destroying surface 
crusts, which can act as diffusion and capillary barriers of gases (Sommer et al., 
2003), and by introducing oxygen into the anaerobic slurry environment. We hy­
pothesized that mixing would lead to an increase in NH3 volatilization. 

Methods 

Manure additives 

Agri-mest® (Am), a protected trademark, consists of two components: 
Agri-mestminera® and Agri-mest|iquid®. Am is claimed to increase the amount of 
energy available for anaerobic fermentation of manure by micro-organisms 
(www.agriton.nl). Effective Micro-organisms® (EM), used in slurry treatments, 
mainly consists of lactic acid bacteria and yeasts, and smaller numbers of photo-
synthetic bacteria, actinomycetes, and other types of organisms. EM is claimed 
to increase the microbial diversity and/or activity in slurry and therefore en-
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hances its fermentative decomposition (www.agriton.nl). A combination of both 

Am and EM is claimed by the suppliers to give the best results on manure quality 

and is claimed to restrict nitrogen losses, most likely by binding of NH3. 

According to the manufacturer, Euro Mest-mix® (Mx) mainly consists of a 

pH buffer and clay minerals (e.g. bentonite). Furthermore, Mx contains cultures 

of some micro-organisms (not publicly known which) and some unknown sup­

plements to increase the activities of micro-organisms. Mx is claimed to bind 

toxic substances in slurry and to improve the conditions for micro-organisms to 

grow. The added bacteria would strengthen this process. 

Slurry preparation 

Slurry (feces + urine + wastewater) was collected at a dairy farm, located 

in the "Noordelijke Friese Wouden" (the Netherlands), during the summer period 

of 2002. EM was obtained as an inactive product, which had to be activated be­

fore it could be used. Activating EM was done by mixing 0.75 L EM with 0.75 L 

sugar solution (molasses) and 15 L demineralized water, after which the mixture 

was fermented for one week at 22 °C. 

The slurry was carefully mixed and divided into five batches (10 kg each; 

Table 2.1). Two batches received 1 mL of Am-solution (0.01%o). The Am-

solution was made by mixing 4 g Agri-mestmir,erai®, with 2 mL Agri-mest|iqUid® and 

18 mL demineralized water ( ± 30 °C). The other three batches received 1 mL of 

demineralized water. According to manufacturers' instructions Am has to be ap­

plied to slurry one week before using the slurry. Therefore all batches were incu­

bated at 4 °C for one week. Subsequently, one batch to which Am had been 

added and one batch to which no Am had been added received 2 mL of the acti­

vated EM, the other three batches received 2 mL demineralized water. To one of 

these batches 20 g of Mx was added. The quantities of the additives applied to 

the batches were in line with manufactures instructions. 

To prevent coagulation of the additives, the amendments were first thor­

oughly mixed with a small quantity of the slurry and then transferred to the rest 

of the slurry and again thoroughly mixed. 
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Table 2 .1 . Overview of the type and quantity of the additives applied to manure slurry (10 kg 
each) 

Treatment3 Euro 
Mest-mix 

[g] 

Effective 
Micro-organismsb 

[mL] 

Agri-
mestc 

[mL] 
T= 

Demineralized 
H20 
[mL] 

-7 days T= 0 day 

Control - - - 1 2 
Mx 20 - - 1 2 
EM - 2 - 1 -
Am - - 1 - 2 

Am + EM - 2 1 - -
aManure slurry with or without (=control) additives. Additives: Mx= Euro Mest-mix®; EM= Effective 
Micro-organisms®; and Am= Agri-mest®. 

bEffective Micro-organisms (EM) were first activated by mixing 0.75 L EM with 0.75 L molasses and 

15 L demineralized H20 and incubating the mixture for one week at 22 °C. 
cAgri-mest consisted of a mixture of 4 g Agri-mestminerai®, 2 mL Agri-mest|iquid® and 18 mL 

demineralized water. 

NH3 volatilization experiment 

The effect of slurry treatment on NH3 volatilization was studied using the 

incubation method described by Velthof et al. (2005). In this method transport of 

NH3 by air movement was excluded and so NH3 volatilization occurred in a pas­

sive way. Before the start of the incubations the different slurry batches were 

analyzed for dry matter content, pH, Nminerai, Norganic, C/Ntotai, and C/N0rganic (Van 

Vliet et al., 2005). Per treatment, 18 jars (wide neck bottles; 1 L) were filled with 

0.5 ± 0.01 kg of homogenized slurry. A small flask, containing 12.5 mL 3.2 M 

H2S04, was placed in the manure, using a small ring of synthetic material (Etha-

foam, Recticel) for floating (Figure 2.1). The jars were closed with screw tops, 

divided at random into three groups (6 jars per treatment) and placed at 

different temperatures (4, 20, and 35 °C). In contact with the H2S04 solution, 

volatilized NH3 will be converted into ammonium, which will be trapped inside the 

acid solution (Velthof et al., 2005). At different times ( 1 , 2, 4 , 8, 16, 24, 32, 64, 

128, and 223 days after the experiment had started) was the acid solution 

replaced by new acid solution. Before analysis, the acid solution was diluted with 

ultra pure water (UPW) to a total volume of 50 mL. The total nitrogen content of 

the solution was determined by segmented flow analysis (SFA). 

The effect of mixing of slurry on NH3 volatilization was investigated by 

mixing a part of the slurry samples (three per treatment per day) every even day 

for the first 32 days of the experiment. During mixing, the acid-containing flask 

was removed from the jar and closed with a lid. The same procedure, without 
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mixing, was carried out for the jars, in which crust formation was not disturbed. 
After 32 days the jars where mixed only once a week. 

Statistical analysis 

The effects of the different treatments on NH3 volatilization were tested for 
significance using the statistical program SPSS (version 12.0; SPSS Inc., 2003). 
All data were base-10 log transformed to comply with the "equal variances" 
assumption. A repeated measurement analysis was performed, with fixed factors 
treatment, temperature, and mixing. Measurement time was selected as the 
dependent variable. 

manure slurry 

Figure 2 .1 . Experimental design of 
the NH3 volatilization study 

Results and discussion 

At the time the slurry was collected the cows were only housed indoors 
during the night. As a consequence, the slurry contained a relatively large 
amount of wastewater, which led to a dry matter content of the slurry of 6.3 ± 
0.1%. Some characteristics of the slurry at the start of the experiment are given 
in Table 2.2. No differences (p<0.05) between slurry treatments were observed 
at the beginning (Van Vliet et al., 2005). All measured slurry characteristics were 
within normal ranges found for slurries produced by dairy cows in the 
Netherlands (Mooij, 1996). Approximately 45% of the total nitrogen content of 
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the slurry was present as mineral nitrogen. The cumulative NH3 volatilization 
from the different slurry treatments, at different temperatures and either 
regularly mixed or not mixed, are given in Figure 2.2. Temperature, as well as 
mixing, affected NH3 volatilization. Ammonia emissions increased with an 
increase in temperature (p<0.05), which is in agreement with findings reported 
by Dewes (1999). An increase in temperature will result in an increase in the 
NH3/NH4

+ ratio, a decrease in the solubility of NH3 in the liquid phase of slurry, 
and will increase the activities of micro-organisms present in slurry. 

Table 2.2. Some characteristics of the slurry before the start of 
the experiment (Van Vliet etal., 2005). 

Parameter 

Dry matter [%] 

PH 

NmlneralC [g N kg1 DM] 

Morgan*" [<? N kg1 DM] 

Ntotai [9 N kg1 DM] 

%c 
C/N to ta l 

W '̂ organic 

Mean 3 

6.3 

7.00 

18.2 

22.1 

40.3 

36.0 

9.4 

16.0 

Std b 

0.1 

0.05 

2.5 

1.4 

2.3 

1.4 

0.8 

1.0 
aMean of three measurements; "Standard deviation; 
cNH3,aq+ NH4

+ + N03-; "Calculated (Norganic= Ntotal - Nmineral) 

Changing the temperature from 4 to 20 °C resulted in a 3.6-5.8 times 
increase in NH3 volatilization when no mixing occurred and a 2.6-2.9 times in­
crease when the slurry treatments were regularly mixed. Increasing the incuba­
tion temperature to 35 °C resulted in an additional increase in NH3 emissions by 
a factor of 5.5-6.0 in case of no mixing and a factor of 3.0-3.5 in case of mixing. 
Ammonia volatilization was highest during the initial phase (first eight days) of 
the incubation, when the concentration of easily degradable organic substrates 
was the highest. Only for the incubation at 35 °C and no mixing the NH3 volatili­
zation remained more or less constant for more then 200 days. For all process 
conditions the rate constants were calculated according to the Arrhenius equation 
(McQuarrie and Simon, 1997): 

k = AeE°iRT (2.1) 

where k is the rate constant of the reaction, A is the pre-exponential factor, Ea is 
the activation energy, and R and T are the molar gas constant and the tempera­
ture, respectively. No linear relationships (p<0.05) were observed between the 
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(log transformed) rate constants of the NH3 emissions and the (inverse) tem­
perature (Figure 2.3), although the R squared of the regression lines were high, 
except when slurry enriched with Am and EM was mixed. This suggests that be­
sides chemical and physical processes also (micro)biological processes play an 
important role in NH3 volatilization. 

Not much is known about micro-organisms present in cattle slurry. Ac­
cording to Zhu (2000) NH3 is produced during the biodegradation of swine slurry 
(e.g. decarboxylation of volatile amines), in which anaerobic bacteria, which be­
long to the genera Streptococcus, Peptostreptococcus, and Bacteroides are in­
volved. 

There was no consistent effect of mixing on NH3 volatilization observed. At 
4 and 20 °C NH3 volatilization was less (p<0.05) in case of no mixing. However, 
at 35 °C NH3 volatilization was higher (37%; p<0.05) when no mixing of the 
slurries occurred (Figure 2.2e-f). These contradicting results show that NH3 vola­
tilization is affected by mixing in more than one way. We hypothesize that mixing 
destroys the surface crust and thereby causes the release of entrapped NH3 to 
the atmosphere. In contrast, mixing introduces oxygen into the anaerobic slurry 
environment, thereby limiting the deamination of amino acids by anaerobic bac­
teria and thus reducing the amount of NH3 produced (Zhu, 2000). The net result 
of both processes determines whether mixing increases or decreases NH3 volatili­
zation. 

The reduction in NH3 volatilization at low temperature (e.g. 4 °C), caused 
by disturbing the microbial communities by mixing, will be small compared to the 
release of entrapped NH3 and so mixing will result in a net increase in NH3 emis­
sions. At higher temperature the contribution of microbial activity to NH3 volatili­
zation is much higher (e.g. 35 °C treatments are near the optimal growth tem­
perature of bacteria (»37 °C)) and so NH3 volatilization will be much more af­
fected by exposure to oxygen. Moreover, the reducing effect of surface crusts on 
NH3 emissions decreases at higher temperatures, because crust porosity in­
creases with temperature increase (Husted, 1994; Sommer et al., 2000). Mixing 
at 35 °C temporarily destroys the pore structure of the crust and therefore it is 
reasonable to assume that the overpressure of NH3 in the slurry will be lower, 
which will result in an effectively less porous crust and thus will lead to a net 
decrease in NH3 emissions compared to the slurry samples in which the surface 
crust stayed intact (no mixing). 
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Figure 2.2. Cumulative NH3 volatilization of the different manure slurry 
treatments at a) 4 °C and no mixing; b) 20 °C and no mixing; c) 35 °C and no 
mixing. Additives: Euro Mest-mix® (Mx); Effective Micro-organisms® (EM); and 
Agri-mest® (Am). Figure is continued on the next page. 
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Figure 2.2 (continued from previous page). Cumulative NH3 volatilization 
of the different manure slurry treatments at d) 4 °C and mixing; e) 20 °C and 
mixing; and f) 35 °C and mixing. Additives: Euro Mest-mix® (Mx); Effective 
Micro-organisms® (EM); and Agri-mest® (Am). 
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In general, applying additives to slurry did not result in a significant de­
crease in NH3 volatilization (Table 2.3). Only at 4 °C and no mixing of the slurry 
was a decrease (p<0.05) in NH3 volatilization observed, when a combination of 
Am and EM had been applied to the slurry. This resulted after 223 days of incu­
bation in a 34% decrease in NH3 volatilization compared to slurry which did not 
receive any additive. Although not statistically significant, the effects of amend­
ments on NH3 volatilization were more pronounced at lower temperatures. There 
was no consistent effect visible of the manure additives on crust formation (data 
not shown). 

Other chemical amendments, like phosphoric acid or alum 
(AI2(S04)3.14H20) have been shown to decrease NH3 volatilization. A reduction of 
44% was observed when poultry litter received treatments with phosphoric acid 
and a 62% reduction in NH3 volatilization was observed when alum was added to 
poultry manure (Delaune era/., 2004). Both amendments lowered the pH of the 
poultry litter at the start of the composting period with more than 1 pH-unit. The 
decrease in pH lowered the NH3/NH4

+ ratio of the litter, which reduced NH3 emis­
sions. Adding alum to dairy slurry also reduced slurry pH, as was shown by 
Lefcourt and Meisinger (2001). In contrast to phosphoric acid and alum treat­
ments, no drop in pH was observed after applying Mx, EM and/or Am to slurry, 
which may (partly) explain the minimal effects of the additives on NH3 emissions. 

The trend in NH3 volatilization from the EM-treatments suggests a slight 
increase in NH3 volatilization when effective microbes are applied to slurry. Only 
for the incubation at 35 °C and mixing of the slurries, this led to a significant 
(p<0.05) increase in NH3 emissions. Since applying EM did not introduce new 
microbial species into the slurry (Van Vliet er al., 2005), we assume that the ad­
dition of EM may have led to a slight increase in the total bacterial population. 
Comparable findings were reported by Delaune et al. (2004), who added a 
microbial mixture with similar characteristics as EM to composting poultry litter. 
In contrast, Amon er al. (2005) reported a decrease in NH3 volatilization when 
EM was applied to cattle slurry. However, Amon era/. (2005) noticed no effect or 
even an increase in NH3 volatilization when EM was applied to pig slurry with a 
low DM-content. As noted before, the cattle slurry used in this experiment had a 
low dry matter content, which might explain the different effects in NH3 volatili­
zation between the study of Amon er al. (2005) and the present study. 
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Figure 2.3. Natural logarithm of the rate of NH3 volatilization versus the (inverse) 
temperature for the different manure slurry treatments for no mixing (a) and mixing 
(b) of the samples. Euro Mest-mix® (Mx); Effective Micro-organisms® (EM); Agri-
mest® (Am); or a combination of Agrimest and EM (Am + EM) were added to slurry 
manure. One treatment received no additive (control (C)). 
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