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Preface 

Standing crops and crop residues may contribute to ammonia emission, but sufficient information on their 
contribution to ammonia emission in the Netherlands is up till now lacking. The Ministry of Infrastructure and 
Environment asked Plant Research International of Wageningen UR (PRI-WUR) and the National Institute for Public 
Health and Environment (RIVM) to assess the contribution of crops and crop residues to the national ammonia 
emission. In this study RIVM focused on the emission from standing crops and PRI-WUR focused on the emission 
from crop residues. Results of both emission sources were combined with cropped areas, crop residue 
management and ambient ammonia concentrations. This report describes the results of this study and an estimation 
of the ammonia emission from crops and crop residues in the Netherlands. 
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Summary 

Major sources for emission of ammonia are animal housing, manure storage, handling and use of livestock manure 
and fertilizers in agricultural fields. Standing crops and crop residues may also contribute to ammonia emission, but 
sufficient information on their contribution to ammonia emission in the Netherlands is up till now lacking. To assess 
the contribution of crops and crop residues to the national ammonia emission, emission measurements and 
literature data were combined with cropping areas, information on the crop residue management and ambient 
ammonia concentrations.  
 
The ammonia emission from a crop is defined as the integral of the exchange of ammonia over the entire growing 
season of the crop, i.e. between planting or sowing and crop harvest. In the literature, experimental ammonia 
emission factors of standing crops vary between large emission and deposition values per growing season. 
Obviously, these differences are related to the intensity of agricultural activities. The large emission values were 
found when crops had received a high N-input by fertilization, or after cutting of a crop. In addition to these 
agricultural activities, emission is affected by plant parameters, meteorological conditions and by ambient ammonia 
concentration levels. For calculation of the ammonia volatilization of standing crops in this study, a resistance model 
(DEPAC model) was used in which the regional differences in weather conditions and the atmospheric concentrations 
of ammonia in the Netherlands was taken into account. 
 
Crop residues are the plant parts that remain on the field after crop harvest. After the plant parts are cut, the protein 
in the plant tissue will degrade and nitrogen is released. Part of the nitrogen is emitted as ammonia if crop residues 
are left on the soil surface. If residues are incorporated into the soil, ammonia volatilization will stop. The amount of 
crop residue that remains on the field after harvest and its N content depends on production goal of the crop, time 
of production within a growing season, soil fertility level and fertilization. Ranges in the amount of crop residues (in 
kg ha-1) and the N content (in g kg-1 dry matter) were derived from literature to estimate ammonia volatilization from 
crop residues. An estimation was made on the degree in which crop residues are incorporated into the soil. 
Residues that are incorporated within days after harvest do not contribute to the ammonia emission.  
 
The contribution of crops and crop residues (excl. grazed grassland) to total ammonia volatilization in the 
Netherlands was estimated at 1.5 million kg NH 3 -N from standing crops, with a range of 0 to 6 million kg NH 3 -N and 
1.9 million kg NH 3 -N from crop residues, with a range between 0.3 and 3.8 million kg NH 3 -N. In total, the ammonia 
emission from standing crops and crop residues together lies between 0-10 million kg NH 3 -N with the best estimate 
being about 3.4 million kg NH 3 -N. 
 
Ambient ammonia concentration has a large effect on ammonia emission from standing crops. Below a concentra-
tion of 5 μg NH 3 -N/m3 standing crops in the Netherlands always emit ammonia and above 15 μg/m3 ammonia is 
always deposited. Between these two boundaries, depending on local circumstances, there can be either emission 
or deposition. The uncertainty in the calculation of the emissions from standing crops is quite large and mainly due 
to the large uncertainty in the estimates of the ammonium levels (compensation point) of the plants.  
 
Ammonia volatilization from crop residues can be reduced by quicker incorporation of crop residues. However, 
ammonia volatilization from residues cannot completely be prevented as e.g. time remains required for haulm killing 
of potato and losses of grass during cutting, drying and collection for silage cannot be prevented. The N content of 
residues has a large effect on calculated ammonia volatilization, as variation in N content of the residues affects 
both the % of total N that volatilizes as NH 3  and the total N in the residues.  
 
Within the Netherlands, the emissions from standing crops are small (< 5%) compared to the direct emissions of 
ammonia by animal housings and manure application, but about 15% of the contribution by fertilizers and in the 
same order as emissions during grazing. This also counts for crop residues. The estimated ammonia emission from 
crops and crop residues together are more than the contribution by manure storage and about twice as much as the 
estimated ammonia emission by grazing. 
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1. Introduction 

To protect the environment, the European Union (EU) has adopted the National Emission Ceilings (NEC) directive (EC, 
2001). This directive sets national limits for amongst others ammonia (NH 3 ) emissions. Velthof et al. (2012) 
developed a new model for national emission registration in the Netherlands called NEMA (National Emission Model 
for Ammonia). This model adds up the emission from the various sources. Major sources for emission of ammonia 
are animal housing, manure storage, handling and use of livestock manure and fertilizers in agricultural fields. 
Standing crops and crop residues may also contribute to ammonia emission, but sufficient information on their 
contribution to ammonia emission in the Netherlands is up till now lacking. Transferring the crop emission estimate 
in Denmark (NERI, 2007) to practices in the Netherlands, however, yields an estimate of 4,8 million kg ammonia 
which is about 4% of the Dutch agricultural emission (Van Pul et al., 2008).  
 
Various measurements and literature reviews show that standing crops and crop residues may emit ammonia (see 
references under Section 2.2. and 2.3). To assess contribution of crops to the national ammonia emission, the 
measurements and literature data need to be combined with cropping areas and information on the residue 
management. This report describes the method used to estimate the emission from crops and crop residues in the 
Netherlands. 
 
Chapter 2 gives the background on the processes of ammonia volatilization and the way how to parameterize these 
processes. Whilst the processes and their parameterizations are considered to be universally valid, the focus lies on 
the application for the Netherlands. Chapter 3 gives information on what crops are considered and their cultivation 
areas in the Netherlands. Chapter 4 integrates all available data into an estimate of the national ammonia volatiliza-
tion by crops and crop residues. A discussion on the results and conclusions are given in Chapter 5 and 6.  
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2. Methodology for estimating ammonia 
emissions from standing crops and crop 
residues 

2.1 Introduction 
Standing crops and crop residues may emit ammonia. The amount of ammonia that is released depends on some 
plant physiological and environmental conditions. This chapter gives a brief overview of literature on ammonia 
volatilization from crops and crop residues, and subsequently the way how the emission is determined. 
 
The chapter is split into sections on emissions for standing crops (Section 2.2) and crop residues (Section 2.3). 
Grassland is considered separately (Section 2.4) due to the fact that grass is a perennial crop with quite different 
management regimes compared to annual arable crops. 
 
Section 2.2 focusses on the emission that originates from standing crops during the growing season till harvesting. 
So emissions occurring from application of manure before the growing season are not considered. The emissions 
after harvesting, i.e. that originate from crop residues, are estimated and discussed in Section 2.3. 
 
 

2.2 Ammonia emissions from standing crops  

2.2.1 Introduction 

Laboratory work has demonstrated that living plants can absorb NH 3  from the air (=deposit) (Farquhar et al., 1980; 
Hutchinson et al., 1972) and also that plants may desorb (=emit) ammonia to the air (Farquhar et al., 1980; Hooker 
et al., 1980; Odeen & Porter, 1986; Schjoerring & Mattsson 2001). Also, field studies have shown crops may both 
loose to and gain ammonia from the ambient air (Denmead et al., 1978; Harper et al., 1987). The direction of this 
exchange of NH 3  between plant and atmosphere depends on the difference between ammonia concentration in the 
ambient air and the concentration within and at the leaves. While at relatively high ambient concentrations NH 3  is 
absorbed by plants, at low concentrations plants will release NH 3 . The turning point depends on the ammonia 
concentration in the plant that is to say it depends on its fertilization and growing state. At the so-called 'NH 3  
compensation point' (Farquhar et al., 1980), emission and deposition are in balance or compensate for each other. 
For many crops periods of emission and deposition of ammonia will alternate on a daily and seasonal basis, so it is 
appropriate to consider the net crop-atmosphere exchange of ammonia (Wichink Kruit, 2010). 
 
Over the last decades the exchange of ammonia of various crops with the atmosphere has been measured; e.g. 
managed grassland (Harper et al., 1996), unmanaged grassland (Wichink Kruit 2010), corn (Meyers et al., 2006), 
wheat, barley (Schjoerring & Mattsson, 2001), oil seed rape (Sutton et al., 2000). The magnitude of the NH 3  
exchange between the atmosphere and crops was found to vary from crop to crop and to depend on growing 
conditions and agricultural management.  
 

The effect of agricultural management on ammonia exchange processes was found in a large field experiment with 
grassland, where emissions increased after grass cutting and after N-fertilization compared with before the cutting 
(Milford et al., 2009; Sutton et al., 2009). Variation between crops can be caused by differences in leaf drop and 
senescence. In a standing crop, senescing leaves and leaf litter are a major source of NH 3  (Sutton et al., 2000).  
NH 3  emission from maturing plant stands was measured by Mannheim et al. (1997) under simulated environmental 
conditions with the wind tunnel method. 
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Growing conditions vary over the year. Harper et al. (1996) measured the net effect of NH 3  exchange in a heavily 
fertilized grassland during a period of 40 days. They found a net NH 3  absorption of 2.3 kg N ha-1 in spring and  
3.9 kg N ha-1 in summer. Plantaz (1998) measured a net annual emission of ammonia of grazed grassland on peat 
soil in the Netherlands of about 3.7 kg NH 3 -N ha-1 as the result of net emission of 4.4-5.5 kg ha-1 in the grazed half 
year (May-October) and net deposition of 0.7-1.5 kg ha-1 in the ungrazed half year. The source of the emission was 
mainly manure, and in this research, the acidity of the peat soil may have limited NH 3  emission from all sources, i.e. 
soil, manure and decaying residues. 
 
Schjoerring et al. (1993) and Schjoerring & Mattsson (2001) measured ammonia fluxes above a number of crops 
(winter wheat, spring barley, winter oilseed rape, field pea) in Denmark. Over the growing season net emission fluxes 
were found ranging from 0.5-5 kg N ha-1 with an average of about 3 kg N ha-1. 
 

Asman (2009), Massad et al. (2010) and Zhang et al. (2010) give overviews of the exchange of ammonia from 
various vegetation types as measured during the last decades. 
 

In the literature, more experimental ammonia emission factors of standing crops can be found. These factors vary 
between large emission and deposition values of several kg N per ha per growing season. Obviously, these 
differences are related to the intensity of agricultural activities. The large emission values were found when crops 
had received a high N-input by fertilization, or after cutting of a crop. In addition to these agricultural activities, 
emission is affected by environmental conditions, i.e. meteorological conditions and finally by ambient ammonia 
concentration levels. Therefore, it is hard to evaluate an emission factor based on the collected literature data alone. 
However, in a number of papers the measurement data is used to derive parameters which model the exchange of 
ammonia between atmosphere and vegetation. In this way emissions can be calculated that go together with 
deviating conditions. This will be further elaborated in Section 2.2.2. 
 
 

2.2.2 Calculation of the ammonia emission from a crop 

The emission of ammonia from vegetation is among others a function of plant parameters, meteorological 
conditions and the ammonia concentration in air. The processes of the exchange of ammonia between the 
atmosphere and the underlying surface are often described using a resistance model. These models are also 
regularly used in studies on the deposition of substances and are thus used to derive parameters from measure-
ments of the emission and deposition fluxes (e.g. Sutton et al., 1995). In essence, these models describe the 
transport of a substance to or from the surface using three resistances:  
1. a resistance Ra models the atmospheric transport by turbulence between the ambient air to a level just above 

the canopy surface,  
2. a resistance Rb models the transport from this level to the canopy surface,  
3. a resistance Rc models the transport from the canopy surface and the canopy itself (that is in the stomata, in 

water layers on leaves, to the soil surface).  
 
An implementation of such a resistance model is made in the DEPAC-module (Van Zanten et al., 2010 and 
Figure 2.1-left). The canopy resistance Rc may be considered as the result of a number of resistances representing 
transport processes in and at the canopy. The basic model with the canopy resistance Rc split up in resistances is 
given in Figure 2.1-right. The physical unit of the resistances is [s/m]. Physically, they are the inverse of the 
exchange – deposition or emission - velocity.  
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Figure 2.1.  Resistance model with sub-resistances for the canopy resistance R c . See text for explanation of 
symbols.Crop emissions are calculated by considering the pathway described by R a , R b , and Rstom  
only. 

 
 
In this model R stom  and R mes  represent the stomatal and mesophyll resistances of leaves respectively. Mesophyll 
tissue, in plant anatomy, consists of cells that lie between the upper and lower epidermis layers of a leaf. It contains 
the apoplast, where plants transport water and solutes. R inc  and R soil  are resistances representing in-canopy vertical 
transport to the soil, which bypasses leaves and branches, and transport into the soil. R ext  is an external resistance, 
which represents transport to and from leaf and stem surfaces, especially when these surfaces are wet. The DEPAC 
module contains parameters for each of the resistances given in Figure 2.1 for various land-use types and for 
various gaseous components. Furthermore, a seasonal distinction is made in the values of some of the resistances. 
The resistance modeling uptake via the stomata, Rstom, is calculated according to Emberson et al. (2000). The 
exchange of a substance is obtained by calculating the resistances and the concentration potential between the 
atmosphere and the surface.  
 
For the computation of the standing crop emission only the air-stomata-mesophyll exchange has been considered. 
So, the pathways containing R ext , R inc , and R soil  were disconnected. This implies that the net ammonia emission 
from soil and wet cuticula parts has been ignored. 
 
The stomata of a plant are the pores on its leaves and stems that control its gas exchange. Through these openings 
air containing carbon dioxide enters the plant, while oxygen and water vapor exit. Also ammonia can pass through. 
The direction of this flow depends on the concentration difference between the ammonia in the free air and the 
mesophyll. So, the emission of ammonia (E) from a crop can be calculated from the stomatal compensation point 
(χ s ) the atmospheric concentration (χ a ) and the resistances determining the transport from the crop stomata to the 
atmosphere according to: 
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More details on the atmospheric resistances and the stomatal resistance and how they are calculated can be found 
in Van Zanten et al. (2010).  
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The stomatal compensation point of ammonia has been determined for several vegetations in various types of 
experiments: in the laboratory, in closed chambers and in the field. Stomatal compensation points of ammonia vary 
from low values (< 1 μg/m3) in non-managed ecosystems to high values (> 10 μg/m3) for well managed and 
fertilized crops. 
 
The stomatal compensation point depends on the ratio between the ammonium concentration and the pH in the 
apoplast of the mesophyll, following the equilibrium NH 3  + H+ ↔ P NH 4

+ (see Appendix I). This ratio is denoted by Γ s . 
The stomatal compensation point (χ s ) is a linear function of Γ s  and an exponentially increasing function of 
temperature (T s ) (e.g. Wichink Kruit, 2010):  
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At high temperatures the stomatal compensation point can reach high values (see Figure 2.2).  
 
Values for the ratio Γ s  vary with plant types and growing conditions. For a natural vegetation, the ratio Γ s  generally 
is as low as a few tenths, but for agricultural crops the ratio Γ s  can be as high as several thousands. However the 
uncertainty in the ratio Γ s  values is quite high.  
 

Values for the ratio Γ s  and compensation points [χ s ] were obtained from literature and are discussed in detail in 
Appendix I and Appendix II. For a number of agricultural crops, potatoes and sugar beet, grown in the Netherlands 
no Γ s  values were found. For these crops, default conservative values were used. For the most important 
agricultural crops in the Netherlands the Γ s  values are presented in Table 2.1. Since the uncertainty in the Γ s  values 
is large also a range is presented.  
 
 

Table 2.1.  Most important crops in The Netherlands (according to area) and proposed Γ s  values quantifying its 
fertilization status. Default values for potatoes and sugar beet. 

Crop Area 
(in 1000 ha) 

Γ lower Γmedium Γ upper 

Grassland 
 intensively managed, not grazed 

523 500 2000 4000 

Maize 
 grain+ silage + corn cob mix 

262 200 1500 4000 

Potatoes 154 500 1000 2000 
Cereal crops 
 Wheat (of which 3/4 winter wheat), Barley 

191 500 2000 4000 

Sugar beet 76 500 1000 2000 

Total area (in 1000 ha) 1206    

 
 
Figure 2.2 explores the impact of high temperatures and high ammonia-hydrogen ratios Γ s  on the stomatal 
compensation point χ s . Eq 2 and Table 2.1 imply that compensation points may rise to values well over the ambient 
atmospheric concentration and hence, the crop will emit ammonia.  
 
The net exchange of ammonia between crops and the ambient air can be calculated using eq. 2 along with 
measurements of the average atmospheric ammonia concentration. This is elaborated further in Section 4.1.  
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Figure 2.2.  The stomatal compensation point χ s  (μg NH 3 /m3) for increasing temperature (°C) and mesophyll 
ammonia-hydrogen-ratio Γ s  of 1000. Also, the combined impact of temperature on stomatal 
compensation point and the stomatal resistance R s  (s/m) is also shown. At high temperatures the 
exchange effectively decreases to zero as at high temperature the stomata close. 

 
 

2.3 Ammonia emission from crop residues 
 

2.3.1 Introduction 

Crop residues are the plant parts that remain on the field after crop harvest. After the plant parts are cut, the protein 
in the plant tissue will degrade and nitrogen is released (Marstorp, 1995; Mohr et al., 1998). Part of the nitrogen is 
emitted as ammonia if crop residues are left on the soil surface. If residues are incorporated into the soil, ammonia 
volatilization will stop (De Ruijter et al., 2010; Janzen and McGinn, 1991; Mohr et al., 1998). In De Ruijter and 
Huijsmans (2012), an overview of measured data of ammonia volatilization from surface applied crop residues is 
given, and a relationship between ammonia volatilization (expressed as fraction of the N content of the residues) and 
N content of the residues was derived. When the N content is below 12.7 g/kg the ammonia emission equals zero.  
 
The regression model of De Ruijter and Huijsmans (2012) is valid for crop residues that remain on the soil surface 
for a period long enough to expect all ammonia to be volatilized. When crop residues are incorporated earlier, the 
fraction of the calculated ammonia volatilization needs to be estimated (Chapter 4.2). 
 
 

2.3.2 Arable crops 
Within a crop, the amount of crop residue that remains on the field after harvest and its N content depends on 
production goal, time of production within a growing season, soil fertility level and fertilization. An example of the 
effect of production goal is most clear with carrot, where entire plants are harvested for the production of bunch 
carrot, and where foliage remains on the field for the production of washed carrot. The amount and N content of 
some vegetables can also be affected by harvest time (early or late in the growing season), as well as by soil fertility 
and vigor of growth (Feller et al., 2011). N fertilization affected the total N load (amount and N content) of crop 
residues in sugar beet: at an N application of 120 kg ha-1 the N content of crop residues was 88 kg ha-1, whereas at 
an N application of 190 kg ha-1 the N content was 124 kg ha-1 (Van Geel et al., 2008).  
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Ranges in the amount of crop residues (in kg ha-1) and the N content (in g kg-1 dry matter) are given in literature and 
are presented in Appendix III. For the present study, single average values are derived that are used in estimating 
ammonia volatilization from residues of arable crops (Table 2.2). For potato, a further distinction was made into 
seed potatoes, ware potatoes and starch potatoes, in analogy to the registration of cultivated areas by Statistics 
Netherlands (see Chapter 3).  
 
Experts were consulted on the degree in which crop residues are incorporated into the soil. Residues that are 
incorporated within days after harvest do not contribute to the ammonia emission. When residues are incorporated 
after a longer time being left at the soil surface, their contribution to ammonia volatilization is based on the field 
period of crop residues after crop harvest and mixture with soil at harvest (Appendix IV). The contribution of crop 
residues to the ammonia volatilization is expressed by a fraction. This fraction is based on the field period of crop 
residues after crop harvest (incorporation within a few days after harvest means no contribution; fraction=0) and 
mixture with soil at harvest (covering half of the residues with soil means a fraction of 0.5). Total ammonia 
volatilization (fraction = 1) is described by the regression equation derived from literature data (De Ruijter & 
Huijsmans, 2012).  
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Table 2.2.  Averaged values of N content of crop residues based on literature data (Appendix III) and for each 
crop the fraction of residues that contribute to ammonia volatilization in the Netherlands  
(Appendix IV).  

Group Crop name Residue 
dry matter 

N-content N in crop 
residue 

Fraction1 

  (kg ha-1) (g/kg dry matter) (kg/ha)  

Arable crops wheat 5000 9 45 - 
 barley 3150 6 19 - 
 grain maize 6250 9 56 0.1 
 green pea 1900 25 47 1.0 
 marrowfat pea 1800 22 40 1.0 
 dry bean 2650 6 16 - 
 field beans 1500 13 19 - 
 rapeseed 4000 10 40 - 
 caraway 3000 9 27 - 
 poppy seed 1400 15 21 1.0 
 linseed/flax 200 5 1 - 
 chicory 2700 22 59 0.25 
 hemp 1500 15 23 1.0 
 potatoes 1700 18 31  
  - seed potatoes 2700 32 85 0.75 
  - ware potatoes 2100 15.5 31.5 0.75 
  - starch potatoes 2100 15.5 31.5 0.75 
 sugar beet 4600 26 120 0.27 
 fodder beet 3500 26 92 0.27 
Vegetable crops      
 strawberry - open field 1100 17 19 - 
Leaf and stem 
vegetables 

endive 1400 29 40 0.25 

 asparagus 900 29 27 1.0 
 Florence fennel 3050 33 100 0.25 
 leek 2650 31 82 0.50 
 celery 600 23 14 0.25 
 head lettuce 650 34 22 - 
 lettuce - iceberg 1300 35 45 0.25 
 spinach 700 43 30 0.1 
Root and tuber crops bunch & washed carrot 600 15 9 0.15 
 celeriac 3100 24 75 0.25 
 red beet 3800 25 95 0.25 
 salsify 2550 18 46 0.25 
 onion 2700 7 19 - 
 winter carrot 3100 21 65 0.15 
Cabbage crops cauliflower 3700 36 132 0.6 
 kale 3450 25 86 1.0 
 broccoli 4200 37 156 0.6 
 Chinese cabbage 2000 35 71 0.5 
 red cabbage 4800 28 135 0.6 
 green cabbage 4800 29 140 0.6 
 Brussels sprouts 8100 21 170 1.0 
 white cabbage 4600 24 111 0.6 
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Group Crop name Residue 
dry matter 

N-content N in crop 
residue 

Fraction1 

  (kg ha-1) (g/kg dry matter) (kg/ha)  

Leguminous crops pea 5900 29 170 0.25 
 green bean 3000 26 77 0.33 
 field beans 1250 13 16 - 
Fruit vegetables zucchini 4000 38 150 0.25 
Other vegetables  2900 23 67 0.25 

1  The fraction expresses the part of the residue that contributes to ammonia volatilization, based on the field 
period of crop residues after crop harvest. There is no contribution (fraction = ‘-‘) when incorporation takes place 
within a few days after harvest or when the N content of the residues is below 12.7 g/kg dry matter. Mixture 
with soil at harvest covering half of the residues with soil means a fraction of 0.5. No incorporation means total 
ammonia volatilization (fraction = 1). 

 
 

2.3.3 Green manure crops 

Green manure crops produce ammonia volatilizing residues when they are killed by frost or by herbicides. The 
amount of dry matter and N content of green manure crops can vary between growing conditions. In 2002, most 
common green manure crops in the Netherlands were fodder radish, yellow mustard and Italian ryegrass, covering 
almost 80 percent of the area grown with green manure crops (Table 2.3). The green manure crops indicated in 
Table 2.3 were grown following arable crops but not after maize.  
 
Since 2006, the total area grown with green manure crops increased as growing a green manure crop after maize 
on sand and löss soils became obligatory in the Netherlands. On these sandy soils and löss, all grain maize is grown 
and 75 percent of the total national area of silage maize. Together this is an area of 196000 ha where mostly winter 
rye and Italian ryegrass are sown as green manure crop. Dry matter production of these green manure crops is low 
because of the late sowing date after harvest of the maize. In experiments with different green manure crops after 
maize, above-ground dry matter in January of rye and Italian ryegrass sown after maize harvest was 821 and  
1143 kg ha-1 (Hilhorst & Verloop, 2009). In farmers’ practice, average dry matter production of green manure crops 
after maize is estimated at about 500 kg ha-1 for crops that are killed by herbicides in February/March (pers.comm. 
H. van Schooten, WUR-ASG). During growth of a crop, the N content (%) gradually decreases (Greenwood et al., 
1990). As green manure crops sown after maize have limited growth, their N content (%) will be higher than 
presented values in Table 2.3. For the present study, an N content of 39 g kg-1 is used, based on the average of 
autumn sown rye and Italian ryegrass (Hilhorst & Verloop, 2009).  
 
Ammonia volatilization from green manure crops is calculated by distinguishing between crops that have no 
contribution to ammonia volatilization (fraction = 0) and crops that fully contribute (fraction = 1). Crops with frost 
sensibility 1-3 are expected to be killed by frost when they are on the field in winter. Part of the green manure crops 
is incorporated before frost occurs and has no ammonia emission. About half of the area of frost sensitive crops is 
expected to contribute to ammonia volatilization. Frost tolerant green manure crops are generally incorporated by 
plowing. When the green manure crop is well developed, plowing is preceded by a harvest or by destruction with a 
disc harrow. Estimates for the area of frost tolerant green manure crops that is killed by herbicides vary between 
10-15% (pers.comm. H. van Schooten, WUR-ASG) and 25% (pers.comm. B. Aasman, DLV Plant). In the present 
study, an average estimate of 19% is used for the part of the area of frost tolerant green manure crops that 
contribute to ammonia volatilization.  
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Table 2.3.  Characteristics of green manure crops grown in the Netherlands (Timmer et al., 2003). In addition, 
196000 ha of Italian ryegrass and winter rye are grown after maize.  

Crop  Total area 
(ha) 

Frost 
sensibility 

dry matter 
(ton/ha) 

N content  
(% of dm) 

N content 
(kg/ha) 

Fodder radish 32050 3 3 (1-6) 2.3 (2.0-3.0) 50 (30-150) 
Yellow mustard 18500 1 2 (1-4) 2.1 (2.0-3.0) 40 (30-80) 
Brassica  375 5 3 (2-6) 2.1 (2-2.5) 100 (50-120) 
Perennial ryegrass 5525 7 1.5 (1-2) 2.8 (2.0-3.5) 45 (30-60) 
Italian ryegrass 20000 5 2 (1-4) 2.2 (1.5-2.5) 45 (20-80) 
‘Westerwolds’ ryegrass 1000 5 2 (1-2) 2.2 (2.0-2.5) 40 (40-45) 
Winter rye 6200 9 3 (2-4) 3.2 (2.0-4.0) 100 (50-130) 
Red clover 100 3 3 (2-4) 3.2 (3-3.5) 100 (60-140) 
White clover 100 5 2 (1-3) 3.5 (3-4) 80 (50-120) 
Persian clover 100 3 4 (3-5) 3 (2.5-3.5) 120 (100-175) 
Vetch 500 3 3 (2-5) 4 (3-4.5) 120 (90-200) 
Facelia 500 1 4 (2-5) 3.1 (2.5-4.0) 120 (60-200) 
Tagetes patula 400 1 8 (4-15) 1.9 (1.5-2.5) 140 (70-170) 

Green manure crops after maize1 196000 5 0,5 3.9 19.5 

1  See text for further specification. 

 
 

2.4 Ammonia emission from grassland 
For grassland estimating the ammonia emission is more complex compared to arable crops and green manure 
crops due to the fact that grassland is intensively managed over the year. This makes it difficult to separate 
emissions that are already included in the calculation of national emissions such as from application of manure, 
fertilizer and grazing on one hand and from ammonia emissions that are not directly linked to an agricultural activity 
on the other hand. For the calculation of the national emission it is important to know what is and what is not already 
included in the emission factors.  
 
The emissions from grassland already included in the calculation of national emissions are:  
a) the emissions after application of manure and fertilizer;  
b) the emissions during grazing.  
 
The emissions under a) reflect for manure application the emissions during the first four days after application. The 
emissions under b) reflect all types of emissions during the growing season while grazing. In the calculation of 
national emissions, emission factors for grazing are derived from Bussink (1992), who mentions that emissions from 
grazed grassland were relatively large in some grazing periods possibly due to topping of the sward after grazing. 
Therefore it may be concluded that the grazing emission factor includes topping of the grass. 
Emissions that are not yet included are: 
1) the emissions from non-grazed grassland in the period from application of manure and fertilizer till the next 

application. In the present study, these emissions are included in the emissions from standing crops taking into 
account a specific compensation point or gamma for grassland. 

2) the emissions from crop residues related to management activities such as mowing and grassland renovation. 
Emissions may result from crop residues that remain on the field after mowing when not all herbage is 
removed. Furthermore, crop residues that may contribute to ammonia volatilization arise when grassland is 
killed by herbicides for grassland renovation or for follow up by another crop.  

 
The specific emissions per management activity for grass are discussed in the following sections. 
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2.4.1 Pasture topping 

Ammonia emission from pasture topping is likely included in the emission factors for grazing within the calculation of 
national emissions, based on Bussink (1992) who mentioned that emissions from grazed grassland were relatively 
large in some grazing periods possibly due to topping of the sward after grazing. Therefore, in the present study 
ammonia emission from residues after pasture topping is not included in the calculations. However, as the practice 
of pasture topping is changing over time, information on the contribution of pasture topping is given in this report. 
This information may be used if a re-evaluation of the emission factor for grazing is desired.  
 
Pasture topping is decreasing in the Netherlands, and general advice is to alternate mowing and grazing. This way, 
seed heads and stalks that may have developed in rejected areas around feces and urine patches are mown and 
removed and become part of the grass silage. Most farms manage to alternate grazing and mowing their fields and 
will not top their pastures. Farms that keep their cows in the stable all year round also have no pasture topping. If 
alternating grazing and mowing is not possible, pasture topping is advised after two times grazing. About 15 to  
20 percent of the cattle farms are expected to use pasture topping (pers. comm. G. Holshof, WUR-ASG;  
G.J. Hilhorst, WUR-ASG and D.Z. van der Vegte, WUR-ASG). Generally these farms have a smaller acreage than 
average. For calculations in the present study, a single event of pasture topping is expected to be carried out on  
15 percent of the total grassland area. Because in current practice first harvest of all fields is by cutting, first 
pasture topping is around Mid-June. 
 
The amount of grass residues that is left behind after pasture topping is estimated between 200 and 500 kg dry 
matter per hectare. When higher amounts of dry matter are present, no pasture topping will be carried out but the 
grass will be harvested and used for silage. Calculations with the Farm Budget Program for Cattle 
(BBPR, www.bbpr.nl) also showed amounts of crop residues between 250 and 500 kg dry matter per hectare (pers. 
Comm. G. Holshof). These losses include trampling losses. For the present study, an average estimate of 350 kg 
dry matter per hectare per topping will be used for crop residues after pasture topping.  
 
The N content of topped grass may be lower than normal grass that is cut because of development of stalks and 
seed heads. On the other hand, this grass develops around feces and urine patches and has more N available. 
Estimations by experts of the N content of topped grass varied between 27-28 g kg-1, 33 g kg-1 and 35-36 g kg-1 dry 
matter. In the present study, a value of 30 g kg-1 will be used. This is in accordance with Vellinga and Hilhorst (2001) 
who give average values of 29.3 g kg-1 for silage cuts and 33.3 g kg-1 for grazing cuts.  
 
 

2.4.2 Cutting, drying and collection 

During cutting, drying and collection, part of the grass dry matter is lost and remains on the field. In field 
experiments with cut grass, Corporaal (1993) measured losses of dry matter of 3.9% for grassland and 8.8% for 
grass/clover mixtures, equaling 120 and 251 kg dry matter per hectare per cut. For five cuts per year, this 
amounts to 600 and 1255 kg ha-1. Herbage losses of cut grassland are also described in Farmmin, a model to 
simulate nutrient flows on a mixed dairy farm (www.farmmin.wur.nl). A loss of 10% of total dry matter can be 
estimated for cut grassland (pers. comm. F.W. van Evert, WUR-PRI). Together with an average yield of grassland in 
the Netherlands of 10.2 ton ha-1 (Aarts et al., 2008), this means an input of residues of 1020 kg dry matter ha-1.  
For the present study, an average loss of 1000 kg dry matter ha-1 year-1 is used for cut grassland with an N content 
of 30 g kg-1. 
 
 

2.4.3 Grassland renovation 

To maintain or increase productivity of grassland, swards are occasionally ploughed and reseeded. Grassland 
renovation or resowing is necessary when the quality of the grassland is decreased. In the Netherlands, grassland 
on sand, clay and peat soils is renovated every 5, 10 and 30 years, respectively (Schils et al., 2007). It is generally 
recommended to kill the old sward with glyphosate, to kill couch grass and to prevent old sward rests from 

http://www.bbpr.nl/
http://www.farmmin.wur.nl/
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regrowing (Hoving and De Boer, 2004). Between 1990 and 2005, on average 12 percent of the grassland area was 
newly sown (Table 2.4). This amount varied between years, partly due to weather conditions.  
 
Time of killing the grass vegetation is restricted by legislation in the Netherlands, and varies between soil type and 
the type of crop that follows (Table 2.5). On sand, the grass can only be killed in spring or before cultivation of 
flower bulbs. On peat and clay soil, killing the grass is also possible in autumn and winter if crops other than grass 
follow. 
 
Grass that is killed by herbicide will not be incorporated within a few days and contributes to ammonia volatilization. 
About 90% of the grassland that is renovated by resowing or sod seeding is killed by herbicides (pers.comm.  
D.Z. van der Vegte, WUR-ASG). Herbicides are used less frequently when another crop than grass follows, and it is 
assumed that half of this grassland area is killed by herbicides. Using average values over the period 1990-2005 
(Table 2.4), 90% of the area resown and sod seeded plus 50% of the area grass sown after another crop gives 
84484 ha of grassland that is killed by herbicides.  
 
When grassland renovation is carried out in spring, a first cut before herbicide application is not advised. It takes too 
much growing time for sufficient production, and for good germination sowing should be as early as possible to 
avoid dry weather in May and June (Hoving and Velthof, 2006). Measurements of the amount of dry matter at the 
time of killing are scarce. Of grassland swards, the amount of organic matter of grassland and its N content varied 
between age of a sward, between cutting and grazing, and were affected by N fertilization (Whitehead et al., 1990). 
The average amount of above-ground organic matter (stubble plus leaf litter) of two swards of 8 and 15 years old in 
the UK was 3500 kg ha-1 with an N content of 23.5 g kg-1 (Whitehead et al., 1990). This value is comparable with 
measurements in the Netherlands of the amount of dry matter of stubble in March just before renovation of on 
average 3360 kg ha-1 dry matter with an N-content of 24.5 g kg-1 (Van Dijk et al., 1996). Grassland experts estima-
ted the amount of above-ground dry matter of grassland in spring before spraying between 1800-2000 kg ha-1 
(pers. comm. G. Holshof, WUR-ASG). A value of 3000 kg ha-1 of above-ground dry matter (including stubble) with an 
N content of 24.0 g kg-1 will be used in the present study.  
 
 

Table 2.4.  Grassland renovation on cattle farms in the Netherlands (Statistics Netherlands, 2007). 

Year Total area  
grassland (ha) 

Area sown Resown Sod seeding Sown after another 
crop than grass1 

1990 1004000 127000 61000 14000 52000 
1993 965000 88000 45000 13000 31000 
1996 958000 153000 59000 50000 44000 
1999 913000 131000 67000 9000 55000 
2002 929000 100000 48000 5000 46000 
2005 980000 87000 34000 6000 46000 
Average 958167 114333 52333 16167 45667 

1  This area is assumed to equal the area of grass followed by another crop. 
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Table 2.5.  Time period when grassland can be killed. Additional requirements include soil sampling before 
application of fertilizer and requirements for the following crops (www.derogatie.nl;  
accessed Sept. 5, 2011). 

Period Sand/löss Peat Clay 

1 - 31 Jan Not allowed 
1 Feb - 31 May Allowed, soil sampling required, only crops with high N demand 
1 June - 15 Sept Not allowed Allowed, soil sampling required, only crops with high  

N demand 
16 Sept - 31 Oct Only allowed before flower bulb crops, no soil sampling required 
1 Nov - 30 Nov Only before flower bulbs, no soil sampling required Allowed before all crops except 

grass, no soil sampling required 1 Dec - 31 Dec Not allowed 

 

http://www.derogatie.nl/
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3. Areas of agricultural crops in the 
Netherlands 

Cultivated areas per crop were retrieved from Statistics Netherlands (2011). Most recent data for grassland were 
from 2009, for arable crops from 2010 and for vegetable crops from 2009 (provisional data). Areas are based on 
the ‘Landbouwtelling’. As areas may vary over years due to market mechanisms, the average area over the years 
2007, 2008 and 2009 is used in the present study (Table 3.1). 
 
Data on cultivated areas per crop are based on total area where the crop is planted or sown. On fields, multiple 
crops per year can be grown, especially in horticulture. For such fields, the cultivated area of each crop is taken into 
account. Excluded are the crops that are grown in greenhouses: eggplant, cucumber, paprika, radish, tomato. 
Some crops are grown both in greenhouses, and on the field: zucchini, endive, head lettuce, iceberg lettuce, 
spinach, strawberry. For simplicity it is assumed that half of the area of these crops refers to cultivation in 
greenhouses, and half to open fields.  
 
The area of green manure crops is not given by Statistics Netherlands and is taken from Timmer et al. (2003). 
Cultivated areas with green manure are given in Table 2.3. 
 
Grassland can be grazed or cut. Statistics Netherlands (2011) give both the area cultivated with grassland  
(982 333 ha) and the cut area (2 358 500 ha). This means that on average each hectare is cut 2.4 times.  
 
 

Table 3.1.  Area (ha) of crops grown in the Netherlands (average of 2007-2009; Statistics Netherlands, 2011). 

Crop Specification Area (ha) 

Grassland total area 982333  
 area cut 2358500  
Arable crops    
wheat  149604  
 winter wheat  131313 
 spring wheat  18291 
winter barley  4602  
spring barley  42296  
rye  2427  
oats  1593  
triticale  3274  
grain maize  20124  
silage maize  234501  
corn cob mix  7481  
green pea  507  
capucijner pea  498  
dry bean  1130  
field beans  292  
rapeseed  2831  
caraway  56  
poppy seed  674  
linseed/flax  2746  
chicory  3471  
hemp  435  
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Crop Specification Area (ha) 

ware potatoes  70762  
 on clay  50575 
 on sand or peat  20187 
plant potatoes  37135  
 on clay  33815 
 on sand or peat  3321 
starch potatoes  46861  
sugar beet  75653  
fodder beet  337  
onion  19993  
    
Vegetable crops  1382  
strawberry - open field    
leaf and stem vegetables  14830  
 endive  787 
 asparagus  2091 
 Florence fennel  173 
 leek  3133 
 celery  141 
 head lettuce  708 
 lettuce - iceberg  2633 
 spinach  1946 
 chicory  3217 
root and tuber crops  37861  

 
carrot (bunch and 
washed)   3192 

 carrot (winter)  5617 
 celeriac  1315 
 red beet  397 
 radish  110 
 salsify  1115 
 onion  26115 
cabbage crops  11886  
 cauliflower  2625 
 kale  700 
 broccoli  1917 
 Chinese cabbage  330 
 green cabbage  140 
 red cabbage  659 
 green cabbage  517 
 Brussels sprouts  3317 
 white cabbage  1682 
leguminous crops  13761  
 pea  6266 
 green bean  6641 
 field beans  853 
fruit vegetables (incl eggplant, cucumber, paprika, tomato)  3789  
 zucchini  223 
other vegetables  1747  
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For calculation of ammonia volatilization of standing crops, the DEPAC model (chapter 2.2) uses regional differences 
in weather and in concentrations of atmospheric ammonia. Provinces of the Netherlands are shown in Figure 3.1. 
Information on grassland is registered by Statistics Netherlands (2013) as total grassland area and the area mown, 
specified for four major grassland areas, largely covered by the provinces as indicated in Table 3.2. The area of 
ungrazed grassland was calculated from the total area of mown grassland and the assumption of five cuts per year. 
The distribution of major arable crops over the Dutch provinces in shown in Table 3.3. 
 
 

 

Figure 3.1.  Location of the provinces in the Netherlands. 

 
 

Table 3.2.  Major grassland regions in the Netherlands, the linkage with provinces as used in this report and the 
area (1000 ha) with ungrazed grassland (derived from Statistics Netherlands, 2013). 

Major grassland region 
 (Dutch name) 

Related provinces 
 

Area ungrazed 
(1000 ha) 

North 

 (Noordelijk weidegebied) 

Groningen, Friesland, Drenthe, Overijssel 147.6 
 

Eastern and central  
 (Oostelijk en centraal veehouderijgebied) 

Drenthe, Overijssel, Gelderland, Utrecht 135.0 
 

Western 
 (Westelijk weidegebied) 

Utrecht, Zuid-Holland, Noord-Holland 73.2 
 

Southern 
 (Zuidelijk weidegebied) 

Noord-Brabant, Limburg 62.8 
 

Other  Flevoland, Zeeland, and grassland areas within  
major arable regions of other provinces 

104.6 
  

 

Gelderland

Friesland

Overijssel

Noord-Brabant

Drenthe

Limburg

Groningen

Zuid-Holland

Utrecht

Noord-Holland

Zeeland

Flevoland
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Table 3.3.  Area (ha) cropped with major agricultural crops in 2011, specified for the 12 provinces of the 
Netherlands (Statistics Netherlands, 2013). 
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Cereal crops 41159 9259 15037 4774 17522 10668 798 11492 16232 36376 16644 10643 190604 

Maize crops 10510 18949 21164 42643 3804 46092 6678 4986 5099 6023 64922 21465 252335 

Potato (total) 26270 8185 29859 6698 19238 4835 70 9723 10758 18690 18352 7007 159685 

Sugar beet 10473 2457 10628 1800 9507 2618 77 4826 4714 10577 8864 6789 73330 

Total area1 88412 38850 76688 55915 50071 64213 7623 31027 36803 71666 108782 45904 675954 

1  Total area is the total agricultural area of major agricultural crops per province, covering almost 90 percent of 
total arable area. 
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4. Estimated ammonia emission from crops 
and crop residues in the Netherlands 

4.1 Emissions from crops 
The emission of ammonia from crops was calculated using the methodology described in Section 2.2. The hourly 
ambient air concentrations of ammonia were taken from the National Air Quality Network (Mooibroek et al., 2012). 
Values of stomatal ratio between NH4+ and H+, denoted by Γs, are taken from Table 2.1; other parameter values 
such as assumptions about the growth functions for crops are given in Appendix V. The emission fluxes were 
calculated on an hourly basis using the weather data for the year 2003 and 2008. 2003 being representative for a 
year with high temperatures in summer with low amounts of rainfall; while the summer of 2008 was more average in 
temperature but with somewhat higher amounts of rainfall.  
 
The exchange between the crops and the ambient air was calculated for the five types of crops from Table 2.1: 
ungrazed grassland, maize, potatoes, wheat and sugar beet. For wheat the calculations were split into the summer 
and winter variety to take into account the different meteorological conditions during growth, so six crops were 
considered. The emission was calculated for the medium Γs value and the lower and upper values for each crop and 
eight locations in the Netherlands. All eight locations of the National Air Quality Network were taken to obtain a good 
representation of the ammonia levels in the Netherlands.  
 
The ammonia emission from a crop is defined as the integral of the exchange of ammonia over the entire growing 
season of the crop, i.e. between planting or sowing and crop harvest, expressed in kg NH 3  per ha. A negative value 
denotes a net deposition of ammonia. In Figure 4.1, the emission of ammonia as an average of the six crops for 
these eight locations for the years 2003 and 2008 is depicted. Also the ensemble of the lower and upper estimates 
are presented. Results of the calculations are presented in Table 4.1. 
 
Figure 4.1 and Table 4.1 show that the flux depends on the atmospheric ammonia concentration and the ratio Γs. At 
locations with lower air concentrations, such as De Zilk, the flux is positive which means net emission of ammonia 
over the growing season. Conversely, the flux at the locations with higher air concentrations, such as Vredepeel, is 
negative which means a deposition of ammonia. The variation caused by meteorology (compare 2003 with 2008) is 
small compared to the effect of the atmospheric ammonia concentration or the variation between crops. The 
variation in emission between crops at a location for 2003 or 2008 lies in the order of a few kg NH 3  per ha and falls 
well within the range of the emissions calculated with the lower and upper values of the ratios Γs. Hence, the 
emission were considered from crops using the average emission and ranges (as in Figure 4.1) and not the 
individual emission per crop type.  
 
The emission from the crops on average on the sites with relatively low concentrations, less than 5 μg NH 3  /m3, lies 
between 1 and 4 kg N per ha with an average of about 2.5 kg N per ha. The upper range of the emission estimate 
(with the upper Γs value) lies between 5 and 10 kg N per ha with an average of 7.8 kg NH 3  per ha. At sites with 
concentrations higher than about 5 μg NH 3  /m3, deposition takes place on the crops. However, up to about 12 μg 
NH 3  /m3 emissions are calculated with the higher estimate of gamma, being on average 2.5 kg N per ha for 
concentration levels between about 5 and 12 μg NH 3  /m3.  
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Figure 4.1.  Emission (positive values) or deposition (negative values) (kg N ha-1 year-1) versus atmospheric 
ammonia concentration. Data points give average values over all crops. 

 
 
It is clear from Figure 4.1 that the ambient atmospheric ammonia concentration is the dominant parameter in 
describing the variation of the emission from a crop over the Netherlands. This means that for a national estimate of 
the total ammonia emission from standing crops, the variation in ammonia concentration over the country has to be 
taken into account. 
 
 
Figure 4.2 maps the variation of the averaged ammonia concentration over the Netherlands for the years 2003 and 
2008. The maps have been used to estimate the area per province that is exposed to an average concentration of 
less than 5, between 5 and 12, and more than 12 μg NH 3  /m3, respectively. These estimates in combination with 
the cropped area per province (Tables 3.2 and 3.3) provide an estimate of the extent of the area emitting ammonia. 
It was calculated that about 600.000 ha of cropped area in the Netherlands is exposed to an ammonia concentra-
tion of less than 5 μg NH 3  /m3. Another 480.000 ha is exposed to a concentration between 5 and 12 μg NH 3  /m3 
and about 120.000 ha is exposed to concentrations higher than 12 μg NH 3  /m3 . 
 
Combining these results, the national emission is estimated at 600.000 x 2.5 = 1.5 million kg N for medium gamma 
values and 600.000 x 7.8 + 480.000 x 2.5 = 5.9 million kg N for high gamma estimates. With the low gamma 
estimates no emissions are calculated. Accordingly, an overall rough estimate of the ammonia emission by crops is 
about 1.5 kton with a range from 0 up to about 6 million kg N. 

-15

-10

-5

0

5

10

15

0 2 4 6 8 10 12 14 16 18 20

M
ea

n 
st

om
at

al
 fl

ux
 

[μ
g 

N
 p

er
 h

a 
pe

r 
ye

ar
]

Annual mean concentration
[μg NH3/m3]

high stomatal gamma

medium stomatal gamma

low stomatal gamma



 
 

 

25 

Ta
bl

e 
4.

1.
  

Em
is

si
on

 (p
os

iti
ve

 s
ig

n)
 o

r d
ep

os
iti

on
 (n

eg
at

ive
 s

ig
n)

 o
f a

m
m

on
ia

 (k
g 

N
 h

a-1
 y

ea
r-1

) f
or

 s
ix

 c
ro

ps
 a

t e
ig

ht
 lo

ca
tio

ns
 in

 th
e 

N
et

he
rla

nd
s 

us
in

g 
w

ea
th

er
 d

at
a 

fo
r 2

00
3 

(to
p 

ha
lf)

 a
nd

 2
00

8 
(b

ot
to

m
 h

al
f).

 R
es

ul
ts

 a
re

 s
ho

w
n 

fro
m

 c
al

cu
la

tio
ns

 u
si

ng
 th

e 
av

er
ag

e 
an

d 
th

e 
up

pe
r e

st
im

at
es

 o
f t

he
 g

am
m

a 
va

lu
e 

(T
ab

le
 2

.1
). 

Av
er

ag
es

 o
ve

r c
ro

ps
 a

re
 

sh
ow

n 
in

 F
ig

ur
e 

4.
1.

 

 
 

C
al

cu
la

tio
ns

 u
si

ng
 th

e 
av

er
ag

e 
es

tim
at

es
 o

f t
he

 g
am

m
a 

va
lu

e 
 

C
al

cu
la

tio
ns

 u
si

ng
 th

e 
up

pe
r 

es
tim

at
es

 o
f t

he
 g

am
m

a 
va

lu
e 

Lo
ca

tio
n 

Av
er

ag
e 

an
nu

al
 

co
nc

en
tr

. 
grassland 

Maize 

Spring wheat 

Winter wheat 

Potatoes 

Sugarbeet 

Average 

 

Grassland 

Maize 

Spring wheat 

Winter wheat 

Potatoes 

Sugarbeet 

Average 

20
03

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
D

e 
Zi

lk
 

2.
1 

4.
5 

3.
9 

6.
1 

4.
8 

2.
5 

3.
0 

4.
2 

 
9.

9 
11

.7
 

13
.3

 
11

.3
 

5.
6 

6.
8 

9.
8 

H
ui

jb
er

ge
n 

3.
3 

3.
4 

2.
9 

4.
4 

3.
4 

1.
5 

1.
3 

2.
8 

 
9.

4 
11

.2
 

12
.4

 
10

.5
 

4.
7 

5.
4 

8.
9 

Va
lth

er
m

on
d 

4.
3 

3.
1 

2.
4 

4.
2 

3.
3 

1.
4 

1.
4 

2.
6 

 
8.

6 
9.

7 
11

.5
 

10
.4

 
4.

3 
5.

1 
8.

3 
Ze

gv
el

d 
5.

0 
4.

2 
2.

9 
6.

1 
4.

9 
1.

5 
1.

6 
3.

5 
 

10
.7

 
11

.9
 

14
.4

 
12

.3
 

5.
0 

5.
9 

10
.1

 
W

ie
rin

ge
rw

er
f 

5.
6 

1.
5 

0.
8 

1.
8 

0.
4 

0.
1 

-0
.3

 
0.

7 
 

5.
7 

6.
4 

7.
1 

5.
3 

2.
1 

2.
6 

4.
9 

Ei
be

rg
en

 
10

.0
 

-1
.8

 
-2

.3
 

-2
.4

 
-4

.4
 

-3
.1

 
-4

.7
 

-3
.1

 
 

3.
4 

4.
7 

4.
5 

2.
5 

-0
.3

 
-1

.1
 

2.
3 

W
ek

er
om

 
16

.8
 

-6
.6

 
-8

.9
 

-8
.1

 
-9

.2
 

-9
.0

 
-1

2.
4 

-9
.0

 
 

-0
.9

 
-1

.0
 

-0
.5

 
-2

.1
 

-5
.9

 
-8

.4
 

-3
.1

 
Vr

ed
ep

ee
l 

18
.8

 
-6

.3
 

-7
.3

 
-9

.7
 

-1
1.

3 
-8

.1
 

-1
0.

5 
-8

.9
 

 
-2

.1
 

-1
.8

 
-3

.8
 

-5
.5

 
-5

.8
 

-7
.5

 
-4

.4
 

20
08

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
D

e 
Zi

lk
 

2.
1 

3.
9 

3.
4 

5.
1 

4.
4 

2.
0 

2.
1 

3.
5 

 
8.

9 
10

.7
 

12
.0

 
10

.6
 

5.
0 

6.
0 

8.
9 

H
ui

jb
er

ge
n 

2.
8 

3.
3 

3.
0 

4.
3 

3.
6 

1.
7 

1.
7 

2.
9 

 
8.

2 
10

.3
 

11
.1

 
9.

8 
4.

7 
5.

4 
8.

3 
W

ie
rin

ge
rw

er
f 

4.
1 

2.
4 

1.
7 

2.
7 

2.
1 

0.
5 

-0
.1

 
1.

6 
 

7.
3 

8.
4 

9.
5 

8.
3 

3.
3 

3.
6 

6.
7 

Va
lth

er
m

on
d 

4.
1 

1.
6 

1.
0 

1.
7 

1.
2 

0.
1 

-0
.4

 
0.

9 
 

5.
8 

6.
6 

7.
4 

6.
4 

2.
5 

2.
8 

5.
3 

Ze
gv

el
d 

7.
7 

0.
5 

-0
.9

 
0.

0 
-0

.9
 

-2
.3

 
-3

.5
 

-1
.2

 
 

5.
7 

6.
7 

7.
2 

5.
7 

0.
9 

0.
5 

4.
4 

Ei
be

rg
en

 
8.

4 
-0

.6
 

-1
.5

 
-1

.7
 

-2
.6

 
-2

.8
 

-4
.2

 
-2

.2
 

 
4.

1 
5.

5 
4.

9 
3.

5 
0.

1 
-0

.6
 

2.
9 

W
ek

er
om

 
11

.6
 

-2
.2

 
-4

.0
 

-3
.7

 
-4

.5
 

-5
.4

 
-7

.3
 

-4
.5

 
 

2.
9 

3.
4 

3.
4 

2.
0 

-2
.3

 
-3

.5
 

1.
0 

Vr
ed

ep
ee

l 
17

.2
 

-5
.9

 
-7

.6
 

-8
.8

 
-9

.3
 

-8
.9

 
-1

3.
0 

-8
.9

 
 

-0
.6

 
-0

.1
 

-1
.5

 
-2

.6
 

-5
.7

 
-9

.1
 

-3
.3

 

 



26 

 

Figure 4.2.  Annual averaged concentration of ammonia over the Netherlands. Concentrations are a combination 
of calculated ammonia concentrations and measurements from the National Air Quality Network 
(www.compendiumvoordeleefomgeving.nl). 

 
 

4.2 Emissions from crop residues 
Ammonia volatilization from crop residues in the Netherlands was calculated per crop by multiplication of: 
• Area grown (average of 2007-2009; Chapter 3) 
• N in residues (kg ha-1; Chapter 2) 
• Volatilization (% of total N in kg ha-1) calculated from N content (g kg-1 dry matter) by the regression equation 

derived from literature (Chapter 2) 
• Fraction of the residues that contributes to ammonia volatilization. 

 
Total ammonia volatilization from crop residues in the Netherlands was calculated at 1.9 million kg NH 3 -N. Largest 
contribution is from grassland, and especially the losses from mowing (Figure 4.3-left). Ammonia volatilization from 
residues of arable crops and during grassland renovation also have a large contribution to total volatilization. 
Potatoes are responsible for almost half of the ammonia volatilization of arable crop residues (Figure 4.3-right). 
Other large contributions are from sugar beet and cabbage crops. Ammonia emission from freezing or herbicide 
killing of green manure crops is a little higher than the emission from sugar beet residues. Almost two third of the 
ammonia volatilization from green manure crops is from crops that are killed by herbicides, of which 80% is from 
green manure crops after maize.  
 
The large contribution from losses from mowing is mainly caused by the large area of grassland. Per hectare of cut 
grassland (5 cuts per year), ammonia volatilization from residues is 2.1 kg NH 3 -N. For comparison, average 
ammonia volatilization is 4.8 kg ha-1 NH 3 -N from residues of seed potatoes, 0.3 kg ha-1 NH 3 -N from ware and starch 
potatoes and 1.7 kg ha-1 NH 3 -N for sugar beet residues. Cabbage crop residues have a high average ammonia 
volatilization per hectare, varying between 2.9 kg NH 3 -N ha-1 for white cabbage and 8.9 kg NH 3 –N ha-1 for broccoli. 
For specific fields without incorporation and where crop residues remain on top of the soil for a long period, 
volatilization per hectare is higher than these average values. 
 
 

Ammonia concentrations in 2003

Concentration in µg/m3

5 or less
5 - 10
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More than 15

Ammonia concentrations in 2008
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Figure 4.3.  Total ammonia volatilization in the Netherlands from arable crops, green manure crops and grassland 
(left), and specification of ammonia volatilization from arable crops (right).  

 
 
Uncertainty in input data gives large ranges in calculated values of total ammonia volatilization from crop residues in 
the Netherlands. When the 90% confidence band is used (De Ruijter and Huijsmans, 2012), total ammonia volatiliza-
tion varies between 0.3 and 3.8 million kg NH 3 -N. Other uncertainties are the N content of the crop residues and the 
contribution of the crop residues to ammonia volatilization as estimated from the mixture with soil during harvest and 
the field period between harvest and incorporation.  

0

200

400

600

800

1000

Arable crops Green manure
crops

Losses from
mowing

Renovation with
herbicides

Arable farming Grassland

To
ta

l N
H

3-N
 v

ol
at

ili
za

tio
n 

(x
10

00
 k

g)

0

50

100

150

200

250

To
ta

l N
H

3-N
 v

ol
at

ili
za

tio
n 

(x
10

00
 k

g)



28 



 29 

 

5. Discussion 

In this report estimates are made for the contribution of standing crops and crop residues to total ammonia 
volatilization in the Netherlands. These estimates are additional to those already included in the national emissions 
calculations. In these calculations, emissions after application of manure and fertilizer and emissions during grazing 
are already included. For grassland therefore only the emissions from non-grazed grassland and from crop residues 
after mowing were included.  
 
Emissions from standing crops were calculated using an inference type of modeling assuming stomatal 
compensation points for typical crops in the Netherlands. Crop residues were defined as residues that remain and 
decay on the field after management operations such as harvest and spraying with herbicides, and after freezing in 
winter time. 
 
 

5.1 Ammonia emission from crops 
The range given in the calculated emission from standing crops of 0 to 6 kton is quite large. Two parameters 
dominate the process of ammonia exchange and the resulting emission or deposition: the ambient ammonia 
concentration and the stomatal compensation point (Figure 4.1). The uncertainty in the ambient concentration is 
small (< 10%) compared with the uncertainty in the stomatal compensation point. As can be seen from Table 2.1 the 
range between the lower and upper estimate of the values of the NH4+ to H+ ratio Γs (from which the compensa-
tion point is calculated) can amount up to a factor of ten. This range is much larger than the range of gamma values 
between the distinguished crops. This makes the estimates of the emission by standing crops very rough and hence 
the estimates should be considered as indicative.  
 
The large range also puts the uncertainty of all other parameters used in the calculations into perspective, that is, 
their uncertainties are all small compared with the uncertainty in the ratio Γs values or compensation point. So the 
effect of taking only 2003 and 2008 data in the calculations and not making an exact match between the location of 
the crops or the ambient concentration (as could have been done using a GIS-application) are relatively small.  
 
For two crops, potatoes and sugar beets, no information was found for its NH4+ to H+ ratio Γs and low – conserva-
tive - values were used as default. Nevertheless, the emissions from these crops were used in the – arithmetically, 
so not crop area weighed - averaged estimate of the emission from crops (as in Figure 4.1). Therefore, choosing 
conservative default values takes effect on the overall estimate. If higher estimates would have been chosen, the 
average emission factor would have been about 10 to 20% higher and consequently the overall emission estimate 
would have been larger as well.  
 
Notwithstanding the fact that emission calculations are uncertain, there are two regimes that can be determined 
from Figure 4.1:  
1. Below an ambient concentration of about 5 μg/m3 all crops emit ammonia, whereas above 15 μg/m3 the 

crops always absorb ammonia (i.e. deposition).  
2. In between 5 and 15 μg/m3 both emission and deposition are possible which is strongly dependent on the 

value of the compensation point. 
 
The estimate of the emission using the upper value of the compensation point of 6 kton indicates what will be the 
typical maximal value for these emissions. 
 
The strong effect of ambient ammonia concentration on ammonia emission from crops explains the large variation in 
emission factors (expressed in kg N ha-1) that is found in literature. This clearly illustrates that estimates of crop 
emissions should take into account the ambient concentration. For example, estimates of the emissions from crops 
in Denmark (wheat, barley) are reported typically to be in the range of 1 to 5 kg N/ha (Schjoerring & Mattsson, 
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2001). These values are also found for the Netherlands, but only in areas with low ambient concentrations levels  
(i.e. areas with ambient ammonia levels as high as those common in Denmark). This suggests that emission factors 
derived in one country cannot be used directly for estimates of the crop emission totals in another country and that 
at least the ambient ammonia level should be taken into account. 
 
Reducing the emission in animal houses and the emission after manure application will both effectively lead to lower 
concentrations in the ambient air. However, these lower concentrations will consequently lead to higher emissions of 
standing crops, thus resulting in a negative feedback on emission reduction. There appears to be a climate effect as 
well. Higher temperatures lead to higher compensation points and thus to larger crop emissions. Still higher 
temperatures restrict this effect, as stomata will close, the plant-air exchange stops and the emission is blocked.  
 
It is clear from the above discussion on the emission calculations that the major item for improvement of the 
calculations lies in better estimates of the gamma value or compensation point of crops and its seasonal variation. 
The range in the gamma values also reflects differences in agricultural management (N fertilization). As the 
agriculture in the Netherlands is intensive – uses large fertilizer inputs - the question rises whether the gamma values 
from literature are valid for the Netherlands. Only few Dutch measurements are available (e.g. Volten et al., 2012). 
These measurements indicate though that in the Netherlands the gamma values are more likely to lie towards the 
upper than to medium value of the range as derived from literature in this study. 
 
Another indication for – temporary - high compensation points comes from a study by Van Pul et al. (2008) in which 
it was estimated that during the three week heat wave of August 2003 alone about 1 kton of ammonia could have 
been emitted by standing crops on a national scale. This implies that the lower value for gamma is not very realistic 
for the Netherlands and also that the estimate of 1.5 kton based on average gamma values may be considered as 
conservative.  
 
Besides the necessity of measurements, a way forward would be to couple the compensation point or gamma to the 
nitrogen content in the plant which is somewhat easier to measure. And by coupling the nitrogen content to the 
nitrogen balance of a plant a parameterization of the compensation point or gamma could be obtained. 
 
 

5.2 Ammonia emission from crop residues 
From crop residues, a total contribution to Dutch national ammonia emission was calculated of 1.9 million kg NH 3 -N, 
varying between 0.3 and 3.8 million kg NH 3 -N when the broad confidence band of the regression equation of De 
Ruijter and Huijsmans (2012) is used. The calculations were carried out for the current situation with variation in the 
degree of incorporation into the soil during harvest or with variation in the amount of time that crop residues remain 
on top of the soil after harvest. The variations depend on crop type and farming practice. Changes in farming 
practice may have impact on ammonia volatilization from crop residues. To indicate the maximum effects, three 
scenarios were calculated: 
1. All residues remain on the soil surface, indicating a maximum contribution  
2. Current situation, based on the degree of mixing with soil at harvest and the duration between harvest and 

incorporation (Chapter 2) 
3. Maximum reduction of ammonia volatilization, based on technical possibilities to prevent or reduce ammonia 

volatilization from crop residues 
 
Scenario 1 is included to give the ammonia volatilization potential of all crop residues. Scenario 3 is a combination 
of the following strategies to achieve maximum mitigation: 
• Prevention of ammonia volatilization by incorporation of crop residues within one week after harvest (except 

potato) and incorporation of green manure crops within one week after freezing; 
• Potato crop residues have to remain for at least two weeks on the field because of the required time between 

haulm killing and harvest. Collection of dead potato haulm stems after harvest may reduce the emission factor 
from 0.75 to 0.5; 
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• Reduction of the time between spraying and incorporation of dead plants (grassland or green manure crops) to 
a minimum of two weeks that is required for sufficient dying of the plants. This may reduce the emission factor 
from 1 to 0.5. 

 
Ammonia volatilization from losses during cutting, drying and collection for silage cannot be prevented. As this 
volatilization from grassland contributes about half of the total ammonia volatilization from crop residues, the 
mitigation practices of scenario 3 have a modest impact (Table 5.1). 
 
 

Table 5.1.  Ammonia volatilization from crop residues in the Netherlands (103 kg NH 3 -N) for three scenarios of 
residue management. 

 
Scenario 1 

All residues on top 
Scenario 2 

Current situation 
Scenario 3 

Maximum mitigation 

Arable crops 1053 479 143 
Green manure crops 607 148 48 
Losses from cutting 979 979 979 

Renovation with herbicides 275 275 137 

TOTAL  2914 1881 1307 

Arable crops contribution    
potatoes 285 214 143 

sugar beet 483 130 0 
other arable crops 11 4 0 

leaf & stem vegetables 45 27 0 
root and tuber crops 20 4 0 

cabbage crops 104 71 0 
leguminous crops 97 27 0 

other vegetable crops 8 2 0 

 
 
The regression equation used to calculate ammonia volatilization from crop residues is valid for crop residues left on 
the soil surface for a period of time long enough to allow maximum cumulative ammonia volatilization (De Ruijter & 
Huijsmans 2012). Generally, a number of days is required after harvest before crop residues start to emit ammonia, 
followed by a peak in volatilization rate between 1-4 weeks (De Ruijter et al., 2010; Glasener & Palm, 1995; Mohr et 
al., 1998). After these peak rates, volatilization can continue at a slow rate for many weeks (De Ruijter et al., 2010; 
Whitehead et al., 1988). Temperature plays a role when peak rates of ammonia volatilization occur and when 
volatilization ceases (Whitehead et al., 1988). This variation also occurs in farming practice where crop residues 
arise during harvest in summer or in autumn, and where crop residues can be incorporated shortly after harvest or 
after several weeks or months. Freezing of green manure crops occurs in winter when temperatures are low. 
Herbicides to kill green manure crops or grassland are generally used in autumn or spring. In calculating the 
contribution of crop residues to national ammonia volatilization, part of this variation is included in the regression 
equation, and part is accounted for by estimating the fraction of each crop that contributes to ammonia 
volatilization. These fractions are based on interviews with field experts. More detailed insight in the field period of 
crop residues requires surveys among farmers. 
 
Ambient ammonia concentration has an effect on ammonia emission from crops (see 5.1), and it may also affect 
ammonia emission from crop residues, However, the effect on emission of crop residues is expected to be limited, 
as ammonia emission from decaying residues is more pronounced and within a shorter time period than from 
standing crops. The regression equation that describes ammonia emission in relation to N content of crop residues 
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is supposed to be representative for Dutch conditions, as data points from measurements in the Netherlands are 
above the average (De Ruijter & Huijsmans, 2012), indicating that the relatively high ambient ammonia 
concentrations of the Netherlands have had no systematic lowering effect on the degree of ammonia emission. 
 
Crop residues that have the largest contribution to ammonia volatilization at the national scale are those from 
mowing of grassland. The amount of residues that arises during mowing is difficult to measure. Experimental data 
therefore are scarce and estimates for the amount of residues remain based on expert knowledge. Trend in current 
practice in the Netherlands is that grazing is decreasing, and cows are increasingly fed in the stables. This results in 
a shift from losses from grazing to losses from mowing. Grass that is cut and collected at the same time will give 
limited amounts of residues as the fresh grass is easily picked up. Cutting and drying for silage gives larger losses, 
partly due to breaking into small fragments that cannot be collected. Therefore, the other trend to minimize the field 
period of grass cut for direct feeding may also reduce losses and ammonia volatilization from these residues.  
 
Grassland for seed production was absent in the overviews of cropping areas and crop residues. However, no 
ammonia emission is expected from these crop residues as the N-content of grass straw is 11.2 g/kg dry matter 
(Kemme et al., 2005) and crop residues after collection of the straw will have similar N content. This N content is 
below the value of 12.7 g/kg where the calculated ammonia emission is equal to zero. Grassland for seed 
production was grown on 12680 ha in 2010 (Statistics Netherlands, 2013).  
 
Potato haulms show the largest contribution of the arable crops. In the calculations, this is mainly derived from seed 
potatoes where the haulms are killed by herbicides. Because of the time of 2-4 weeks between spraying and 
harvesting, a contribution of 0.75 was used. This may be an underestimation, as in alfalfa senescence by herbicides 
caused earlier and higher ammonia volatilization than crop termination by tillage (Mohr et al., 1998). Mannheim et al. 
(1997) measured ammonia volatilization from freshly cut potato haulms, and almost all ammonia volatilization took 
place within the first three weeks. However, they found this also for sugar beet tops, whereas De Ruijter et al. 
(2010) found ammonia volatilization of sugar beet tops over a period of more than three months. Because of the 
large contribution of potato in the calculations, it is recommended to measure ammonia volatilization from herbicide 
treated potato haulms under conditions representative to the field situation. 
 
Ammonia volatilization was estimated by the relationship between NH 3 -N volatilization (as % of N in residues) and the 
N content (in g kg-1 dry matter). When the amount of residue dry matter is assumed to remain stable, variation in  
N content of the residues affects both the % of total N that volatilizes as NH 3  and the total N in the residues. 
Therefore, a reduction in N content of the residues has a more than proportionate effect on ammonia volatilization. 
Reducing the N content from 40 to 36 g kg-1 (10%) reduces ammonia volatilization (in kg NH 3 -N ha-1) by 23%. At 
lower N content this effect is even larger: from 20 to 18 g kg-1 (10%) reduces ammonia volatilization by 35%. As 
crop fertilization determines the N content of the foliage, decreasing fertilizer inputs may therefore have a large 
impact on ammonia volatilization from crop residues. Based on information of BLGG-Agroexpertus and calculations 
of Statistics Netherlands, N contents of grass are decreasing (Tamminga et al., 2009). To what degree N contents 
of arable crop residues in farmers practice have decreased in recent years is not known. This, and possible effects 
by further reductions because of fertilizer regulations deserves further study.  
 
 

5.3 Relative contribution to national ammonia emissions 
from agricultural activities 

Van Bruggen et al. (2013) show the calculated ammonia emission from animal manure and fertilizers for the 
Netherlands. The emissions from standing crops are small (< 5%) compared to the direct emissions of ammonia by 
animal housings and manure application, but about 15% of the contribution by fertilizers and in the same order as 
emissions during grazing. This also counts for crop residues. The estimated ammonia emission from crops and crop 
residues together are more than the contribution by manure storage and about twice as much as the estimated 
ammonia emission by grazing . 
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Conclusions 

• The contribution of crops and crop residues (excl. grazed grassland) to total ammonia volatilization in the 
Netherlands was estimated at: 
• 1.5 million kg NH 3 -N from standing crops, with a range of 0 to 6 million kg NH 3 -N; This range is obtained 

by using low and high estimates of the ammonia compensation points of crops found in literature and 
reflect the large uncertainty in the compensation point values; 

• 1.9 million kg NH 3 -N from crop residues, with a range between 0.3 and 3.8 million kg NH 3 -N based on 
the 90% confidence band of the regression equation that describes NH 3  volatilization in relation to N 
content of the residues; 

• in total the ammonia emission from standing crops and crop residues together lies between 0-10 million 
kg NH 3 -N with the best estimate being about 3.4 million kg NH 3 -N. 

• Ambient ammonia concentration has a large effect on ammonia emission from standing crops. Below a 
concentration of 5 μg NH 3 /m3 standing crops in the Netherlands always emit ammonia and above 15 μg/m3 
ammonia is always deposited. Between these two boundaries, depending on local circumstances, there can be 
either emission or deposition. 

• The uncertainty in the calculation of the emissions from standing crops is quite large and mainly due to the 
large uncertainty in the compensation point of crops. Therefore the range in the estimate for ammonia 
volatilization from standing crops can mainly be narrowed by improving the assessment of the compensation 
point values. 

• Ammonia volatilization from crop residues can be reduced by quicker incorporation (within one week) of crop 
residues. However, ammonia volatilization from residues cannot completely be prevented as eg. time remains 
required for haulm killing of potato and losses of grass during cutting, drying and collection for silage cannot 
be prevented. Maximum mitigation of ammonia volatilization from crop residues is estimated to reduce 
emission from 1.9 to 1.3 million kg NH 3 -N. 

• The N content of residues has a large effect on calculated ammonia volatilization, as variation in N content of 
the residues affects both the % of total N that volatilizes as NH 3  and the total N in the residues. As a result 
from fertilizer regulations, N contents of crops and crop residues may decrease with a relatively larger effect 
on ammonia volatilization. The actual effect of fertilizer regulations on crop N status, however, requires further 
study. 

• The estimated ammonia emission by crops and crop residues is about twice the contribution by grazing and 
also higher than by manure storage. 

 



34 

 



 35 

 

References 

Aarts, H.F.M., C.H.G. Daatselaar & G. Holshof, 2008. 
Bemesting, meststofbenutting en opbrengst van productiegrasland en snijmais op melkveebedrijven. Plant 
Research International, Wageningen, Rapport 208. 

Asman, W.A.H., 2009. 
Ammonia emission from crops and crop residues. Report R-2009-01 (written for RIVM. Bilthoven, The 
Netherlands), Global Environmental Consultancy, Viborg, Denmark. 

Asman, W.A.H., M.A. Sutton & J.K. Schjørring, 1998. 
Ammonia: emission, atmospheric transport and deposition. New Phytologist 139, 27-48. 

Bash, J.O., J.T. Walker, G.G. Katul, M.R. Jones, E. Nemitz & W. Robarge, 2010. 
Estimation of in-canopy ammonia sources and sinks in a fertilized Zea Mays field, Environmental Science & 
Technology 44, 1683-1689. 

Bates, R.G. & G.D. Pinching, 1950. 
Dissociation constant of aqueous ammonia at 0 to 50 C from E.m.f. studies of the ammonium salt of a weak 
acid. Journal of the American Chemical Society 72, 1393-1396. 

Beinum, A. v. & S. Westra, 2004. 
Verwerken gewasresten : mogelijke verwerkingsopties gewasresten voor de agrarische sector. PPO 
Akkerbouw, Groene Ruimte en Vollegrondsgroenten, Lelystad, PPO projectnummer 530040. 

Bussink, D.W., 1992. 
Ammonia volatilisation from grassland receiving nitrogen fertiliser and rotationally grazed by dairy cattle. 
Fertiliser Research 33, 257–265. 

Corporaal, J., 1993. 
Kneuzen geeft verlies (Grass conditioning gives losses). Landbouwmechanisatie 44,4, 26-27. 

Dasgupta, P.K. & S. Dong, 1986. 
Solubility of ammonia in liquid water and generation of trace levels of standard gaseous ammonia. Atmospheric 
Environment 20, 565-570. 

David, M., B. Loubet, P. Cellier, M. Mattsson, J.K. Schjoerring, E. Nemitz, R. Roche, M. Riedo & M.A. Sutton, 2009. 
Ammonia sources and sinks in an intensively managed grassland canopy. Biogeosciences 6, 1903-1915. 

De Ruijter, F.J. & J.F.M. Huijsmans, 2012. 
Ammonia emission from crop residues : quantification of ammonia volatilization based on crop residue 
properties. Plant Research International, Wageningen, Report 470. 

De Ruijter, F.J. & A.L. Smit, 2007. 
Het lot van stikstof uit gewasresten. Plant Research International, Wageningen, Rapport 133. 

De Ruijter, F.J., J.F.M. Huijsmans & B. Rutgers, 2010. 
Ammonia volatilization from crop residues and frozen green manure crops. Atmospheric Environment 44, 
3362-3368. 

Denmead, O.T., R. Nulsen & G.W. Thurtell, 1978. 
Ammonia exchange over a corn crop. Soil Science Society of America Journal 42, 840-842. 

EC, 2001. 
Directive 2001/81/EC of the European Parliament and of the Council of 23 October 2001 on national emission 
ceilings for certain atmospheric pollutants. Official Journal L 309, 22 (accessed 27.11.01). European 
Communities, Brussels. 

Ekeberg, E. & H.C.F. Riley, 1996. 
Effects of mouldboard ploughing and direct planting on yield and nutrient uptake of potatoes in Norway. Soil 
Tillage Res. 39, 131-142. 

Elsen, T., 2009. 
Nitraatresiduproblematiek in de akkerbouw. Katholieke Hogeschool Kempen. 

Emberson, L.D., M.R. Ashmore, D. Simpson, J.-P. Tuovinen & H.M. Cambridge, 2000a. 
Towards a model of ozone deposition and stomatal uptake over Europe. EMEP/MSC-W 6/2000, Norwegian 
Meteorological Institute, Oslo. 



36 

Farquhar, G.D., 1979. 
Carbon assimilation in relation to transpiration and fluxes of ammonia. In: Marcelle, R. (Ed.) Photosynthesis and 
plant development. Dr. W. Junk Publishers, The Hague, The Netherlands, pp. 321-328. 

Farquhar, G.D., P.M. Firth, R. Wetselaar & B. Weir, 1980. 
On the gaseous exchange of ammonia between leaves and the environment - determination of the ammonia 
compensation point. Plant Physiology 66, 710-714. 

Feller, C., H. Laber, A. Maync, P. Paschold, H.C. Scharpf, J. Schlaghecken, K. Strohmeyer, U. Weier &  
J. Ziegler, 2011. 
Düngung im Freilandgemüsebau. In: Fink, M. (Ed.): Schriftenreihe des Leibniz-Instituts für Gemüse- und 
Zierpflanzenbau (IGZ), 3. Auflage, Heft 4, Großbeeren. 

Fink, M.C. Feller, H.C. Scharpf, U. Weier, A. Maync, J. Ziegler, P.J. Paschold & K. Strohmeyer, 1999. 
Nitrogen, phosphorus, potassium and magnesium contents of field vegetables - Recent data for fertiliser 
recommendations and nutrient balances. J. Plant Nutr. Soil Sci.-Z. Pflanzenernahr. Bodenkd. 162, 71-73. 

Fléchard, C.R., C. Spirig, A. Neftel & C. Ammann, 2010. 
The annual ammonia budget of fertilised cut grassland – Part 2 : Seasonal variations and compensation point 
modeling. Biogeosciences 7, 537-556. 

Fowler, D., C.R. Fléchard, M.A. Sutton & R.L. Storeton-West, 1998. 
Long term measurements of the land-atmosphere exchange of ammonia over moorland. Atmospheric 
Environment 32, 453-459. 

Glasener, K.M. & C.A. Palm, 1995. 
Ammonia volatilization from tropical legume mulches and green manures on unlimed and limed soils. Plant and 
Soil 177, 33-41. 

Greenwood, D.J., G. Lemaire, G. Gosse, P. Cruz, A. Draycott & J.J. Neeteson, 1990. 
Decline in percentage N of C3 and C4 crops with increasing plant mass. Annals of Botany 66, 425-436. 

Hanstein, S., M. Mattsson, H-J. Jaeger & J.K. Schjoerring, 1999.  
Uptake and utilization of atmospheric ammonia in three native Poaceae species: leaf conductances, 
composition of apoplastic solution and interactions with root nitrogen supply. New Phytologist 141, 71-83. 

Harper, L.A. & R.R. Sharpe, 1995. 
Nitrogen dynamics in irrigated corn: Soil-plant nitrogen and atmospheric ammonia transport. Agronomy Journal 
87, 669-675. 

Harper, L.A, D.W. Bussink, H.G. van der Meer & W.J. Corré, 1996. 
Ammonia transport in a temperate grassland: I. Seasonal transport in relation to soil fertility and crop 
management. Agronomy Journal 88, 614-621. 

Harper, L.A., R.R. Sharpe, G.W. Langdale & J.E. Giddens, 1987.  
Nitrogen cycling in a wheat crop - soil, plant, and aerial nitrogen transport. Agronomy Journal 79, 965-973. 

Herrmann, B., S.K. Jones, J. Fuhrer, U. Feller & A. Neftel, 2001.  
N budget and NH 3  exchange of a grass/clover crop at two levels of N application. Plant and Soil 235, 243-
252. 

Herrmann, B., M. Mattsson, J. Fuhrer & J. Schjoerring, 2002. 
K.: Leaf-atmosphere NH 3  exchange of white clover Trifolium repens L. in relation to mineral N nutrition and 
symbiotic N2 fixation, Journal of Experimental Botany 53, 139-146. 

Herrmann, B., M. Mattsson, S.K. Jones, P. Cellier, C. Milford, M.A. Sutton, J.K. Schjoerring & A. Neftel, 2009. 
Vertical structure and diurnal variability of ammonia exchange potential within an intensively managed grass 
canopy, Biogeosciences 6, 15–23. 

Hilhorst, G.J. & J. Verloop, 2009. 
Opbrengst vanggewas na maïs. Animal Sciences Group, Lelystad, Rapport Koeien & Kansen 51. 

Hill, P.W., J.A. Raven & M.A. Sutton, 2002. 
Leaf age-related differences in apoplastic NH 4

+ concentration, pH and the NH 3  compensation point for a wild 
perennial. Journal of Experimental Botany 53, 277-286. 

Hill, P.W., J.A. Raven, B. Loubet, D. Fowler & M.A. Sutton, 2001. 
Comparison of gas exchange and bioassay determinations of the ammonia compensation point in Luzula 
sylvatica Huds. Gaud. Plant Physiology 125, 476-487. 



 37 

 

Hooker, M.L., D.H. Sander, G.A. Peterson & L.A. Daigger, 1980. 
Gaseous-N losses from winter-wheat. Agronomy Journal 72, 789-792. 

Horváth, L., E. Asztalos Führer, R. Mészáros & T. Weidinger, 2005. 
Measurement of ammonia exchange over grassland in the Hungarian Great Plain. Agricultural and Forest 
Meteorology 130, 282-298. 

Hoving, I.E. & H.C. de Boer, 2004. 
Farm management and economics – grassland renovation. In: J G Conijn J G and Taube F (Eds) Grassland 
resowing and grass-arable crop rotations. Consequences for performance and environment. Plant Research 
International, Wageningen, Report 80, 67-70. 

Hoving, I.E. & G.L. Velthof, 2006. 
Landbouw- en milieukundige effecten van graslandvernieuwing op zand- en kleigrond. Animal Sciences Group, 
Lelystad, PraktijkRapport Rundvee 83. 

Husted, S. & J.K. Schjoerring, 1995a. 
A computer controlled system for studying ammonia exchange, photosynthesis and transpiration of plant 
canopies growing under controlled environmental conditions. Plant, Cell and Environment 18, 1070-1077. 

Husted, S. & J.K. Schjoerring, 1995b. 
Apoplastic pH and ammonium concentration in leaves of Brassica napus L. Plant Physiology 109, 1453-1460. 

Husted, S. & J.K. Schjoerring, 1996. 
Ammonia flux between oilseed rape plants and the atmosphere in response to changes in leaf temperature, 
light intensity and relative air humidity. Interactions with stomatal conductance and apoplastic NH 4

+ and H+ 
concentrations. Plant Physiology 112, 67-74. 

Husted, S., M. Mattsson & J.K. Schjoerring, 1996. 
Ammonia compensation point in two cultivars of Hordeum vulgare L. during vegetative and generative growth. 
Plant, Cell and Environment 19, 1299-1306. 

Husted, S., J.K. Schjoerring, K.H. Nielsen, E. Nemitz & M.A. Sutton, 2000. 
Stomatal compensation points for ammonia in oilseed rape plants under field conditions. Agricultural and 
Forest Meteorology 105, 371-383. 

Hutchinson, G.L., R.J. Millington & D.B. Peters, 1972. 
Atmospheric ammonia - absorption by plant leaves. Science 175, 771-775. 

Janzen, H.H. & S.M. McGinn, 1991. 
Volatile loss of nitrogen during decomposition of legume green manure. Soil Biology and Biochemistry 23, 
291-297. 

Kemme, P., G. Smolders & J.D. van der Klis, 2005. 
Schatting van de uitscheiding van stikstof en fosfor door paarden ponys en ezels – graszaadstro. Animal 
Sciences Group, Wageningen, Report 05/I01614. 

Loubet, B., P. Cellier, C. Milford & M.A. Sutton, 2006. 
A coupled dispersion and exchange model for short-range dry deposition of atmospheric ammonia. Quarterly 
Journal of the Royal Meteorological Society 132, 1733-1763. 

Loubet, B., C. Milford, P.W. Hill, Y.S. Tang, P. Cellier & M.A. Sutton, 2002.  
Seasonal variability of apoplastic NH4+ and pH in an intensively managed grassland. Plant and Soil 238, 97-
110. 

Mannheim, T., J. Braschkat & H. Marschner, 1997. 
Ammonia emissions from senescing plants and during decomposition of crop residues. Z Pflanz Bodenk 160, 
125-132. 

Marstorp, H., 1995. 
Influence of protein degradation and protein content in cut Lolium multiflorum leaves on the delay in ammonia 
volatilisation. Swed. J. Agric. Res. 25, 179-183. 

Massad, R.S., B. Loubet, A. Tuzet, H. Autret & P. Cellier, 2009. 
Ammonia stomatal compensation point of young oilseed rape leaves during dark/light cycles under various 
nitrogen conditions. Agricultural Ecosystems and Environment 133, 170-182. 

Massad, R.S., E. Nemitz & M.A. Sutton, 2010. 
Review and parameterisation of bi-directional ammonia exchange between vegetation and the atmosphere. 
Atmospheric Chemistry and Physics 10, 10359-10386. 



38 

Mattsson, M. & J.K. Schjoerring, 2003. 
Senescence induced changes in apoplastic and bulk tissue ammonia concentration of ryegrass leaves. New 
Phytologist 160, 489-499. 

Mattsson, M., R.E. Häusler, R.C. Leegood, P.J. Lea & J.K. Schjoerring, 1997. 
Leaf-atmosphere NH 3  exchange in barley mutants with reduced activities of glutamine synthetase. Plant 
Physiology 114, 1307-1312. 

Mattsson, M., B. Herrmann, M. David, B. Loubet, M. Riedo, M.R. Theobald, M.A. Sutton, D. Bruhn, A. Neftel &  
J.K. Schjoerring, 2009a. 
Temporal variability in bioassays of the stomatal ammonia compensation point in relation to plant and soil 
nitrogen parameters in intensively managed grassland, Biogeosciences, 6, 171–179. 

Mattsson, M., B. Herrmann, S. Jones, A. Neftel, M.A. Sutton & J.K. Schjoerring, 2009b. 
Contribution of different grass species to plant-atmosphere ammonia exchange in intensively managed 
grassland. Biogeosciences 6, 59-66.  

Mattsson, M., S. Husted & J.K. Schjoerring, 1998. 
Influence of nitrogen nutrition and metabolism on ammonia volatilization in plants. Nutrient Cycling in 
Agroecosystems 51, 35-40. 

Meyers, T.P., W.T. Luke & J.J. Meisinger, 2006. 
Fluxes of ammonia and sulfate over maize using relaxed eddy accumulation. Agricultural and Forest 
Meteorology 136, 203-213. 

Milford, C., M.R. Theobald, E. Nemitz & M.A. Sutton, 2001. 
Dynamics of ammonia exchange in response to cutting and fertilising in an intensively-managed grassland. 
Water, Air, and Soil Pollution: Focus 1, 167-176. 

Milford, C., M.R. Theobald, E. Nemitz, K.J. Hargreaves, L. Horvath, J. Raso, U. Dammgen, A. Neftel, S.K. Jones,  
A. Hensen, B. Loubet, P. Cellier & M.A. Sutton, 2009. 
Ammonia fluxes in relation to cutting and fertilization of an intensively managed grassland derived from an 
inter-comparison of gradient measurements. Biogeosciences 6, 819-834. 

Mitchell, R., J. Webb & R. Harrison, 2001. 
Crop residues can affect N leaching over at least two winters. European Journal of Agronomy 15, 17-29. 

Mohr, R.M., H.H. Janzen & M.H. Entz, 1998. 
Nitrogen dynamics under greenhouse conditions as influenced by method of alfalfa termination. 1. Volatile N 
losses. Canadian Journal of Soil Science 78, 253-259. 

Mooibroek, D., J.P.J. Berkhout & R. Hoogerbrugge, 2012. 
Jaaroverzicht luchtkwaliteit 2011 [Air quality in the Netherlands in 2011]. National Institute for Public Health 
and the Environment, Bilthoven, the Netherlands, RIVM Report 680704020. 

Morgan, J.A. & W.J. Parton, 1989. 
Characteristics of ammonia from spring wheat. Crop Science 29, 726-731. 

Mosquera, J., A. Hensen, W.C.M. van den Bulk, A.T. Vermeulen & J.W. Erisman, 2001. 
Long term NH 3  flux measurements above grasslands in The Netherlands. Water, Air, and Soil Pollution: Focus 
1, 203-212. 

Neeteson, J.J. & O.T. Carton, 2001. 
The environmental impact of nitrogen in field vegetable production. Acta-Horticulturae 563, 21-28 

Nemitz, E., C. Milford & M.A. Sutton, 2001b. 
A two-layer canopy compensation point model for describing bi-directional biosphere-atmosphere exchange of 
ammonia. Quarterly Journal of the Royal Meteorological Society 127, 815-833. 

Nemitz, E., M.A. Sutton, J.K. Schjoerring, S. Husted & G.P. Wyers, 2000b. 
Resistance modelling of ammonia exchange above oilseed rape. Agricultural and Forest Meteorology 105, 
405-425. 

NERI, 2007. 
Annual Danish Emission Inventory Report to UNECE. Inventories from the base year of the protocols to year 
2005. NERI Technical Report No. 649. NERI, Aarhus, Denmark. 

Odeen, W.A. & L.K. Porter, 1986. 
Continuous-flow system for collecting volatile ammonia and amines from senescing winter-wheat. Agronomy 
Journal 78, 746-749. 



 39 

 

Plantaz, M.A.H.G., 1998. 
Surface/atmosphere exchange of ammonia over grazed pasture. Ph.D. thesis, Wageningen University, The 
Netherlands, pp. 199. 

Riley, H., 2002. 
Nitrogen contribution of various vegetable residues to succeeding barley and potato crops. 
Gartenbauwissenschaft 67, 17-22. 

Ross, C.A. & S.C. Jarvis, 2001. 
Measurement of emission and deposition patterns of ammonia from urine and grass swards. Atmospheric 
Environment 35, 867-875. 

Schils, R.L.M, H.F.M. Aarts, D.W. Bussink, J.G. Conijn, V.J. Corre, A.M. v. Dam, I.E. Hoving, H.G. v.d. Meer &  
G.L. Velthof, 2007. 
Grassland renovation in the Netherlands; agronomic, environmetal and economic issues. In Conijn J G, Velthof 
G L and Taube F (Eds) Grassland resowing and grass-arable crops rotations. Plant Research InternationaI, 
Wageningen, Report 47, 9-24. 

Schjoerring, J.K., A. Kyllingsbaek, J.V. Mortensen & S. Byskovnielsen, 1993. 
Field investigations of ammonia exchange between barley plants and the atmosphere. 1. Concentration profiles 
and flux densities of ammonia. Plant Cell and Environment 16, 161-167. 

Schjoerring, J.K., S. Husted & M. Mattsson, 1998a. 
Physiological parameters controlling plant-atmosphere ammonia exchange. Atmospheric Environment 32, 491-
498. 

Schjoerring, J.K., S. Husted & M. Poulsen, 1998b. 
Soil-plant-atmospheric ammonia exchange associated with Calluna vulgaris and Deschampsia flexuosa. 
Atmospheric Environment 32, 507-512. 

Schjoerring, J.K. & M. Mattsson, 2001. 
Quantification of ammonia exchange between agricultural cropland and the atmosphere: Measurements over 
two complete growth cycles of oilseed rape, wheat, barley and pea. Plant and Soil 228, 105-115. 

Smit, A.L., 1994. 
Stikstofbenuting. In Haverkort A. J, Zwart K B, Struik P C en Dekker P H M (Eds) Themadag Stikstofstromen in 
de Vollegrondsgroenteteelt. Proefstation voor de Akkerbouw en de Groenteteelt in de Vollegrond, Lelystad, 
Themaboekje nr 18. 

Smit, A.L. & A. van der Werf, 1992. 
Fysiologie van stikstofopname en -benutting : gewas- en bewortelingskarakteristieken. In: Van der Meer H G & 
Spiertz J H J (Eds) Stikstofstromen in agro ecosystemen. CABO DLO, Wageningen, Agrobiologische  
Thema's 6. 

Spindler, G., U. Teichmann & M.A. Sutton, 2001. 
Ammonia dry deposition over grassland – micrometeorological flux-gradient measurements and bidirectional 
flux calculations using an inferential model. Quarterly Journal of the Royal Meteorological Society 127, 795-
814. 

Statistics Netherlands, 2007. 
Graslandvernieuwing op bedrijven met rundvee. Pub-ID 70735ned, www.statline.nl, accessed 25 Aug 2011). 

Statistics Netherlands, 2011. 
http://statline.cbs.nl (accessed March 2011). 

Statistics Netherlands, 2013. 
http://statline.cbs.nl (accessed May 2013). 

Sutton, M.A., D. Fowler, J.B. Moncrieff & R.L. Storeton-West, 1993a. 
The exchange of atmospheric ammonia with vegetated surfaces. II. Fertilized vegetation. Quarterly Journal of 
the Royal Meteorological Society 119, 1047-1070. 

Sutton, M.A., D. Fowler & J.B. Moncrieff, 1993b. 
The exchange of atmospheric ammonia with vegetated surfaces. I: Unfertilized vegetation. Quarterly Journal of 
the Royal Meteorological Society 119, 1023-1045. 

Sutton, M.A., D. Fowler, J.K. Burkhardt & C. Milford, 1995a. 
Vegetation atmosphere exchange of ammonia: canopy cycling and the impacts of elevated nitrogen inputs. 
Water, Air and Soil Pollution 85, 2057-2063. 



40 

Sutton, M.A., J.K. Schjoerring & G.P. Wyers, 1995b. 
Plant-atmosphere exchange of ammonia. Phil. Trans. R. Soc. Lond. A. 351, 261-278. 

Sutton, M.A., E. Nemitz, D. Fowler, G.P. Wyers, R.P. Otjes, J.K. Schjoerring, S. Husted, K.H. Nielsen, R. San Jose,  
J. Moreno, M.W. Gallagher & A. Gut, 2000. 
Fluxes of ammonia over oilseed rape - Overview of the EXAMINE experiment. Agricultural and Forest 
Meteorology 105, 327-349. 

Sutton, M.A., C. Milford, E. Nemitz, M.R. Theobald, P.W. Hill, D. Fowler, J.K. Schjoerring, M.E. Mattsson,  
K.H. Nielsen, S. Husted, J.W. Erisman, R.P. Otjes, A. Hensen, J. Mosquera, P. Cellier, B. Loubet, M. David,  
S. Génermont, A. Neftel, A. Blatter, B. Herrmann, S.K. Jones, L. Horvath, E.C. Führer, K. Mantzanas,  
Z. Koukoura, M. Gallagher, P. Williams, M. Flynn & M. Riedo, 2001. 
Biosphere-atmosphere interactions of ammonia with grasslands. Plant Soil 228, 131-145. 

Sutton, M.A., E. Nemitz, C. Milford, C. Campbell, J.W. Erisman, A. Hensen, P. Cellier, M. David, B. Loubet,  
E. Personne, J.K. Schjoerring, M. Mattsson, J.R. Dorsey, M.W. Gallagher, L. Horvath, T. Weidinger,  
R. Meszaros, U. Dammgen, A. Neftel, B. Herrmann, B.E. Lehman, C. Flechard & J. Burkhardt, 2009. 
Dynamics of ammonia exchange with cut grassland: synthesis of results and conclusions of the GRAMINAE 
Integrated Experiment. Biogeosciences 6, 2907-2934. 

Tamminga, S., A.W. Jongbloed, P. Bikker, L.B.J. Sebek, C. van Bruggen & O. Oenema, 2009. 
Actualisatie excretiecijfers landbouwhuisdieren voor forfaits regeling Meststoffenwet. Wageningen, Wettelijke 
Onderzoekstaken Natuur & Milieu, WOt-werkdocument 156. 

Timmer, R.D., G.W. Korthals & L.P.G. Molendijk, 2003. 
Groenbemesters - Van teelttechniek tot ziekten en plagen. Praktijkonderzoek Plant & Omgeving, Wageningen, 
Publicatie 316. 

Van Bruggen, C., P. Bikker, C.M. Groenestein, B.J. de Haan, M.W. Hoogeveen, J.F.M. Huijsmans, S.M. Sluis &  
G.L. Velthof, 2013. 
Ammoniakemissie uit dierlijke mest en kunstmest in 2011: berekeningen met het Nationaal emissiemodel voor 
Ammoniak (NEMA) Wageningen. Wettelijke Onderzoekstaken Natuur & Milieu, WOt-werkdocument 330. 

Van der Schoot, J.R., J. Neuvel & W. van Dijk, 2002. 
Interactie stikstof- en fosfaatvoorziening bij aardappel. Wageningen, Praktijkonderzoek Plant & Omgeving, 
Projectrapport nr. 11 25.2.36. 

Van Dijk, W., T. Baan Hofman, K. Nijssen, H. Everts, A.P. Wouters, J.G. Lamers, J. Alblas & J. van Bezooijen, 1996. 
Effecten van mais- en gras vruchtwisseling (Effect of crop rotation of maize and grass). Proefstation voor de 
Akkerbouw en de Groenteteelt in de Vollegrond, Lelystad. Verslag nr. 217.  

Van Geel, W.C.A., J.J. de Haan, F.J. de Ruijter, A.L. Smit & H.A.G. Verstegen, 2008. 
Effect verlaging gebruiksnorm en afvoer gewasresten op de nitraatuitspoeling : deelonderzoek voor Telers 
Mineraal Paraat uitgevoerd in 2005-2007 binnen project Nutriënten Waterproof. Praktijkonderzoek Plant & 
Omgeving, Wageningen, PPO nr. 32 500181. 

Van Geel, W.C.A., K.H. Wijnholds & C. Grashoff, 2004. 
Ontwikkeling van geleide bemestingssystemen bij de teelt van zetmeelaardappelen 2002-2003. 
Praktijkonderzoek Plant & Omgeving, Wageningen, PPO nr. 510168. 

Van Hove, L.W.A., P. Heeres & M.E. Bossen, 2002. 
The annual variation in stomatal ammonia compensation point of rye grass Lolium perenne leaves in an 
intensively managed grassland. Atmospheric Environment 36, 2965-2977. 

Van Pul, W.A.J., M.M.P. van den Broek, H. Volten, A. van der Meulen, A.J.C. Berkhout, K.W. van der Hoek,  
R.J. Wichink Kruit, J.F.M. Huijsmans, J.A. van Jaarsveld, B.J. de Haan & R.B.A. Koelemeijer, 2008. 
The ammonia gap: research and interpretation [in Dutch: Het ammoniakgat: onderzoek en duiding]. Bilthoven, 
RIVM, rapport 680150002. 

Van Zanten, M.C., F.J. Sauter, R.J. Wichink Kruit, J.A. van Jaarsveld & W.A.J. van Pul, 2010. 
Description of the DEPAC module : Dry deposition modelling with DEPAC_GCN2010. National Institute for 
Public Health and the Environment, Bilthoven, the Netherlands, RIVM Report 680180001 

Vellinga, T.V. & G.J. Hilhorst, 2001. 
The role of tactical and operational grassland management in achieving agronomic and environmental 
objectives; 'De Marke', a case study. Netherlands Journal of Agricultural Science 49, 207-228. 



 41 

 

Velthof, G.L. & P.J. Kuikman, 2000. 
Beperking van lachgasemissie uit gewasresten; een systeemanalyse. Wageningen, Alterra, 2000. Alterra-
rapport 114-3. 

Velthof, G.L., C. van Bruggen, C.M. Groenestein, B.J. de Haan, M.W. Hoogeveen & J.F.M. Huijsmans, 2009. 
Methodology to calculate ammonia emissions by Dutch agriculture [In Dutch: Methodiek voor berekening van 
ammoniakemissie uit de landbouw in Nederland]. Wageningen, Statutory Research Tasks Unit for Nature & the 
Environment, WOt Report No. 70. 

Velthof, G.L., C. van Bruggen, C.M. Groenestein, B.J. de Haan, M.W. Hoogeveen & J.F.M. Huijsmans, 2012. 
A model for inventory of ammonia emissions from agriculture in the Netherlands. Atmospheric Environment 46, 
248-255. 

VLM, 2008. 
Analyse van Nitraatstikstofresidumetingen in de tuinbouw. Bodemkundige Dienst van België vzw en Universiteit 
Gent Vakgroep Bodembeheer en bodemhygiëne (UGBB). Eindrapport VLM/MESTBANK/TWOL2006/MB2006/4 

Volten, H., M. Haaima, D.P.J. Swart, M.C. van Zanten & W.A.J. van Pul, 2012. 
Ammonia exchange measured over a corn field in 2010. National Institute for Public Health and the 
Environment, Bilthoven, the Netherlands, RIVM Report 680180003. 

Vos, J., 1997. 
The nitrogen response of potato (Solanum tuberosum L.) in the field: nitrogen uptake and yield, harvest index 
and nitrogen concentration. Potato Research 40, 237-248. 

Walker, J.T., M.R. Jones, J.O. Bash, L. Myles, T. Meyers, D. Schwede, J. Herrick, E. Nemitz & W. Robarge, 2012. 
Processes of ammonia air-surface exchange in a fertilized Zea mays canopy. Biogeosciences Discuss. 9, 
7893-7941. 

Walker, J.T., W.P. Robarge, Y. Wu & T.P. Meyers, 2006. 
Measurement of bi-directional ammonia fluxes over soybean using the modified Bowen-ratio technique. 
Agricultural and Forest Meteorology 138, 54-68.  

Whitehead, D.C., A.W. Bristow & D.R. Lockyer, 1990. 
Organic-matter and nitrogen in the unharvested fractions of grass swards in relation to the potential for nitrate 
leaching after plowing. Plant and Soil 123, 39-49. 

Whitehead, D.C., D.R. Lockyer & N. Raistrick, 1988. 
The Volatilization of Ammonia from Perennial Ryegrass During Decomposition, Drying and Induced 
Senescence. Annals of Botany 61, 567-571. 

Wichink Kruit, R.J., 2010. 
Surface-atmosphere exchange of ammonia: measurements and modeling over non-fertilized grassland in the 
Netherlands. Ph.D. Thesis, Wageningen University, Wageningen, the Netherlands. 

Wichink Kruit, R.J., W.A.J. van Pul, R.P. Otjes, P. Hofschreuder, A.F.G. Jacobs & A.A.M. Holtslag, 2007.  
Ammonia fluxes and derived canopy compensation points over non-fertilized agricultural grassland in The 
Netherlands using the new gradient ammonia – high accuracy – monitor. Atmospheric Environment 41, 1275-
1287. 

Yamulki, S., R.M. Harrison & K.W.T. Goulding, 1996. 
Ammonia surface-exchange above and agricultural field in southeast England. Atmospheric Environment 30, 
109-118. 

Zhang, L., L.P. Wright & W.A.H. Asman, 2010. 
Bi-directional air-surface exchange of atmospheric ammonia: A review of measurements and a development of 
a big-leaf model for applications in regional-scale air-quality models. Journal of Geophysical Research: 
Atmospheres 115, D20310, doi:10.1029/2009JD013589 

Zwart, K.B., A.A. Pronk & L.J.M. Kater, 2004. 
Verwijderen van gewasresten in de open teelten: een deskstudie naar de effecten op de bodemvruchtbaarheid 
en de mogelijke verwerking van gewasresten in het kader van het project Nutriënten Waterproof, LNV-
programma's systeeminnovatie open teelten (400-I en 400-III). Praktijkonderzoek Plant & Omgeving, 
Wageningen, PPO nr. 530133. 



42 



 I - 1 

 

Appendix I. 
Evaluation of gammas 

1.  Introduction 
The gamma values used in the emission calculations are based on values found in literature. In this appendix we will 
elaborate how we get to the gamma values as used in Table 2.1.  
 
The gamma, Γ, can be given for the whole canopy (including the soil and the litter) and is then denoted by Γ c  or it 
can be given for different parts of the plant-soil complex (leaves, different parts of leaves, litter). When it is the Γ for 
leaves only (i.e. the stomata) it is denoted by Γ s .  
 
Γ is not measured itself, but can be calculated from the following measurements: 
• The NH 3  compensation point and the temperature. The measurements can take place in the field as well in the 

laboratory, but are usually done in the laboratory. The NH 3  compensation point is usually determined when the 
plant (parts) are in cuvettes or chambers. This method gives the most accurate results. It can also include soil, 
but usually litter is not included and in many cases only the leaves are investigated. In the literature this method 
is mostly used to give Γ s . 

• The NH 4
+ concentration and the pH in the apoplast of the leaves. These values can be applied in the laboratory 

as well as in the field. The result is a Г s  value. In theory Γ s  calculated from these data should give the same 
result as from the compensation point and the temperature, but simultaneous measurements with both 
methods show that the results obtained can be different (Hill et al., 2001). 

• The airborne NH 3  concentration at the time where the flux direction changes during non-stable conditions 
during daytime. This gives Γ c . This method is not used very often. 

 
The Γ c  can be inferred from model calculations, where different parameters, such as Γ s  are fitted to give an optimal 
agreement with the measurements. It is not always clear how this is done and whether different combinations of 
parameter values could lead to a similar result (Horvath et al., 2005). 
 
Γ values are likely to vary with time, growth stage, nutrient level, weather (e.g. drought) and are influenced by fungal 
diseases. Different plant varieties do not necessarily give the same Γ values. 
 
In general there are limited numbers of measurements of Г values for one species. For that reason the uncertainty in 
Г values can be very large and can change in the future when more data become available. 
 
There are relatively few projects where Γ values have been determined for a season or a year. If Γ values are 
determined during a typical field campaign period (a few weeks), this is often done when the plant is in a growth 
stage where higher Γ values can be expected, i.e. values that are not representative of a whole year. 
 
The literature survey presented here was finished in August 2012 and was to a large extent based on the work 
reported by Asman (2009). Asman (2009) focused on the compensation point, however, whereas this survey 
focuses on the gamma values. All results presented here are based on the original articles and included only direct 
or indirect (by fitting model results with measurements) measurements. All literature presented in the surveys by 
Zhang et al. (2010) and Massad et al. (2010) was also taken into account, but only if the reported data be found in 
the original literature (this was not always the case for the survey of Massad et al., 2010) and were based on 
measurements. 
 
There are different measures for the airborne NH 3  concentration. Conversion between these measures was made 
using Equation (10) in Section 2. 
 



I - 2 

Where the authors mentioned Г values, they were used. In some, mostly older, publications NH 3  compensation 
points are given. If the temperature was also given the compensation point was calculated from Equation (9) in 
Section 2. In other publications the apoplastic NH 4

+ concentration and pH were given and subsequently the 
compensation point was calculated from Equation (7) in Section 2, assuming that the influence of the ionic strength 
can be neglected. 
 
In Section 2 the theory behind the calculation of the compensation point and the conversion between different ways 
to express the concentration is treated. In Section 3 values and ranges for Г values for different crops are given.  
 
 

2.  Conversion and calculation of the gamma Г 
Ammonia is normally emitted from aqueous solutions in manure, fertilizer/soil or plants. The emission rate of NH 3  
generally increases with temperature because the NH 3  vapor pressure over an aqueous solution of NH 3 /NH 4

+ 
increases exponentially with temperature. In this section the relation between the different measures of the 
concentration as well as methods to calculate the gamma Г is described. 
 
The NH 3  concentration in the air is in equilibrium with the dissolved NH 3  concentration in a solution (NH 3 .H 2 O), 
which again is determined by the NH 4

+ and H+ concentration. The equilibrium between the NH 3  concentration in the 
air and in the solution can be described by: 
 

OH.NHOH)air(NH 2323 ↔+
 (1)  

 
A measure for the solubility of a gas is the Henry’s law coefficient H NH3 , which relates the NH 3  concentration in air 
to the concentration in water at equilibrium (Dasgupta and Dong, 1986): 
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(2)  

 
T is the temperature in K. 
 
NH 3 .H 2 O associates in the solution with H+ to form NH 4

+ (and H 2 O): 
 

OHNHHOH.NH 2423 +↔+ ++

 (3)  

 
The equilibrium constant K NH4  for this reaction is (Bates and Pinching, 1950): 
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The NH 3  concentration in air in equilibrium with the NH 4

+ and H+ concentrations in solution can be found by 
combining (2) and (4). 
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where: 
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(6)  

 
and  
 

[ ]
[ ] dissolved

dissolved4

H
NH

+

+

=Γ
 

(7)  

 
Both K NH4  and H NH3  are functions of the temperature in such a way that [NH 3 ] air  doubles approximately for each 5° 
C increase in temperature. This strong temperature dependence plays an important role in the emission and dry 
deposition processes for NH 3 : the NH 3  emission rate from manure, fertilizer and plants increases with temperature 
as does the emission rate associated with the NH 3  compensation point of vegetation and seawater. In the case of 
concentrated solutions such as seawater or humidified particles on leaves some corrections have to be made for 
the ionic strength.  
 
As can be seen from (5), the NH 3  concentration in air increases, when the H+ concentration decreases, i.e. when 
the solution becomes more alkaline. It should be noted that the ratio [NH 4

+]/[H+] itself usually does not depend very 
much on temperature and is called the gamma Γ and sometimes referred to as emission potential. 
 
The gas-phase NH 3  concentration in the sub-stomatal cavities of plants is called the stomatal compensation point 
and is related to the NH 4

+ and H+ concentration in the apoplast according to (5). 
 
In older literature the value of Γ is often not given but the compensation point (NH 3  concentration in air at 
equilibrium) and often also the temperature. 
 
Equation (5) can also be used to calculate Γ from the gas-phase concentration and the temperature: 
 

[ ]
f

NH atm,air3=Γ
 

(8)  

If the NH 3  concentration is in ppb (10-9 atm) then the following expression should be used: 

[ ]
f

10NH 9
ppb,air3

s

−

=Γ
 

(9)  

 
where [NH 3 ] air,ppb  is the concentration in ppb. 
 
Sometimes the air concentration is in μg NH 3  m-3.  
 
Using the gas law the following expression can be found (Seinfeld and Pandis, 1998): 
 

[ ] [ ] ppb,air3

3

3m/g,air3 NH
TR

Mp10NH
−

µ =
 

(10)  

 
where in this case: 
 
[NH 3 ]air,μg/m3 = concentration (μg NH 3  m-3) 
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p  = pressure (atm); in this case p = 1 atm 
M  = molecular mass (g mol-1); the molecular mass of NH 3  is 17.03 g mol-1 
R  = gas constant (8.2057x10-5 m3 atm mol-1 K-1) 
T  = temperature (K) 
[NH 3 ]air,ppb  = concentration (ppb) 
 
From (9) and (10) the following expression can be found: 
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(11)  

 

  

 
 

3.  Г values for different crops 

3.1 Grass 

There are many grass species that are being used as a crop. There is often more than one species in a grass field. 
It has been shown that different species within one grass field can have Γ s  values that are a factor of 30 different at 
the same time (Mattsson et al., 2009b). For that reason it is important to know which grass species are present as 
well as their abundance. Moreover, it is important to know whether the grassland is managed intensively (applying 
manure/mineral fertilizer) or whether it is managed extensively without any nitrogen added. It is also important to 
know whether animals are grazing or not. It should be noted that when decaying litter is present, the Γ value from 
the litter can be much higher than the Γ s  value from grass itself, up to 400,000 (David et al., 2009) and therefore 
'overwhelm' the contribution from Γ s  for shorter time periods. 
 
For The Netherlands there are long-term measurements for both intensively and extensively managed grassland. 
 

3.1.1 Intensively managed grassland 
Plantaz (1998) found for a grassland in Zegveld, The Netherlands, a rather high Γ c  value of 4751. 
 
Van Hove et al. (2002) found for a grassland at Wageningen, The Netherlands using the results from apoplast 
extraction an average Γ s  value of 1156 for temperatures less than 12°C and a value of 588 for temperatures larger 
than 12°C.  
 
The average Γ c  value for a 16 month period for an intensively managed grassland in Switzerland was 620 (Fléchard 
et al., 2010). 
 

3.1.2  Extensively managed grassland 
Wichink Kruit (2010) and Wichink Kruit et al. (2007) found an average Γ c  value of 2200±1600 for a grassland at 
Wageningen using a micrometeorological method. This is grassland that has not received any manure or mineral 
fertilizer, recently. This is a higher value than van Hove et al. (2002) found for intensively managed grassland, 
whereas the contrary would be more logical. This difference could be due to the fact that van Hove et al. (2002) 
found the Γ from the pH and NH 4

+ concentration in the apoplast, which does not include the soil and the litter as 
sources. 
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3.1.3 Intensively and extensively managed grassland 
Fléchard et al. (2010) did not find a significant difference in Γ c  between intensively and extensively managed 
grassland. This does not mean that there is no difference between the two types of grassland, only that the scatter 
in the data is so large that this could not be deduced.  
 
Taking into account the uncertainty in the measurements it would for the moment be reasonable to adopt the same 
value for Γ c  values for both systems: 500 (lower estimate), 2000 (medium estimate) and 4000 (upper estimate). 
 
Wichink Kruit et al. (2010) found from collection of literature values that Γ c  and Γ s  increased with the long-term NH 3  
air concentration. This information could perhaps be used to differentiate between different sites within The 
Netherlands. It would also be useful if Γ values could be measured at locations in the Netherlands with a much lower 
background concentration than the sites where the measurements have been made so far. 
 
Furthermore larger Γ s  values (van Hove et al., 2002) and Γc values (Wichink Kruit et al., 2010) were found at lower 
temperatures and the relation with the temperature found by Wichink Kruit (2010) could be used to find Γ c  as 
function of the time of the year. 
 
 

3.2 Maize 

Five publications give information on the compensation point and/or Г s  value. Two of them give only the 
compensation point without any usable information on the temperature and therefore Г s  cannot be calculated. Two 
of the remaining publications give measurements of the compensation point itself in the laboratory (Farquhar et al., 
1979) leading to Г s  values of 182 and 575. Another publication (Bash et al., 2010) gives Г s  values ranging from 
40-429 with an average of 221 measured in North Carolina, USA, from 6 July through 1 August 2007. The canopy 
reached a peak leaf area index (single-sided) of 2.9±0.6 m2 m-2 and a maximum canopy height of 2.2 m near 15 
July and had fully senesced by 21 August. There was no real trend in the Г s  value during the measurement period. 
Also low Г s  values were observed at the end. It should be noted that the plant variety was different from the 
varieties used in The Netherlands and the climate is certainly different.  
 
Loubet et al. (2006) mention the following: 'Based on measurements of the stomatal compensation point for maize 
receiving different amounts of nitrogen (Loubet, personal communication; according to the methodology of Loubet 
et al. (2002)) and on the knowledge of the field management, Г was set to 3000.' This indicates that much higher 
values for Г are also found for maize. 
 
Recently Volten et al. (2012) reported gamma values for long term measurements above maize of 3200 with a 
range of 2400-4200. Measurements were carried out above a tall variety of corn (over 3 m). These results are in 
line with the findings of Loubet et al. (2006). 
 
Taking into account the uncertainty in the measurements it would for the moment be reasonable to adopt the 
following Г s  values: 200 (lower estimate), 1500 (medium estimate), 4000 (upper estimate). 
 
 

3.3 Potatoes 
No data at all are available for potatoes. 
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3.4 Wheat 

Winter wheat and spring wheat are different wheat varieties and for that reason it can be expected that their Γ s  
values are different. The seasonal behavior is certainly different. Winter wheat is sown in autumn and harvested in 
summer, whereas spring wheat is sown in spring and harvested in autumn. There are no long-term measurements of 
Γ values for wheat. Moreover, it is not always specified which type of wheat it is. The few existing Γ values vary from 
631 to 3786.  
 
Taking into account the uncertainty in the measurements it would for the moment be reasonable to adopt the 
following Г s  values: 500 (lower estimate), 2000 (medium estimate), 4000 (upper estimate). 
 
 

3.5 Sugar beet 

No data at all are available for sugar beet. 
 
 

3.6 Summary 

Table 1 shows the best available estimates for the gamma Г. For Potatoes and sugar beets no literature values 
could be found and conservative default values were chosen. 
 
 

Table 1.  Estimated Г values for the most important crops. 

Crop Type of Г Г, lower Г, medium Г, upper 

Grassland (intensively and extensively managed) Гc 500 2000 4000 
Maize Гs 200 1500 4000 
Potatoes a) Гs 500 1000 2000 
Wheat Гs 500 2000 4000 
Sugar beet a) Гs 500 1000 2000 

a)  No data available; default values were used. 
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Appendix II. 
Measured compensation points 

The values for gamma from Appendix I are based on measurements of compensation points. In this Appendix an 
overview of the literature on compensation point measurements is presented.
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Appendix III. 
Literature data on crop residues and their 
N content 

Extensive overviews of the amount of crop residues and their N content are given by Smit (1994) and Smit and Van 
der Werf (1992) (both reported by De Ruijter and Smit, 2007), Velthof and Kuikman (2000), Zwart et al. (2004) and 
Beinum and Westra (2004). Most of these data are also used in the overview of VLM (2008). Information from Feller 
et al. (2011) is supplemented by a table with information on dry matter content that can be accessed through 
internet (Anonymous, 2011). This information is considered as an update of earlier published values by Fink et al. 
(1999). A number of additional references with information on crop residues was added (Mitchell et al., 2001; 
Neeteson and Carton, 2001; Riley, 2002), and all available data are linked to the crops as described by Statistics 
Netherlands (Table below). For each crop, single data were derived for calculation of national ammonia volatilization 
in the Netherlands (Table 2.2). 
 
For potato, additional information was searched to distinguish seed potatoes, ware potatoes and starch potatoes. 
Most references in the table below give data apparently for ware potatoes. The amount of crop residues differs 
between ware potatoes and seed potatoes, as given by (Zwart et al., 2004). For ware potatoes, the total N content 
in kg ha-1 of Zwart et al. (2004) agrees with other sources, but their estimates for dry matter yield are higher, and 
for N content (in g kg-1) are lower than the other sources. 
 
In Sweden, the amount of foliage at harvest was measured during five years and averaged 1860 kg ha-1 dry matter 
with an N content of 21.4 g kg-1 (Ekeberg and Riley, 1996).  
From five field experiments in the Netherlands with late maturing potatoes, Vos (1997) derived regression equations 
that can be used to calculate the N content of the haulm at harvest. Assuming an N application of 250 kg ha-1, the 
average nitrogen standard for fertilization of potatoes in the Netherlands, haulm dry matter at harvest is  
2050 kg ha-1 dry matter, with 13.6 g N kg-1 dry matter and a total content of 28 kg N ha-1.  
 
In ware potato, Van der Schoot et al. (2002) found 1800 kg ha-1 haulm at harvest, with an N content of 7.1 g kg-1, 
12.6 kg ha-1. (Van Geel et al., 2004) measured an N content of 15 g kg-1 in two varieties of starch potato a few 
weeks before harvest. At harvest, the haulms were fully senesced and not measured. At the end of the growing 
season of potatoes, the total N content of the foliage decreases (Van Geel et al., 2004). This can partly be caused 
by relocation of N from haulm to tuber, but also by senesce and leaf drop. Leaves that are on the soil surface decay 
and are generally not measured in the experiments. Leaf litter can contribute to ammonia volatilization (Sutton et al., 
2000). 
 
A thesis from Belgium (Elsen, 2009) gives 3800 kg ha-1 dry matter with an N content of 50 kg ha-1, 13 g kg-1. 
Fertilization affects the N content: 11.2 g kg-1 without fertilizer, 14.8 g kg-1 at recommended fertilizer application 
and 17.1 at the highest N application.  
 
For both ware and starch potatoes, the following averages will be used in the current study (ranges from literature 
between brackets):  
• Haulm dry matter (in kg ha-1):  2100 (1000-3800) 
• N content (in g kg-1):  15.5 (7-25) 
• N content (in kg ha-1):  31.5 (13-50) 
 
For seed potatoes, only Zwart et al. (2004) have published data on the amount of haulm at harvest: 3889 kg ha-1 dry 
matter with an N content of 23 g kg-1 and 89 kg ha-1. Other estimate is 2000 kg ha-1 dry matter with an N content of 
40 g kg-1, 80 kg ha-1. (pers.comm. A.J. Haverkort, WUR-PRI). In the present study, average values will be used of 
2700 kg dry matter ha-1 with an N content of 32 g kg-1 and 85 kg ha-1.  



 
III - 2 

 
Fe

lle
r 

et
 a

l.,
 2

01
1 

 
De

 R
ui

jte
r &

 S
m

it,
 2

00
9 

 
VL

M
, 2

00
8 

 
Ve

lth
of

 &
 

Ku
ik

m
an

, 

20
00

 

 
Zw

ar
t e

t a
l.,

 2
00

4 
 

Be
in

um
 &

 W
es

tr
a,

 2
00

4 
 

M
itc

he
ll 

et
 a

l, 
20

01
 

 
N

ee
te

so
n 

&
 C

ar
to

n,
 

20
01

 

 
Ri

le
y,

 
20

02
 

 
Am

ou
nt

 
D

ry
 

m
at

te
r 

 
 

 
Am

ou
nt

 N
 c

on
te

nt
 N

 c
on

te
nt

  
Am

ou
nt

 A
m

ou
nt

 N
 c

on
te

nt
  

N
 c

on
te

nt
 

 A
m

ou
nt

 N
 c

on
te

nt
 N

 c
on

te
nt

  
Am

ou
nt

 N
 co

nt
en

t N
 co

nt
en

t 
 A

m
ou

nt
 N

 c
on

te
nt

  
N

 c
on

te
nt

  
N

 c
on

te
nt

 

 
D

ry
 

C
on

te
nt

 
N

 c
on

te
nt

 N
 c

on
te

nt
  

Dr
y 

 
 

 
Fr

es
h 

Dr
y 

 
 

 
 

Dr
y 

 
 

 
Dr

y 
 

 
 

Dr
y 

 
 

 
 

 

 
(k

g/
ha

) 
(%

) 
(g

/k
g 

dr
y)

 
(k

g/
ha

) 
 

(k
g/

ha
) 

(g
/k

g 
dr

y)
 

(k
g/

ha
) 

 
(k

g/
ha

) 
(k

g/
ha

) 
(k

g/
ha

) 
 

(k
g/

ha
) 

 (
kg

/h
a)

 (
g/

kg
 d

ry
) 

(k
g/

ha
) 

 
(k

g/
ha

) 
(k

g/
ha

) 
(g

/k
g 

dr
y)

  
(k

g/
ha

) 
(k

g/
ha

) 
 

(k
g/

ha
) 

 
(k

g/
ha

) 

w
he

at
 

 
 

 
 

 
50

00
 

9 
45

 
 

 
50

00
 

20
-4

5 
 

28
 

 
39

60
 

6 
26

 
 

50
00

 
45

 
9.

0 
 

30
00

 
25

 
 

 
 

 

ba
rle

y 
 

 
 

 
 

31
35

 
5 

16
 

 
 

37
50

 
18

-2
0 

 
19

 
 

28
80

 
6 

16
 

 
 

 
 

 
32

00
 

25
 

 
 

 
 

gr
ai

n 
m

ai
ze

 
 

 
 

 
 

 
 

 
 

 
 

 
 

70
 

 
62

50
 

7 
43

 
 

 
 

 
 

 
 

 
 

 
 

gr
ee

n 
pe

a 
 

 
 

 
 

 
 

 
 

 
 

 
 

74
 

 
16

67
 

25
 

41
 

 
 

 
 

 
23

00
 

27
 

 
 

 
44

 

ca
pu

ci
jn

er
 p

ea
 

 
 

 
 

 
 

 
 

 
 

 
 

 
74

 
 

16
67

 
18

 
29

 
 

 
 

 
 

 
 

 
 

 
 

dr
y 

be
an

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

25
40

 
6 

15
 

 
 

 
 

 
21

00
 

17
 

 
 

 
 

fie
ld

 b
ea

ns
 

 
 

 
 

 
 

 
 

 
 

 
 

 
16

 
 

16
67

 
13

 
21

 
 

 
 

 
 

 
 

 
 

 
 

ra
pe

se
ed

 
 

 
 

 
 

 
 

 
 

 
 

 
 

42
 

 
 

 
 

 
 

 
 

 
38

00
 

38
 

 
 

 
 

ca
ra

w
ay

 
 

 
 

 
 

 
 

 
 

 
 

 
 

37
 

 
27

60
 

6 
17

 
 

 
 

 
 

 
 

 
 

 
 

po
pp

y 
se

ed
 

 
 

 
 

 
 

 
 

 
 

 
 

 
20

 
 

14
71

 
15

 
22

 
 

 
 

 
 

 
 

 
 

 
 

lin
se

ed
/f

la
x 

 
 

 
 

 
 

 
 

 
 

 
 

 
15

-2
3 

 
12

3 
5 

1 
 

 
 

 
 

 
 

 
 

 
 

ci
go

ry
 

30
00

 
10

 
25

 
75

 
 

23
00

 
19

 
44

 
 

 
 

45
-9

0 
 

 
 

25
93

 
4 

9 
 

 
 

 
 

 
 

 
 

 
 

he
m

p 
 

 
 

 
 

 
 

 
 

 
 

 
 

23
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

po
ta

to
es

 
 

 
 

 
 

10
00

 
20

 
20

 
 

 
10

00
 

20
-8

5 
 

26
 

 
 

 
 

 
10

00
 

20
 

20
.0

 
 

20
00

 
50

 
 

 
 

 

- s
ee

d 
po

ta
to

es
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
38

89
 

23
 

89
 

 
 

 
 

 
 

 
 

 
 

 

- w
ar

e 
po

ta
to

es
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
22

40
 

9 
20

 
 

 
 

 
 

 
 

 
 

 
 

- s
ta

rc
h 

po
ta

to
es

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

su
ga

r 
be

et
 

 
 

 
 

 
40

00
 

30
 

12
0 

 
 

40
00

 
12

0 
 

17
4 

 
48

45
 

18
 

87
 

 
40

00
 

12
0 

30
.0

 
 

63
00

 
12

5 
 

 
 

 

fo
dd

er
 b

ee
t 

 
 

 
 

 
 

 
 

 
 

 
 

 
92

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

st
ra

w
be

rr
y 

- o
pe

n 
fie

ld
 

 
 

 
 

11
00

 
15

 
16

 
 

 
11

00
 

16
-8

0 
 

23
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

le
af

 a
nd

 s
te

m
 v

eg
et

ab
le

s 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

en
di

ve
 

15
00

 
10

 
23

 
33

 
 

15
00

 
30

 
45

 
 

 
15

00
 

30
-8

0 
 

 
 

13
00

 
35

 
46

 
 

12
19

 
34

 
27

.9
 

 
 

 
 

 
 

 

as
pa

ra
gu

s 
 

 
 

 
 

80
0 

29
 

23
 

 
 

 
 

 
24

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

flo
re

nc
e 

fe
nn

el
 

30
00

 
10

 
30

 
90

 
 

31
00

 
35

 
11

0 
 

 
31

00
 

11
0 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

le
ek

 
40

80
 

12
 

25
 

10
2 

 
17

00
 

35
 

60
 

 
17

60
0 

17
00

 
5-

80
 

 
62

 
 

24
20

 
30

 
73

 
 

35
25

 
11

2 
31

.8
 

 
 

 
 

 
 

 

ce
le

ry
 

60
0 

12
 

23
 

14
 

 
0 

 
0 

 
 

 
90

-1
52

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

he
ad

 le
tt

uc
e 

50
0 

5 
36

 
18

 
 

60
0 

33
 

20
 

 
 

60
0 

5-
41

 
 

25
 

 
77

0 
34

 
26

 
 

 
 

 
 

 
 

 
 

 
 

le
tt

uc
e 

- i
ce

be
rg

 
10

00
 

5 
26

 
26

 
 

17
00

 
41

 
70

 
 

 
17

00
 

15
-9

0 
 

25
 

 
19

90
 

30
 

60
 

 
10

73
 

45
 

41
.9

 
 

 
 

 
 

 
 

sp
in

ac
h 

50
0 

10
 

40
 

20
 

 
70

0 
50

 
35

 
 

20
00

 
70

0 
5-

60
 

 
62

 
 

72
0 

35
 

25
 

 
70

1 
34

 
48

.5
 

 
 

 
 

25
-6

0 
 

 



 
 

 

III - 3 

 
Fe

lle
r 

et
 a

l.,
 2

01
1 

 
De

 R
ui

jte
r &

 S
m

it,
 2

00
9 

 
VL

M
, 2

00
8 

 
Ve

lth
of

 &
 

Ku
ik

m
an

, 

20
00

 

 
Zw

ar
t e

t a
l.,

 2
00

4 
 

Be
in

um
 &

 W
es

tr
a,

 2
00

4 
 

M
itc

he
ll 

et
 a

l, 
20

01
 

 
N

ee
te

so
n 

&
 C

ar
to

n,
 

20
01

 

 
Ri

le
y,

 
20

02
 

 
Am

ou
nt

 
D

ry
 

m
at

te
r 

 
 

 
Am

ou
nt

 N
 c

on
te

nt
 N

 c
on

te
nt

  
Am

ou
nt

 A
m

ou
nt

 N
 c

on
te

nt
  

N
 c

on
te

nt
 

 A
m

ou
nt

 N
 c

on
te

nt
 N

 c
on

te
nt

  
Am

ou
nt

 N
 co

nt
en

t N
 co

nt
en

t 
 A

m
ou

nt
 N

 c
on

te
nt

  
N

 c
on

te
nt

  
N

 c
on

te
nt

 

 
D

ry
 

C
on

te
nt

 
N

 c
on

te
nt

 N
 c

on
te

nt
  

Dr
y 

 
 

 
Fr

es
h 

Dr
y 

 
 

 
 

Dr
y 

 
 

 
Dr

y 
 

 
 

Dr
y 

 
 

 
 

 

 
(k

g/
ha

) 
(%

) 
(g

/k
g 

dr
y)

 
(k

g/
ha

) 
 

(k
g/

ha
) 

(g
/k

g 
dr

y)
 

(k
g/

ha
) 

 
(k

g/
ha

) 
(k

g/
ha

) 
(k

g/
ha

) 
 

(k
g/

ha
) 

 (
kg

/h
a)

 (
g/

kg
 d

ry
) 

(k
g/

ha
) 

 
(k

g/
ha

) 
(k

g/
ha

) 
(g

/k
g 

dr
y)

  
(k

g/
ha

) 
(k

g/
ha

) 
 

(k
g/

ha
) 

 
(k

g/
ha

) 

ro
ot

 a
nd

 t
ub

er
 c

ro
ps

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

bu
nc

h 
ca

rr
ot

 a
nd

 

w
as

he
d 

ca
rr

ot
 

11
00

 
11

 
15

 
17

 
 

0 
 

0 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

ce
le

ria
c 

30
00

 
12

 
25

 
75

 
 

33
00

 
23

 
75

 
 

 
33

00
 

25
-1

15
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

25
-6

0 
 

 

re
d 

be
et

 
40

00
 

10
 

25
 

10
0 

 
35

00
 

26
 

90
 

 
 

 
90

-1
20

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

sa
ls

ify
 

30
00

 
15

 
17

 
50

 
 

22
00

 
19

 
42

 
 

 
 

45
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

on
io

n 
60

00
 

40
 

10
 

60
 

 
10

00
 

5 
5 

 
 

 
60

-1
00

 
 

4 
 

 
 

 
 

10
39

 
5 

4.
8 

 
 

 
 

 
 

 

w
in

te
r 

ca
rr

ot
 

32
00

 
16

 
19

 
60

 
 

31
00

 
13

 
40

 
 

 
31

00
 

10
-1

00
 

 
99

 
 

 
 

 
 

28
86

 
87

 
30

.1
 

 
 

 
 

 
 

 

ca
bb

ag
e 

cr
op

s 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

ca
ul

ifl
ow

er
 

40
50

 
9 

38
 

15
3 

 
35

00
 

34
 

12
0 

 
32

64
0 

35
00

 
80

-1
75

 
 

89
 

 
50

00
 

33
 

16
5 

 
35

26
 

13
4 

38
.0

 
 

 
 

 
80

-1
20

 
 

11
1 

ka
le

 
37

50
 

15
 

23
 

88
 

 
31

00
 

27
 

85
 

 
 

 
85

-1
30

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

br
oc

co
li 

55
00

 
10

 
35

 
19

3 
 

37
00

 
42

 
15

5 
 

 
37

00
 

90
-2

30
 

 
 

 
36

00
 

33
 

12
0 

 
 

 
 

 
 

 
 

 
 

 

ch
in

es
e 

ca
bb

ag
e 

30
00

 
6 

30
 

90
 

 
15

00
 

43
 

65
 

 
 

 
30

-1
10

 
 

 
 

17
75

 
33

 
58

 
 

 
 

 
 

 
 

 
 

 
 

re
d 

ca
bb

ag
e 

49
00

 
14

 
21

 
10

5 
 

50
00

 
35

 
17

5 
 

 
50

00
 

14
-2

00
 

 
 

 
45

00
 

28
 

12
5 

 
27

76
 

99
 

35
.7

 
 

 
 

 
 

 
 

gr
ee

n 
ca

bb
ag

e 
52

50
 

15
 

27
 

14
0 

 
45

00
 

31
 

14
0 

 
 

45
00

 
90

-1
90

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

Br
us

se
ls

 s
pr

ou
ts

 
11

70
0 

18
 

22
 

26
0 

 
86

00
 

16
 

13
5 

 

55
60

0-

87
30

0 

86
00

-

15
10

0 
90

-3
35

 
 

 
 

75
00

 
20

 
15

0 
 

46
80

 
12

6 
26

.9
 

 
 

 
 

15
0-

25
0 

 
 

w
hi

te
 c

ab
ba

ge
 

55
00

 
11

 
27

 
15

0 
 

43
00

 
27

 
11

5 
 

 
43

00
 

30
-2

50
 

 
 

 
55

00
 

21
 

11
3 

 
43

41
 

87
 

20
.0

 
 

31
00

 
89

 
 

15
0-

25
0 

 
 

le
gu

m
in

ou
s 

cr
op

s 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

pe
a 

48
00

 
15

 
27

 
12

8 
 

63
00

 
30

 
18

8 
 

13
02

0-

34
00

0 

43
70

-

63
00

 
30

-1
90

 
 

19
4 

 
 

 
 

 
63

00
 

18
8 

29
.8

 
 

23
00

 
27

 
 

 
 

54
 

gr
ee

n 
be

an
 

39
60

 
18

 
22

 
88

 
 

29
00

 
33

 
95

 
 

 
29

00
 

30
-9

5 
 

61
 

 
28

16
 

23
 

65
 

 
 

 
 

 
21

00
 

17
 

 
 

 
 

fie
ld

 b
ea

ns
 

 
 

 
 

 
 

 
 

 
 

 
 

 
16

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

fr
ui

t 
ve

ge
ta

bl
es

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

co
ur

ge
tt

e 
40

00
 

8 
38

 
15

0 
 

 
 

 
 

 
 

11
5-

17
5 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

ot
he

r 
ve

ge
ta

bl
es

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
86

 

 



 
III - 4 



 IV - 1 

 

  
 

Appendix IV. 
Field period of crop residues 

Experts 1 were consulted on the time crop residues remain on the field after harvest. Only crop residues with an N 
content higher than 12.7 g kg-1 were evaluated, as below this value no ammonia volatilization occurs (see Chapter 
2). The expert information was converted into a fraction of the residues that contributes to ammonia volatilization, 
based on incorporation into the soil and the time at the soil surface (see also Table 2.2).  
 
 

                                                        
1  H. Pijnenburg, DLV; H. van den Akker, DLV; E. Tomassen, DLV; L. Persoon, DLV; C. den Herder, DLV; P.H. Roelfsema, 

Suikerunie; P.G.I.M. Koopmans, Suikerunie; I.J.M. Brouwers, Suikerunie. 
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Crop Field period of crop residues Fraction 

Grain maize A green manure crop after harvest is required, and the majority of the crop residues is incorporated.  0.1 

Potatoes Haulms are killed by herbicides, with seed potatoes sometimes preceded by flailing. Before lifting the 
tubers, the dead foliage is chopped by flailing. Time between haulm destruction and harvest  
is 2 to 4 weeks. Most dead foliage is covered by soil during tuber harvest, but dead stems remain on 
the soil surface.  

Seed potatoes are killed by the end of July, most ware potatoes and starch potatoes by September.  

0.75 

Sugar beet Derived from type of defoliator, soil tillage and soil type (see information below table) 0.27 

Strawberry - open 
field 

Foliage is directly after harvest incorporated to prevent diseases 0 

Endive See under lettuce - iceberg  

Asparagus Foliage turns yellow and needles drop. Dead stems are mown, cut and incorporated  1.0 

Leek Residues from cleaning leek are returned to a field and remain on top of the soil for about 2 weeks 
(max 3-4 weeks) to allow the residues to decay and dry. Then the residues are incorporated  

0.5 

Head lettuce See lettuce – iceberg. Head lettuce is mainly grown in greenhouses  

Lettuce - iceberg After harvest, residues are partly incorporated with a disc harrow. Between 25% and 50% of the 
residues remain on top of the soil for 1 or 2 weeks before the field is plowed.  

0.25 

Spinach About 90% of the area is tilled with days.  0.1 

Bunch carrot/ 
washed carrot 

Foliage is partly mixed with soil during harvest, and is incorporated after 10-14 days.  0.15 

Salsify As under winter carrot   

Winter carrot Leaves are partly mixed with soil during harvest. Estimates vary between ‘incorporation after  
10-14 days’, ‘75% is incorporated at harvest’ and ‘on clay soil, the field is plowed as soon as 
possible after harvest, before rainfall’  

0.15 

Cauliflower See under broccoli  

Broccoli Broccoli and cauliflower: 30 percent of the crops are grown on sand, 70 percent on clay. On sand, 
residues are chopped and incorporated with a disk harrow. This reduces the amount of residues on 
top of the soil by 50%. About half of the crop area is followed by a next crop within the same season 
and the soil is ploughed shortly after harvest.  

On clay soil in the province of Noord Holland, residues remain on the field for a longer time. When 
crops are followed by another crop within the same season, the soil is plowed and residues are 
incorporated shortly after the entire field is harvested. It can take a number of weeks before the 
entire field is harvested. At harvest, part of the foliage is detached when harvesters walk through the 
field, another part is cut. Estimates for these residues vary between 5-10% and 67% of the total 
amount of residues present. The part of the residues that remains on the living plant dies in winter 
time.  

0.60 

Red cabbage See under broccoli  

Green cabbage See under broccoli  

Brussels sprouts Residues remain on top of the soil for a number of weeks to decay. Plowing before winter when fields 
are harvested early. Most fields are harvested in winter and residues remain on the field until spring.  

1.0 

White cabbage See under broccoli  

Pea Often followed by another crop. Then, residues remain on the soil for 7-10 days 0.25 

Green bean On sand often grown after pea, and residues remain on the soil after harvest. On clay often as main 
crop. Of the total area, 2/3 is grown as main crop, generally followed by a green manure crop. Soil 
is then tilled within 2 days after harvest, sometimes later when soil is dry and rain is required.  

0.33 
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Sugar beet – additional information 

The type of defoliator determines the amount of foliage on top of the soil after harvest. Foliage can be spread 
sideward on land where the beets are harvested (conventional systems), or can be placed between the beet rows 
(integral systems). Integral systems are increasingly used (more than 50%), and with these systems most of the 
foliage is covered by soil after harvest of the beets (estimates vary between 70 and 90%).  
 
Soil tillage generally is carried out shortly after harvest. On clay and loam soil, winter wheat is often sown after 
harvest of the sugar beet, and plowing and sowing is done as soon as possible to avoid bad soil structure in case of 
rain. It is estimated that about 75% of the area is plowed within 1 or 2 weeks, incorporating all crop residues. When 
only a cultivator is used to loosen tracks, about 25% of the foliage is covered with soil. Fields that are loosened with 
a cultivator are plowed later in the year, but before the winter. The combination of type of defoliator and soil tillage 
after harvest gives an estimate of 10% of all foliage that remains on top of clay soil for a number of weeks.  
 
Sandy soils generally are plowed in spring. After sugar beet harvest, about half of the growers till the soil with a 
cultivator or disk harrow, on average about 1 week after harvest. During tillage with a disk harrow, the majority of 
the foliage is covered with soil. From the combination of type of defoliators and soil tillage after harvest, it is 
estimated that 50% of all foliage on sandy soils remains on top of the soil for several weeks. 
 
From the division over soil types (Table III-1), average value for the Netherlands is 42% x 50% + 58% x 10% = 27% 
of the foliage that remains on top of the soil for several weeks.  
 
 

Table III-1.  Sugar beet area per soil type in 2008 (source: Dutch sugar industry; www.bietenstatistiek.nl; 
accessed 01-10-2011). 

Soil type  Origin Share (%) 

Clay (25% lutum or more)  Sea clay  16 
   River clay 2 
Loam (less than 25% lutum)  Sea  40 
   River  1 
Sand  26 
Peat/’dalgrond’  13 
Löss  3 
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Appendix V. 
Land use class dependent parameters 
within DEPAC  

In the DEPAC module with which the ammonia exchange was calculated in this study, a number of plant parameters 
are needed. The table below specifies the values for the plant parameters (denoted as land use) in DEPAC. The 
values for land use class grass are the standard/common used values except for the low and high value of 
gamma_stom_fac. Parameters which are equal for all land use classes (except grass) are in general set to the 
standard/common value for the generic land use class arable. The meaning of the various plant parameters is not 
given here and can be found in Van Zanten et al. (2010).  
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