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Abstract

In order to evaluate the influence of management decisions on the nutrient balance of
dairy farms a simulation model was developed. Three farm systems have been simulated:
zero grazing, winter milk and summer milk. From the simulated farm systems the zero graz-
ing farm has in all scenarios the lowest N-surplus. The winter milk farm system has a higher
N-surplus than zero grazing but lower than the summer milk farm system. The results fur-
ther indicate the positive effects of maize feeding in addition to grazing. More maize in the
ration is especially good to lower the N-surplus during the grazing period in the summer.
The benefits of more maize in the ration decrease when the fertilizer application rates
decrease.
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1. Introduction

There is a growing public concern about the increasing nitrate concentration in
drinking water reserves and about the distortion of aquatic ecosystems through eutro-
phication (European Commission, 2002). Excessive nitrogen surpluses can indeed
pose a threat on the environment, leading to pollution of water, air and soil (Pau Vall
and Vidal, 1999). This has led to the nitrates directive (91/676/EC) of the European
Union (EU). This directive aims to protect water from pollution by nitrogen from
agricultural resources. In EU countries the major source of nitrogen is mineral fertil-
izer, while especially in regions of high livestock density, animal manure remains very
important. In Belgium and the Netherlands livestock manure is responsible for more
than 50% of the nitrogen inputs on the agricultural land (Pau Vall and Vidal, 1999).

Based on agricultural statistics, it can be calculated that the contribution of cattle in
the total manure production in Flanders accounts for 47% of nitrogen and 38% of
phosphorus. The pig and poultry sector contribute 39% and 11%, respectively, for
nitrogen and 45% and 15%, respectively, for phosphorus (Deuninck et al., 2001). Dairy
cattle produce approximately half of the cattle’s manure. Also in the Netherlands the
dairy sector is an important source of pollution. Dairy farming is responsible for 45% of
the phosphate surplus and 60% of the nitrogen losses (Van Bruchem et al., 1999). Con-
sequently in countries as Belgium and the Netherlands, where intensive animal produc-
tion systems have been developed, a more efficient utilization of dietary nitrogen in
dairy farming has a positive impact on the reduction of environmental pollution.

Michiels et al. (1998) compared nutrient balances of 41 Flemish farms. This re-
search indicated that there are large differences in nutrient use efficiency and that
possibilities exist to increase environmental efficiency by changing farm manage-
ment. Two main approaches were suggested: (i) an optimization of the N-utilization
at plant level and (ii) the reduction of N-pollution at animal level. The first approach
aims at an optimal application of chemical fertilizer and manure on the land and
consequently an adapted choice of crops. The second approach is to optimize the
feed mix of the cow in order to increase the nutrient use efficiency at cow level. Both
strategies are important but do mutually influence each other. One measure cannot
simply be adjusted to another measure (Den Boer, 1999; Thornton and Herrero,
2001). Therefore, in this study a dynamic simulation model, simulating daily plant
and animal production, is used to measure the overall impact of management deci-
sions on the nutrient surplus at farm level.

The paper is organized as follows. In Section 2, the model is described. Section 3
gives some insight in the validation of the model and is followed by a discussion of
the results in Section 4. Finally, Sections 5 and 6 deal with the discussion and the
main conclusions.

2. The simulation model

The basic model and underlying mathematical relations have already been
described in Van Huylenbroeck et al. (2000). The basic idea behind the model is
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to describe the N and P cycle at farm level based on relationships described in the
literature. This combined information makes it possible to analyse the overall effect
of management decisions on a dairy farm.

The model is based on: (i) nitrogen-grassland relations described by Thornley and
Johnson (1990), (ii) feeding requirements from Jarrige (1988) and CVB (1996); and
(ii1) lactation functions from Wood (1967, 1977). These relations allow for calcula-
tion of animal and plant production on a daily basis.

2.1. General model

Fig. 1 gives a schematic representation of the model, showing how the model com-
bines both plant and animal production.

The basic simulation model was originally implemented in Matlab code. For
performance and interface reasons it has been rewritten in Delphi code with
the additional benefit that it can also be used as a standalone simulation
program.

In the following sections the model is described in more detail. First the animal
production is explained, then the grazing strategy and finally some nutrient cycling
aspects.

Farm management
Cdttle characteristics characterlmcs

requirements of the cattle

|Energy requlrement | |Protein requirement |

purchased roughage

and concentrates | Final products |

feed uptake ) cattle production

manure

fodder crop production (grass and

maize) Orgamc fertilizer

Roughage
Mineral losses Compound fertilizer

Fig. 1. Relationship between different modules in the model.
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2.2. Animal production

At the start of a simulation, the user of the model has to choose a herd size
and its characteristics such as production capacity and calving date. Based on lac-
tation functions, the model calculates the production of milk for each cow on
each day.

The daily feed requirements are calculated based on Jarrige (1988) and CVB
(1996). The requirements and the supply of protein are expressed as Darm Verteer-
baar Eiwit (DVE): the true protein digested in the small intestine. In addition, the
Onbestendige Eiwit Balans (OEB) value (the ruminally degraded protein, RDP, bal-
ance) indicates the losses of N in the rumen. An OEB value above zero indicates a
surplus of RDP relative to energy, which means that there is a potential loss of N.
If the OEB value is below zero, there is a shortage of RDP relative to energy, which
means that microbial protein synthesis is possibly impaired (Kuipers et al., 1999).

The daily requirements of energy are expressed as Voeder Eenheid Melk (VEM)
or Feed Unity Milk. The Unité encombrement bovine (UEB) value indicates the
maximum volume feed intake capacity of the cows.

The roughage ration in the model is based on the available grass and maize and
the compound feed ration is simulated through an optimization of the feed balance.

At the start of the simulation, the user specifies the total area and the crops that
will be cultivated. Depending on the selected grazing system, the grazing season is
simulated in order to fulfil the requirements of the cattle. The excess grass produc-
tion is mowed and ensiled for the winter period. At the beginning of the winter per-
iod the available feedstock determines the ration for the winter. This means that the
winter roughage ration can be changed in the model in two ways. The first way is to
simulate a different summer situation. Selecting a grazing system with more maize
feeding during the summer period results in lower maize and more ensiled grass
availability for the winter period. The second way to change the winter ration is
changing the share of the crops cultivated. This modelling approach represents the
actual decision making process of farmers. At the beginning of the season, a farmer
decides the feed crop plan for the next year. Depending on the yields, he will then
adjust the ration for the cows in order to minimize roughage surpluses at the end
of the year.

To balance the feed requirements, the daily amount of compound feed is simu-
lated through a linear programming optimization for each day. A least cost com-
position fulfilling the energy and protein requirements is determined for each cow
based on the assumption that a farmer is able to compose a cow-dependent com-
pound mixture. This is actually representing the situation when a feeding computer
is used.

2.3. Grazing strategy
The grassland production is based on nitrogen-grassland relations described by

Thornley and Johnson (1990) and a rotational grazing strategy with the number
of rotation days as external variable.
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The parcel size for the rotational management is simulated from the grass require-
ment of the cattle on the first grazing day. Based on herd size, the model calculates
what parcel size is necessary to graze the herd during the number of days of the se-
lected grass rotation strategy.

The grassland requirement depends on the feeding strategy. The user of the model
can choose between feeding a fixed amount of maize, maximization of grass feeding
or time-dependent maize feeding. In the latter the user can define a starting quantity
and a final quantity of maize input. The model then calculates a linear daily increase
of maize feeding.

Grassland production that is not used for grazing is mowed. Because the num-
ber of mowing cuts has an influence on the total yield of the grassland (Verbrug-
gen, 2000), the model optimizes the mowing regime to achieve maximum yield. As
the grass yield is a non-linear function of time and N-gift, the mowing regime is
optimized with the Praxis-algorithm (Brent, 1973) that supports non-linear
optimization.

2.4. Nutrient cycling aspects

The nutrient balance of a farm is the difference between the nutrient inputs and
nutrient outputs at farm level. The most important inputs bought by the farmer
are fertilizers, compound feed and, in case of shortage, extra forage. At the output
side the nutrient content of milk, meat and potential surplus of forage are accounted
for. N deposition is not considered because this is constant over all scenarios and has
thus no influence on the conclusions.

The amount of compound fertilizer needed is calculated as the difference between
the need of soil N and P of the crops and the amount applied through available man-
ure. The amount of N and P in the manure is calculated as the difference between the
cow’s intake of N and P and its output, both at cow level. The calculated amount of
N is multiplied by a working coefficient and a summer and winter manure coefficient
of 20% and 80%, respectively. The working coefficient (z) indicates that 1/z kg N in
manure is necessary to replace 1 kg N in compound fertilizer for the same yield.
Schils and Snijders (1988) report a working coefficient of 56%. The summer and win-
ter manure coefficients take into account that only a part of the N excreted by the
animals is finally available for spreading on the land. In the winter there are mainly
storage losses. During the summer only a part of the faeces and urine is captured as
manure in the stable. The largest part is disposed directly on the land by the cows.
Standard the programme applies a summer and winter manure coefficient of 20%
and 80%, respectively.

Because other studies indicate that in practice there is a very large variation of
these coefficients, the results section contains a sensitivity analysis of these values.
Schreuder et al. (19995), for instance, do not take the N surplus during summer into
account. Nevens and Reheul (1998) found that the short-term fertilization effect of N
in manure is only 15% while the long-term effect is 60%. Lewis et al. (2002) have
shown that the effect strongly depends on the application date and form of the
manure.
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3. Validation

The model was validated with recent data of farms participating in a nutrient bal-
ance-monitoring project (Table 1) (Mulier et al., 2003). These farms do not reflect
average results of Flemish dairy farms, because they are encouraged to decrease
nutrient surpluses.

Because the simulation model feeds the cows exactly what they need, it was ex-
pected that the simulated nutrient surpluses are lower than the observed farm data.
Table 2 shows that this is not the case, probably because some of the observed farms
do better for certain parameters than the assumptions for these parameters in the
model. They can use storing and spreading techniques resulting in a higher working
coefficient of manure than the average level of 56% assumed.

Also the collected data can contain a lot of variations. Mulier et al. (2003) indi-
cates four major restrictions to the accurate calculation of farm level nutrient bal-
ances: (1) the wide variability that is allowed between actual and reported nutrient
composition of concentrated feed; (2) the estimates of the amount and composition
of manure; (3) the assessment of changes in standing stock on the farm between the
beginning and end of the reporting period; and (4) the accuracy of the data supplied
by the farmers.

From the large variation between computed and observed values two possible
conclusions can be derived. A first possible conclusion is that the model is not capa-
ble of reproducing baseline conditions and should not be used. A second possible

Table 1

Farm characteristics included in the model

Farm characteristics Farm 1 Farm 2 Farm 3 Farm 4
Number of cows 52 71 115 85
Milk production (I per cow/year) 7850 8218 6891 8703
Maize (ha) 19 16 36 33
Grassland (ha) 18 14 36 21
Table 2

Comparison of observed and simulated farm data

Validation results Farm 1 Farm 2 Farm 3 Farm 4

Computed Observed Computed Observed Computed Observed Computed Observed

N in sold products 3.9 4.1 22 3.4 5.2 4.9 6.0 6.1
(10° kg)

N in compound 3.0 2.5 6.0 4.9 8.3 9.6 6.8 9.3
feed (10° kg)

N in fertilizer 7.0 8.3 3.1 2.9 10.8 22.1 7.7 9.6
(10° kg)

N in forage 0.0 0.0 1.1 1.1 0.0 0.0 0.0 0.0
(10° kg)

N surplus 1.6 1.2 23 1.6 1.9 2.6 1.6 1.6

(10° kg/ha)
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conclusion is that the observed data are very much influenced by external factors
such as weather conditions and measurement errors. A simulation model capable
of doing analysis without the influence of these external factors is then the only pos-
sible approach to make conclusions about the influence of management decisions on
the nutrient surplus at farm level. Because the model is based on different extensively
tested and validated functions described in the literature, this second conclusion is
retained.

4. Simulation results

As indicated, the model is used to simulate the influence of management decisions
on the nitrogen surplus. Simulations are done for a farm with the following
characteristics:

e 40 cows.

e A production of 7000 kg of milk per cow in the first lactation and 8000 kg per cow
from the second lactation on.

e A protein content of the milk of 3.4%, a fat content of 4.4%, a lactation period of
44 weeks and an interlactation of eight weeks.

e The grazing season starts April 27th and runs until October 2nd (this is an average
season under Flemish conditions).

Because calving dates influence the age, weight and feed ration of the calves in a
one-year simulation period, young stock is not simulated for this application. This
facilitates the comparisons between different simulation scenarios.

The period between two calving dates is assumed to be one year. Three farm sys-
tems have been simulated. In the winter milk farm system, cows are calving in Octo-
ber while in the summer milk farm system the calving date is the first of April. In
addition a zero grazing farm system has been simulated, with a calving date the first
of April.

The acreage of the farm systems is 19 ha for the summer and winter milk farm
systems. The zero grazing farm system needs less land to be self-sufficient in fodder
crops and has therefore only 17 ha of land.

For these three farm systems results are simulated for different summer rations
and varying grass—maize ratios. They are described in the next two sections. After-
wards a comparison is made between the three farm systems and results are tested
for sensitivity on fertilizer application rates and the summer and winter manure
coefficients.

4.1. Influence of the summer ration
To analyse the effects on the N-surplus of maize input during the grazing per-

iod, different levels of maize feeding during the summer period are simulated.
Fig. 2 gives the results for the summer milk and winter milk farm systems for three
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Fig. 2. Influence of the summer ration on the N-surplus of the summer milk farm system (M) and the
winter milk farm system ([J).

different levels of maize feeding. The results indicate that the winter milk farm sys-
tem and a higher maize input during the summer lower the N-surplus. The fertil-
izer application rates for this simulation are 300 kg N/ha for grassland and 200 kg
N/ha for maize.

Different reasons explain these results. A first reason is that more maize during
summer and more milk production during winter result in less grazing. As grazing
is less efficient than mowing with equal amount of N-fertilization, this results in a
lower N-surplus for the wintermilk farm system. Secondly, mowing gives a more
N-rich winter feed resulting in better N-recycling, as can be derived from the differ-
ence between the winter (80%) and summer (20%) manure coefficient. Thus, the
N-surplus at cow level is 60% better recycled during winter than during summer. An-
other reason is the OEB-balance. Grazing without maize feeding results in a surplus
of RDP relative to energy and a positive OEB-balance. A positive OEB-balance indi-
cates that more N-losses occur. Because maize contains more energy relative to
RDP, higher maize feeding can lower the OEB-balance, resulting in lower N-losses.

The higher efficiency of mowing compared to grazing has also several reasons.
Grazing is done at 1700-2200 kg DM (dry matter)/ha while for mowing this is
2500-4500 kg DM/ha. Under grazing conditions the grass growth is therefore not
reaching its maximum potential, resulting in a lower yield for grazing as illustrated
in Fig. 3.
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Fig. 3. Growth curve of grass under the mowing — and grazing — regime.

Another less important reason for the lower efficiency of grazing is the need for
permanent supply, in the model achieved by rotational grazing. A consequence of
rotational grazing is that at the beginning of the grazing season the cows graze
the first parcel before the optimal yield and the last parcel is grazed beyond the opti-
mal yield. In the last grazing cycle the first parcel is grazed three weeks before the end
of the grazing season. The grass growth of these three weeks is not used for feeding,
resulting in a yield loss. Thus, grazing instead of mowing results in sub-optimal use
of overall grass supply at the beginning and at the end of the grazing season. Disad-
vantages of mowing are the silage losses and the extra labour requirement for mow-
ing and ensiling the grass. This, however, has less impact on the N-balance.

4.2. Influence of the grassland-maize ratio

At N-fertilizer application rates of 300 kg/ha grassland and 200 kg/ha maize,
maize feeding has a better influence than feeding grass on the N-balance of a dairy
farm. This is illustrated in Fig. 4. There are two important reasons for this. Forage
maize lowers the OEB-balance and maize needs less N-fertilizer for higher energy
content. Further, the same arguments as those used for the extra maize content in
the summer ration hold here as well (see Section 4.1).

Fig. 5 shows the results in case of zero grazing. As indicated before, the N-surplus
decreases with higher maize areas. The P-surplus, on the other hand increases with
more maize production. The first reason is that maize and grassland are equally
P-fertilized, but because grassland has a higher protein yield, the P-export is higher.
This higher P-use efficiency at field level for grassland than maize is not influenced by
the efficiency at cow level because the surplus of P at cow level is in the model as-
sumed to be fully recycled on land (Tamminga, 1992) in contrast with N where
important losses occur.



342 J. Buysse et al. | Agricultural Systems 86 (2005) 333—-348

N surplus
(kg N/ ha)
320 -

300 A
280 A
260 -
240 A

220 A

200 +

14 15 16 ha grassland
54 3 ha maize

Fig. 4. Influence of the grassland-maize ratio on the N-surplus (kg/ha) for the summer milk farm system
(M) and the winter milk farm system (OJ).
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Fig. 5. Influence of the grassland-maize ratio on the N-surplus (H) and P-surplus () in case of zero
grazing.

4.3. Summer milk, winter milk and zero grazing

As can be derived from Fig. 6 the annual variation of N-input at cow level is
influenced by two major factors. The first and most important is the lactation
curve. Two months after calving the milk production and daily N-input reach a
maximum.
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Fig. 6. Annual variation of N-input for the whole herd on the summer milk (=), zero grazing (—) and the
winter milk (—) farm systems.

The second factor is the grazing period. Both in the winter milk farm system
and summer milk farm system a sharp increase in N-input can be observed during
the grazing period. The OEB-balance with young grass is too high, resulting in
high excretion of N. The manure produced by cows during the stable period is also
better recycled than manure produced during a grazing period. This explains the
big difference in total surplus between Figs. 4 and 5. It may therefore be concluded
that zero grazing has a positive effect on the nutrient balance of a dairy farm. Fur-
ther, farms with grazing have higher nutrient use efficiency the more winter milk
they produce.

4.4. Sensitivity analysis

A sensitivity analysis was performed to analyse the influence of fertilizer applica-
tion rates and the summer and winter manure coefficients on the above results and
conclusions.

The simulation results in Fig. 7 illustrate the positive effect of reduced N-fertiliza-
tion on the N-surplus of a dairy farm. Fig. 7 shows a similar effect for the three farm
systems modelled. This means that the level of N-fertilization does not change the
conclusions of the previous sections for the different farm systems. Zero grazing ap-
pears to be the best option for optimal nutrient management, independent whether
200 or 400 kg N/ha fertilization is used.

For maize feeding the conclusion is different. The benefit on the N surplus of feed-
ing maize decreases with decreasing fertilizer levels. This can be seen by comparing
the N-surplus in Fig. 5 (300 kg N/ha) and the N-surplus in Fig. 8 (200 kg N/ha). For
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Fig. 7. N-surplus with three N-fertilization levels for the summer milk (M), winter milk (A) and zero
grazing ([J) farm systems.
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Fig. 8. N-surplus for the zero grazing farm system with fertilization of 200 kg N/ha on grassland and 140
kg N/ha on maize.

a high fertilization level, 100% maize gives the lowest N-surplus (Fig. 5). For a lower
fertilization level (Fig. 8) the N-surplus is lower with a grass-maize mixture than
with 100% maize.
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Fig. 9. N-surplus for the summer milk (=) and the winter milk (—) farm system with varying summer and
winter N coefficients.

The results of the sensitivity analysis of the summer and winter manure coeffi-
cients are illustrated in Fig. 9. It can be seen that the main conclusion remains valid
even with very different summer and winter manure coefficients. The N-surplus of a
winter milk farm system is lower than the surplus of a summer milk farm system even
if the same manure coefficient for summer and winter is assumed. The higher the dif-
ference between both coefficients, the higher the difference in N-surplus in both farm
systems becomes.

5. Discussion

The model confirms the results of other studies (Jarvis et al., 1996; Michiels
et al., 1998; Vermeltfoort et al., 2001) by indicating the positive effects of supple-
menting grazing with maize feeding on the N-surplus. These results have important
implications for policy measures in Flanders and The Netherlands. The Flemish
and Dutch governments asked a derogation from the Nitrate Directive of the
European Union for grassland, allowing higher organic fertilizer applications on
grassland than on other crops. This can be justified from an agronomic viewpoint
as grass is able to utilize the higher fertilization levels more efficiently than other
crops. However, at cow level grassland is not always the best option for a low
N-surplus. A derogation for grassland could stimulate Dutch and Flemish farmers
to cultivate more grass instead of maize or other fodder crops. This would lead to
an overall lower nutrient use efficiency on the dairy farms with high fertilizer appli-
cation rates. Van Bruchem et al. (1999) report that more maize in the feed ration
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also results in a higher quality of the manure produced by the cattle. As this is not
simulated in the model, the positive effects of maize could be even larger than as-
sumed by our model.

From a nutrient use efficiency perspective our model shows that zero grazing is
the best option. Vermeltfoort et al. (2001) came to a similar conclusion with a statis-
tical comparison of nutrient balances of different farms in the Netherlands. In prac-
tice, an increasing number of dairy farmers (in particular in the Netherlands) already
applies zero grazing.

However, besides nutrient use efficiency, also labour income is an important con-
sequence of management decisions. It could be expected that zero grazing results in a
higher cost. With the present model this could not be assessed (although the model
contains an economic calculation) because these costs depend too much on charac-
teristics of the farm structure, such as the system of milking installation and acreage
of pasture near the farm, which are not included in the model so far. Other research
indicates different effects of zero grazing on labour income. Overvest and Laeven-
kloosterman (1984) and Coléno and Duru (1999) suggest a negative impact of zero
grazing on the labour income of the farmer. On the contrary a statistical analysis of
54 specialized dairy farms in the Netherlands showed that less grazing has no nega-
tive impact on farm income. Bondt et al. (2001) state that farm income and grazing
are not directly linked. Larger scale farms with automated milking and limited avail-
able land could benefit from zero grazing while smaller farms with more land could
be better off with grazing.

Van der Schans (2000) evaluated other side effects of zero grazing. He suggested a
negative impact on nature, wildlife, public perception of the dairy sector, countryside
and animal welfare. As a reaction a Dutch cheese factory already reacted with a price
premium of 1 eurocent for farmers that apply grazing.

6. Conclusion

In general, the analysis in this paper has illustrated the potential of the devel-
oped model for quantitatively evaluating the impact of management decisions on
the nutrient balance of a dairy farm. The advantage of using models is the pos-
sibility of combining separately known functions in one simulation in order to
draw conclusions not only at field or at cow level, but also at overall farm level.
Further, external parameters influencing observed nutrient balances such as
weather conditions and measurements errors can be eliminated, so that the exact
influence of practices and systems can be evaluated. As illustrated, the model
can be used to evaluate either management options at farm level, but also the
effect of possible policy options. Introducing a number of economic and envi-
ronmental indicators such as ammonia emission, labour income, financial perfor-
mance indicators and so on could extend the application range of the model as
e.g. in the models described by Herrero et al. (1999), Ramsden et al. (1999) and
van Calker et al. (2004). This will, however, require additional input parameters
as well.
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