Exploring multifunctionality and environmental impact of dairy farming
systems

Knut Anders Hovstad
Bioforsk — Norwegian Institute for Agricultural Research, Kvithamar, 7500 Stjgrdal, Norway
E-mail: knut.hovstad@bioforsk.no

Keywords: biodiversity; dairy farming; environmental impact; greenhouse gas emissions; farming
systems; multifunctionality

Abstract

The multifunctional performance and environmental impact of dairy farming systems in Norway
are studied using a model that combines ideas from mathematical programming and multi-criteria
analysis. The first step is to identify variables with importance for multifunctionality. The different
combinations of these variables are then examined using an algorithm that steps through the
different combinations and generates a set of farming systems that are compared using multi-
criteria analysis. This approach makes it possible to compare different farming systems with re-
spect to several criteria. Examples of criteria are net farm income, labour input, N loss from sail,
and the impact of grassland management on biodiversity. To quantify and evaluate the latter cri-
teria, the biodiversity management index has been developed. The biodiversity management
index is defined as a function of disturbance and nitrogen input to the system. For pastures, dis-
turbance is in turn defined as a function of biomass removed by grazing and grazing frequency.
The model presented is flexible, new aspects of multifunctionality can easily be integrated, and
the model can be scaled up from farm to or regional level. The model is still under development
but some preliminary results are presented and possibilities for further development of the model
are discusses.

1. Introduction

1.1 Structural change and multifunctionality in agriculture

European agriculture has been through large changes during the last 100 years with important
implications for both productivity and the environmental impact of agriculture (Stoate et al. 2009).
In Norway, agriculture has experienced changes similar to other countries in northern Europe but
many of the changes have appeared later in Norway than in e.g. Finland and Sweden (Emanu-
elsson 2009). Although there have been large structural changes in Norwegian agriculture since
the 1950s and -60s, the average farm in Norway is still relatively small at a European scale
(Almas & Brobakk 2012). From 2000 to 2010 the number of dairy farms was reduced from 20 000
to 11 000 and in 2010 the average Norwegian dairy farm had approximately 32 ha agricultural
land, a milk quota of 132 000 kg and about 21 dairy cows (Statistics Norway 2012). Land tenancy
and cooperation between dairy farmers who maintain ownership of land but merge herds and
farm operations in a single business have become more common and is an important component
of the structural change today (Almas & Brobakk 2012). The structural changes have implications
for the farming systems and the environmental impact of agriculture (Stoate et al. 2009; Mandryk
et al. 2012). Nevertheless, there are few studies of the relationship between structural change
and farming systems on one side and environmental impact and multifunctionality of Norwegian
agriculture on the other (Dramstad & Sang 2010).



1.2 Farm-level modelling of multifunctionality and environmental impact — Objectives

The objective of this study is to explore and evaluate several aspects of environmental impact
and multifunctionality in dairy farming systems. The term "farming system" here refers to a specif-
ic arrangement of farming activities established by the farmer in response to the physical, biologi-
cal and socio-economic environment. In this project the farm unit is used as the boundary for a
farming system. Multifunctionality in agricultural systems implies that multiple commaodities and
non-commodity outputs are jointly produced — the non-commodity outputs can be public goods or
positive externalities if there are no functioning markets for these outputs (OECD 2001). Some
aspects of multifunctionality, e.g. food security and rural development, are best evaluated at larg-
er scales than the individual farm but the model developed in this project is restricted to describ-
ing only processes, outputs and environmental impacts at the farm level. Nevertheless, the model
is given an extendible design so that it can be used for scaling up from individual farms to land-
scapes or regions. It was also an objective in the project that the model should be able to inte-
grate ideas from different disciplines and that it should be possible to use the model to study the
expected effects of policy change on the environmental impact of agriculture. This paper gives an
outline of the conceptual approach and the basic structure of the model. The model is still under
development but some preliminary results are presented and plans for further development of the
model are discussed.

2. Modelling approach

2.1 Criteria for evaluating and comparing farming systems

The development of the model started with indentifying a set of criteria to evaluate and compare
farming systems. For the farmer, net income is an important criterion for decisions on farm man-
agement. Nevertheless, several criteria have to be taken into account to understand the decisions
taken by farmers. In a longer perspective, the farmer’s income also depends on the production of
public goods and services as a proportion of the farmers income comes from economic subsidies
and agri-environmental schemes. The development of farming systems with low environmental
impact and positive effects on landscape and biodiversity are essential to sustain the level of
subsidies and agri-environmental schemes in Norway within international trade-agreements
(Norwegian Ministry of Agriculture and Food 2011).

The model includes some key criteria to estimate the environmental impact of the farming sys-
tems: nitrogen loss by leaching, emission of greenhouse gasses (GHG), carbon sequestration in
soil and the impact of agricultural management on biodiversity in permanent grasslands. Loss of
nitrogen by leaching is estimated in a relatively simple model. There are other more advanced
models of nitrogen loss by leaching (e.g. Skaggs 1990) but these models require more detailed
soil data than what is available in this project. Emission of the greenhouse gasses methane and
nitrous oxide, and ammonia from livestock and plant-soil system are estimated using an account-
ing approach that builds on the IPCC standards. Some adaptions are included to better describe
Norwegian conditions. For livestock, N excretion per animal is calculated based on production
intensity. Methane emissions are estimated from gross energy intake and a methane conversion
rate, depending on livestock category, milk yield of dairy cows and feeding plan as described by
Volden and Nes (2010). Emissions from livestock depend on technical solutions for housing and
manure handling, and the grazing period. Emissions from the plant-soil system depend on sward
and crop type, use of fertilizer and other factors such as time between ploughing and reseeding of
swards.



2.2 Biodiversity management index

To evaluate the ecological impact of different management options, a biodiversity management
index is developed (for a similar approach, see Jouven et al. 2006). So far, the index has only
been developed for evaluating grazing in semi-natural or permanent grasslands. These grass-
lands contain a large proportion of the plant species diversity on most farms with grassland based
animal production (Hamre et al. 2010). Today, grazing is the most common management of semi-
natural and permanent grasslands in Norway but the intention is to also include mowing in a new
version of the model.

The biodiversity management index is related to a set of simple but also fundamental relation-
ships in ecology like the “hump-shaped curve” relationship between plant diversity and productivi-
ty and the intermediate disturbance hypothesis (Grime 1972). The biodiversity management index
is calculated at the field level and is scaled so that it takes values between 0 and 1. The value 1
indicates that the management is considered to be “optimal” with respect to conservation of biodi-
versity in this vegetation type.

The biodiversity management index is a function of the level of disturbance and total exogenous
nitrogen input to the system. In the model, the level of disturbance depends on the number and
duration of grazing periods and on the proportion of aboveground biomass harvested. The graz-
ing is in the model described by a set of discrete grazing regimes which defines the number of
grazing periods and the duration of each grazing period. Only rather simple grazing regimes have
been described so far but the model can easily be extended to include other management re-
gimes if sufficient information on the effect of management on biodiversity is available.

In addition to information on the grazing regime, biomass off-take by livestock and nitrogen input,
the model also requires data on vegetation and soil. The index can only be calculated for semi-
natural grasslands which are defined as grasslands where the vegetation is a result of long-term
agricultural use but the species composition is not dominated by sown species or totally altered
by ploughing or application of mineral fertilizer. The vegetation is classified based on gradients in
fertility, soil moisture and soil organic matter — each gradient described by a single variable. The
description of the vegetation is adapted from the new system for classification of nature types in
Norway (Halvorsen et al. 2009). The vegetation and soil type influence the functional relationship
between management and the biodiversity management index, i.e. different functions are used
depending on vegetation and soil type. The purpose of the index is not to predict biodiversity at
the field level but rather to indicate the expected impact on biodiversity caused by a change in
either nitrogen input or disturbance. This is an important distinction. The biodiversity and commu-
nity dynamics of permanent grasslands are influenced by a number of factors other than the agri-
cultural management, e.g. the configuration of the surrounding landscape and the regional spe-
cies pool (Gaujour et al. 2012).

2.3 Basic model structure

The model is built in the Python programming language (version 3.1). The main structures in the
model are the livestock module and the plant-soil system module. In the livestock module, milk
quota and either milk yield or number of dairy cows are fixed input parameters. In addition, it is
necessary to set a minimum and maximum for the proportion of concentrates in the diet for each
category of livestock. The livestock module determines the requirements for concentrates and
stored and grazed forage. These requirements are important input to the plant-soil module and
determine e.g. the quantity of mineral fertilizer used for the different fields.



The estimated farm income in the model includes both incomes from commodities sold from the
farm and from subsidies. The subsidies also include agri-environmental schemes given that the
farming system or the management satisfies the requirements of the specific scheme. Production
costs include fixed and variable costs except labour costs and depreciation of farm buildings. For
farm machinery the costs were calculated per produced unit, e.g. machinery costs per kg dry
matter silage, based on empirical data from the Norwegian Agricultural Economics Research
Institute. Fencing costs per hectare pasture and veterinary costs per animal were calculated us-
ing the same approach.

By using a script to generate input to the model, it is possible to step through all combinations of
key variables which define the farming system (all key variables are viewed as discrete variables
for this purpose). This generates a set of farming systems and the model is then used to calculate
the performance of these systems with respect to different criteria for multifunctionality. In this
process some farming systems will be sorted out as they do not satisfy specific requirements, e.g.
there is not enough pasture available for the livestock. In a final step, it is possible to compare a
large number of farming systems created by this routine. It is also possible to specify farming
systems “by hand” (see the example in the next section).

3. Results and discussion

3.1. Examples of model output

To illustrate the use of the model, | will provide an example in which three different farming sys-
tems are applied on the same farm unit (Table 1). The example is based on an existing dairy farm
in the Trgndelag region. The milk quota is the same for all farming systems but the number of
dairy cows and thus also the yield per cow differs among the systems. The “High” system has a
yield per dairy cow of 7500 kg year-1 (energy corrected milk). The other farming systems both
have a yield per dairy cow of 6000 kg year-1. The “Medium” system has the same area of agricul-
tural land available as the “High” system. The “Medium Plus” system has the same yield as the
“Medium” system but 6 ha of agricultural land more compared to the other systems. In Norway
farmers often have to decide if they want to rent land from other farms which no longer are man-
aged as independent farm units (Dramstad & Sang 2010). There are some variations in the way
heifers are reared because of variation in the availability of roughage and pasture. Bulls have the
same feeding plan and are slaughtered after eighteen months in all farming systems.



Table 1. The three farming systems “High”, “Medium” and “Medium Plus” are outlined in the table.
Farming system

"High" "Medium" "Medium Plus"
Farm land, ha 27 27 33
Cultivated ley, ha 14 14 16
Permanent pasture, ha 13 13 17
150 150 150
Milk quota, kg milk 000 000 000
Dairy cows 19 24 24
7 6 6
Yield per cow, kg milk 500 000 000
Forage requirement, FEm x
1000 t 164 184 184

T FEm = Feed units milk (Ekern 1991), calculated energy content in feed, 1 FEm=6.9 MJ NE,, where NE,
is the net energy for lactation.

In this paper, | present three of the indicators used to evaluate and compare the farming systems
(Figure 1). It is important to stress that these results are preliminary and provided only to illustrate
the use of the model! The biodiversity management index is on a relative scale and has only been
calculated for semi-natural and permanent grasslands. Area has been used as weights when
aggregating the index at the farm level. The total methane emissions are calculated for farm ac-
tivities only, i.e. emissions from the production of machinery, mineral fertilizer etc. are not includ-
ed.

3.2 Economic results and environmental impacts

The preliminary results indicate that adjusting the livestock system to match the production of
roughage and pasture is important both for the economic result and the environmental impact.
The livestock system can be adjusted to the farms plant production either by reducing the number
of livestock or lowering the production intensity, e.g. milk yield per cow. In the example, the “High”
and “Medium Plus” farming systems gave approximately equal net income. The “Medium” system
with a larger herd but no extra land had the lowest net income of the three systems considered in
the example. Both the farming systems with medium yield had higher methane emissions than
the high yield system in the example. The results for nitrous oxides emissions indicate a similar
ratio between emissions in the high and medium yield systems. However, the differences in on-
farm GHG emissions between the high and medium yield farming systems in the example are
relatively small compared to the total emissions. Similar conclusions have been made in studies
comparing GHG emissions in organic farming systems with medium yield and conventional sys-
tems with high yield (Kristensen et al. 2011; Van der Werf et al. 2009).
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Figure 1. Preliminary results for three of the criteria used to compare and evaluate farming sys-
tems in the project. The three farming systems “High”, “Medium “ and “Medium Plus” are com-
pared in the figure.



When it comes to biodiversity of semi-natural and permanent grasslands, the “Medium Plus”
farming system had the most favourable management. The grazing intensity in this system was
more optimal for promoting species and plant communities characteristic to semi-natural habitats.
The larger area of land available reduced the motivation for using mineral fertilizer on pastures to
improve pasture forage production. The farming system with medium yield but no additional land
gave a lower value of the biodiversity management index than the farming system with higher
yield. This illustrate that extensification of the animal production system by distributing the same
milk production on more cows with lower yield in some situations can create a need for intensifi-
cation of the plant production on the farm. Higher demand for roughage and pasture can entail
more intensive utilization semi-natural and permanent pastures and this can in turn have negative
effects on biodiversity. High grazing pressure is not necessarily negative if there is variation in
grazing pressure and sward height within the pasture (Pehrson 2001). For many permanent pas-
tures the grazing pressure is probably lower than the optimum if the objective is to promote the
diversity of plant species and communities characteristic to light-open and low productive grass-
lands.

Farms with small areas for roughage production relative to the milk quota will have the highest
profitability with high yielding dairy cows. For farms with larger areas with land suitable for rough-
age production, there are more options. On these farms, extensification of both the animal and
plant production systems can reduce costs and also provide possibilities for increased income
from agri-environmental schemes. With more land available for roughage and pasture production
the farmer often have more possibilities to have a management of grasslands which promotes
biodiversity and fits the requirements in agri-environmental schemes. (It should be noted here
that many of the “green” agricultural subsidies in Norway are not very specific but rather try to
increase the number of grazing animals and avoid abandonment of agricultural land. Land aban-
donment is considered as one of the most important treats for biodiversity in Norway [Nybg et al.
2011]). The optimal system for forage production and intensity in management of grasslands also
depend on the potential and economy in using agricultural land for other crops, for example there
is for some farmers a trade-off between using land for grass production or for arable crops (Flaten
2001). The results from the model indicate that extensification of the animal production system
often is entailed by higher emissions of greenhouse gasses. Extensification of the plant produc-
tion system may have the opposite effect but there are still a need for more knowledge on man-
agement of grassland production systems and GHG emissions.

3.3. Further development of the model

The model is still under development and extensive testing of the model is needed before we can
present final results and conclusions. The biodiversity management index is one of the elements
that needs more work. The index is presented on a relative scale (without units) but it is still im-
portant to ensure that the impact of different variables is expressed at the same scale. For exam-
ple, it is necessary to ensure that the difference between two grazing regimes is expressed at the
same scale as the difference between levels of N supply.

Several of the processes and functions related to the multifunctionality of farming can best be
studied at the landscape or regional scale. For example, the landscape connectivity with respect
to ecological processes can best be studied when several farms are considered together. The
same is also the case for socio-economic processes as land tenancy and cooperation between
farmers. We are currently working on funding a new project to scale up to the landscape and
regional scale. The intention is to build an agent-based model using a version of the model pre-
sented here to describe the behaviour of individual agents. Other ideas for further development of
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the model is to explore the potential for integrating this model with multi-criteria analysis or LCA
analysis (see e.g. Davis et al 2009).
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