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���,QWURGXFWLRQ�

A geographical information system (GIS) is an analytical tool that can enhance analyses 
where spatial aspects are of particular importance.  The main incentive behind applying a 
GIS framework in agri-environmental economics is the importance of addressing spatial as-
pects of natural resource use and associated externalities.  The aim of this paper is to pre-
sent a GIS that combines current analytical tools at SJFI with relevant external data.  As 
such the system’s strength lies in combining economic and environmental analyses.  The 
system’s usefulness includes both improved input data for existing models and new abilities 
to analyse geographical aspects of agri-environmental issues.  In addition, the GIS approach 
enables a visual presentation of results with a spatial dimension. 
 
Section 2 sets out what a GIS is, emphasising the theoretical basis for its use in environ-
mental economics.  The section ends with a review of recent literature showing how GIS is 
used, particularly in agri-environmental policy analyses.  Section 3 draws on some of the 
reviewed approaches while describing the proposed GIS.  As with any analytical method, 
there are limitations when using a GIS approach.  These limitations are discussed in section 
4 together with an overview of available data.  The last section summarises the conclusions 
in the paper. 
 
 

���%DFNJURXQG�

��O��:KDW�LV�D�*,6"�

Research in the area of agri-environmental economics often deals with a diverse range of 
background data, where spatial aspects are prominent.  The basic premise for constructing a 
GIS lies in the spatial representation of data relevant to our analyses.  Thus, a GIS provides 
WKH� KDUGZDUH� DQG� VRIWZDUH� IRU� VWRULQJ�� PDQLSXODWLQJ�� DQDO\VLQJ� DQG� FRPELQLQJ� VSDWLDOO\�
UHIHUHQFHG�GDWD�IURP�VHYHUDO�VRXUFHV (O'Callaghan, 1996 p. 15).  The data material can be 
compiled from aerial or satellite pictures, survey work, point observations and other infor-
mation that can be related to a geographical grid system (i.e. geo-referenced; O'Callaghan, 
1996). Some examples of data topics are: topography, soil type, annual precipitation, agri-
cultural structure and land use, land cover, pollution, demography and so on.  There are two 
main formats/structures in which spatial data are stored and applied in a GIS (O'Callaghan, 
1996).  In the first, a vector data structure, most often seen in conventional maps, XVHV�D�
FROOHFWLRQ�RI�OLQH�VHJPHQWV�WR�LGHQWLI\�WKH�ERXQGDULHV�RI�SRLQW��OLQHDU��DQG�DUHDO�IHDWXUHV.  In 
the second, a raster data structure HVWDEOLVKHV�DQ�LPDJLQDU\�JULG�SDWWHUQ�RYHU�D�VWXG\�DUHD��
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WKHQ�VWRUHV�YDOXHV�LGHQWLI\LQJ�WKH�PDS�FKDUDFWHULVWLF�RFFXUULQJ�ZLWKLQ�HDFK�JULG�VSDFH.  The 
implications of using different data structures are discussed in section 4.2.  Whereas a GIS 
can refer to the tool that manages geographical data, many scientific disciplines also include 
analytical models as integral parts of the GIS.  This extended view of a GIS forms the basis 
for the current paper. 

�
�
�����6SDWLDO�GLIIHUHQWLDWLRQ��7KH�EDVLV�IRU�XVLQJ�D�*,6�

Whenever there is a spatial dimension to an economic problem a geographical approach 
through GIS can provide: WKH�RSSRUWXQLW\�IRU�PXFK�JUHDWHU�UHDOLVP��FRPSUHKHQVLYHQHVV�DQG�
UHOHYDQFH�LQ�PRGHOOLQJ (O’Callaghan, 1996).  In agri-environmental economics the focus on 
negative and positive externalities from resource use carries such a spatial dimension.  For 
example, negative externalities from agricultural production can vary both with farmer be-
haviour and environmental factors 2.  Farmer behaviour contributes to the environmental 
impact for example through nitrate emissions, whereas environmental factors help describe 
the varying environmental vulnerability of the area in question.  These two components: 
impact and vulnerability, can be combined to determine the varying level of a negative ex-
ternality.  Thus, these are two important components to consider in policy analyses. 
 
For example, a high level of environmental vulnerability means that the marginal damage 
costs of pollution are high, and YLFH�YHUVD.  In economic theory the marginal damage costs, 
MDC, of a pollution level, x, can be denoted by (see for example Baumol and Oates 
(1988)): 
 

f(x)MDC(x) =    (1) 

 
The marginal damage costs normally increase exponentially with higher pollution levels: 
 

0
dx

MDCd
and0

dx

dMDC
2

2

≥≥    (2) 

 
The impact on the environment from agricultural production can be defined in terms of the 
marginal abatement costs, MAC, a farmer faces at any pollution level, x: 
 

                                              
2 Environmental factors are defined by parameters that describe the type and state of natural resources in an 

area.  In this case, the resources include those that link agricultural production to the state of the environ-
ment (e.g. soil type, precipitation, slope of the terrain, water quality etc.). 
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(x)MAC(x) J=    (3) 

 
In economic theory one often assumes that these costs are highest at low levels of pollution 
and decrease at a reduced rate as pollution increases: 
 

0
dx

MACd
and0

dx

dMAC
2

2

≥≤    (4) 

 
The relationship between these two curves is illustrated in figure 1a.  To explain further, the 
marginal damages are high, ch, at a high pollution level, xh, whereas the farmer’s abatement 
costs are low, cl.  The opposite argument applies to a low level of pollution, xl.  If the MDC 
curve is equal to the society’s cost curve, the optimal pollution level is x*, where the 
farmer’s marginal abatement costs are equal to the marginal damages.  According to the 
theory of optimal taxes, a tax on pollution should in this case be set equal to c* (i.e. a pigou-
vian tax; Baumol and Oates, 1988). 
 
The situation in figure 1a is assumed in most analyses: A homogeneous group of farmers 
are exerting the same impact (and have the same abatement costs) on a homogeneous 
environment.  Thus, the negative externality is constant across the whole area.  Contrary to 
this, policy analyses in the last decade have paid more attention to spatial variation in: the 
agricultural production structure (figure 1b); or in the environmental factors (figure 1c); or 
in both (figure 1d).  To illustrate the differences further consider first figure 1b, which 
shows that a varying agricultural impact between high (MACh) and low (MACl) on a 
homogeneous environment can lead to a range of damages or negative externalities between 
high (ch) and low (cl).  Consider next figure 1c; the impact from homogeneous agricultural 
production (MAC) leads to varying cost levels of negative externalities (measured from ch 
to cl) depending on the vulnerability of the environment (MDCh or MDCl) 
 
The situation is complicated further if we have spatial variation in both agricultural produc-
tion and in environmental vulnerability.  If agricultural impact is high in a very vulnerable 
area (farm A in figure 1d), the negative externality is exacerbated (ch+), and YLFH�YHUVD for a 
lower impact (cl- in farm C).  But, the impact and vulnerability may vary opposite to each 
other thereby averaging out the negative externalities (farms B and D).  In theory, some 
combinations of impact and vulnerability can lead to a constant negative externality across 
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the whole area.  Note that, in this case, all farms are located such that the negative external-
ities are minimised for each level of vulnerability 3. 
 
FIGURE 1: Illustration of the spatial variation of agricultural production (impact) and environmental 

vulnerability, with a focus on negative externalities 

 
a b 

 

c d  
Notes: MDC = Marginal damage costs (environmental vulnerability) 

MAC = Marginal abatement costs (agricultural impact) 
 x*  = Optimal impact from agricultural production 
 xl and xl- = Low (lower) impact from agricultural production 
 xh and xh+ = High (higher) impact from agricultural production 
 c*  = Optimal cost level 
 cl and cl- = Low (lower) cost level 
 ch and ch+ = High (higher) cost level 
 Area ABCD illustrates the possible range of levels of impact and costs. 
Sources:  Adapted from Baumol and Oates (1988) and Schou (1998a).�
�

                                              
3 This can be compared to zoning measures applied in commercial and industrial sectors, where production 

can only be established with an approved environmental impact assessment (EIA). 
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In a situation where the agricultural impact and environmental vulnerability varies, it is not 
possible to find a single optimal pollution level, and hence no uniform tax.  With a range of 
farms and vulnerability levels as in figure 1d the optimal levels of pollution (and costs) vary 
between xB and xD (cA and cC). 
 
Many studies from the last decade show that the choice of efficient policy measures de-
pends on whether the negative externality is area specific (figures 1b-d) or of a more gen-
eral nature (figure 1a and some situations in figure 1d).  Targeted or differentiated measures 
are beneficial when area specific characteristics (environmental or agricultural) can be iden-
tified and separated in a regulatory framework.  Schou (1998a) emphasises that even if 
there are no differences in farm behaviour and a uniform or horizontal measure is applied 
(nitrogen tax), the environmental effects may differ geographically (illustrated in figure 1c).  
In addition,  Lintner and Weersink (1999) show in an example of water quality that spatial 
location and transport of pollutants affects the efficiency of uniform measures - also when 
farmers behave homogeneously. 
 
In other studies the spatial variation of both farmer behaviour and environmental factors are 
discussed as determinants for choosing efficient policy measures (illustrated in figure 1d).  
Schou (1996) indicates that the efficiency of uniform measures such as taxes and quotas on 
fertilisers and pesticides may be significantly reduced when spatial variations exist - par-
ticularly due to input substitution.  Mapp et al. (1994) also discuss targeted versus uniform 
nitrogen policies, and the modelling analysis indicates that it is more effective to target cer-
tain production systems rather than soil types (environmental factors), which all vary be-
tween sub regions.  Xepapadeas (1992) shows how an efficient tax scheme (on emissions) 
should take into account spatial differences in production systems (i.e. abatement costs) as 
well as differences in environmental factors (i.e. physical characteristics such as transport 
coefficients and decay rate).  In addition, he emphasises the difference between stock and 
flow emissions (see also Lintner and Weersink, 1999).  Contrary to such conclusions Flem-
ing and Adams (1997) argue that, under some settings, a uniform or horizontal approach is 
preferred to regulate nitrate pollution.  Regardless of the methodological approach and 
reached conclusions, these studies highlight the added value of using a spatial framework to 
assess the effects of spatially targeted or differentiated policy measures.  In addition, this 
approach enables analyses of spatial effects from uniform or horizontal measures. 
 
Note that, some studies of targeted policies also emphasise the possibility of excessive ad-
ministrative and information costs, where these and subsequent benefits must be compared 
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to the costs of applying a uniform measure under non-uniform conditions (Falconer and 
Whitby, 1999; Helfand and House, 1995; Latacz-Lohmann, 1999; and Xepapadeas, 1992). 
In this paper, the focus is kept on the farm-by-farm approach to spatial differentiation, 
which is taken in most of the above-cited studies.  Beyond this approach, some studies also 
deal with on-farm differences such as those related to precision farming (Rejesus and Horn-
baker, 1999, and Lake et al., 1997) and yet other studies discuss the link between different 
farms located in an area of interest.  For example, Braden et al. (1989) and Lintner and 
Weersink (1999) advocate the need for co-ordinated action by landowners because the 
transport of pollutants in soil and water between properties affects the final environmental 
impact. 
 

�
�����+RZ�LV�D�*,6�XVHG"�

Agri-environmental studies often focus on analysing policy regulation of negative or posi-
tive externalities from agriculture.  This is also the case for studies using a GIS approach.  
Most of the  analytical frameworks in these studies are characterised by three steps Shoe-
maker et al. (1993): 

1. Use GIS to classify environmental factors in the area; 
2. Use economic data/model to describe/predict the agricultural impact in the area 

for different scenarios (while maintaining a spatial approach); 
3. Visualise results in 1 and 2 to illustrate the connection between spatial differentia-

tion of environmental vulnerability and agricultural impact. 
 
Under steps1, most studies apply some form of classification and weighting together of en-
vironmental data for the study area.  Some studies, such as Guipponi et al. (1999), try to 
identify the vulnerability of an area according to the impact from agricultural production, 
whereas others also focus on how the environmental factors may constrain agricultural pro-
duction (i.e. analyse the production capability of an area; see for example Bouman et al., 
1999, and Bateman et al., 1999).  In the former case, spatial variation in environmental vul-
nerability can be compared to the agricultural impact, whereas in the latter the two compo-
nents are integrated further, most often, in a linear programming (LP) model.  Note that, the 
choice and number of environmental factors included in the studies vary greatly. 
 
While the reviewed studies treat step 1 of the GIS framework largely in two different ways, 
the economic modelling part varies even more.  One group uses mathematical programming 
models (mostly LP) to analyse farmer behaviour and the resulting impact from agricultural 
production.  Hanley et al. (1998) use the approach to compare actual and critical livestock 
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stocking rates on Scottish moorland, in order to determine the level of incentive payments 
necessary to reduce livestock numbers.  Moxey and White (1994) deal with the regulation 
of nitrate emissions in a water catchment in Northern England.  They compare catchment 
level quotas to quotas targeted at individual land classes, finding that the latter is the most 
efficient policy measure.  Bouman et al. (1999), Stoorvogel et al. (1995) and Stoorvogel 
(1995) all report on an extensive project of applying integrated GIS and economic analyses 
(LP) to model land use in Costa Rica.  The model is used to analyse the effect on land use 
of an output (palm heart) price change.  In addition, the framework is used to evaluate land 
use changes in different policy scenarios depending on the constraining effects of negative 
externalities such as: soil erosion; contamination by agricultural chemicals; and emission of 
greenhouse gasses.  Finally, O’Callaghan (1996) describes a modelling framework for ana-
lysing land use, and also provides a decision support system (DSS) for comparing different 
policy scenarios 4.  For example, the book illustrates modelling of extensification of land in 
river corridors and the impact of allowing agricultural irrigation or not. 
 
Other methods to include agricultural impact in step 2 are based on econometric analyses.  
For example, Schou et al. (1998), Andersen et al. (1998) and Andersen et al. (2000b) use 
the Danish sector model ESMERALDA to model effects of different nitrogen tax regimes 
and policy reforms on nutrient loading in water bodies as well as other environmental ef-
fects 5.  Bateman et al. (1999) uses econometric methods to estimate spatial differences in 
farm income levels in Wales.  The resulting maps can be compared to maps indicating the 
value of alternative land uses, and they can be used for policy formulation.  Note that, 
Bateman et al. (1999) estimates a model that also includes environmental factors in the ag-
ricultural behaviour model, whereas Schou et al. (1998) use an existing behavioural model 
that does not account for this (see discussion under step 1). 
 
Apart from mathematical programming and econometric models, some studies use other 
concepts to model agricultural impact.  For example, as shown in Paaby et al. (1996), pro-
duction and costs functions can be used to estimate private and social costs of nutrient load-
ing of Danish marine waters.  The study compares effects of different kinds of measures 
that lead to changes in the level of agricultural production, structure and technology.  Yet 
another approach is taken by Guipponi et al. (1999) who use simulation modelling to de-
termine indices for agricultural impact in different areas, which are then weighted together 

                                              
4 A decision support system (DSS) combines the discussed components (steps 1-3) of a GIS framework with 

a graphical user interface to answer “what if” questions at the policy-making stage. 
5 Note that Andersen et al (1998 and 2000) do not explicitly apply a GIS framework, but do focus on geo-

graphical differences in the analyses. 
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with indices on environmental vulnerability to derive estimates on pollution risk.  The study 
illustrates the concept with an example of ground- and surface water protection in Italy.  
Similarly, Parrish et al. (1993) attempt to calculate an Ecological Risk Index (ERI) for the 
impact from agricultural production.  The approach relies on a group of experts determining 
the degree of vulnerability and agricultural impact in each study area - using input from 
several available sources.  Some of the Southern US states are used in an illustrative exam-
ple of how to calculate site specific ERIs. 
 
Finally it is worth mentioning a more ambitious framework proposed by Bouzaher et al. 
(1995).  In that approach steps 1-3 are extended and integrated in a large system of sub-
components to model: Farmer decision-making; fate and transport of emissions; as well as 
environmental and health risks.  In addition, a policy component applies these linkages to 
evaluate trade-offs between different agricultural and environmental policies.  The paper 
applies the system to an example of banning the use of the pesticide atrazine.   
 
Whereas few of the above studies have dealt with the dynamics of agri-environmental prob-
lems, Constanza et al. (1995) shows an example of how to include issues of transport of 
pollution as well as land conversion over time.  Based on data from a GIS, probabilistic 
models of these dynamics are estimated for both environmental and agricultural factors.  
The method is illustrated for a water catchment in the US. 
 
The focus in the current paper is on environmental economics and policy analysis related to 
agriculture.  However, GIS approaches have been used for other purposes for much longer, 
which is why there are several sources of GIS based data.  For example, GIS is used to ana-
lyse environmental issues such as: hydrology in Skop and Loaiciga (1998); potential nutri-
ent loss in Rekolainen and Leek (1996); ecosystem delineation in Bailey (1998); spatial lo-
cation of amenities in Jensen (1999); national resource accounting in Young et al. (1995); 
and research into areas such as traffic, energy and archaeology in Balstrøm et al. (1999). 
 
In an area such as agri-environmental economics, defined by its multi-disciplinarity, it is 
necessary to find a common ground for exchanging information between disciplines.  Many 
of the studies above show that working in a GIS framework can help achieve this common 
ground. 
 
Government agencies use a GIS in connection with regional traffic, energy and land use 
planning (e.g. designating environmentally sensitive areas) and environmental status report-
ing (see for example Balstrøm et al., 1999; Holten-Andersen et al., 1998; Jacobsen et al., 
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1999a; Miljø- og Energiministeriet, 1995; and Vejle Amt, 1999).  In addition, agencies use 
remote sensing (a frequently used method to generate background data for a GIS) for moni-
toring farmers’ compliance with various regulations, for example by verifying information 
provided by farmers in their applications for support payments. 
 
Even though most agricultural policies in Denmark and the European Union (EU) are ap-
plied horizontally (uniformly), agri-environmental policy initiatives aim to increase the use 
of spatially targeted measures Rygnestad et al. (1999).  More specifically, agri-
environmental schemes in Denmark are provided only for farmers who are situated in des-
ignated areas and to evaluate such policies it is necessary to take a spatial approach.  Note 
that this applies to any form of targeted policies includes those outside the agricultural sec-
tor (e.g. rural development measures).  Thus, the increased use of a GIS is a result of the in-
creased need for regional planning paralleled by more spatially targeted policy measures. 
 
This presentation of studies and areas where a GIS is applied shows many possibilities for 
use in environmental economics and policy analysis.  With more powerful computers, better 
geographical data and user-friendly software packages, the GIS approach has potential to 
become a frequently used tool for the administration, control and analysis of policy meas-
ures.  And the possibilities are likely to improve as the tools and methodologies are devel-
oped further.  In the next section the approaches in Andersen et al. (2000a), Guipponi et al. 
(1999), Parrish et al. (1993) and Schou et al. (1998) are combined to construct a geographi-
cal information system, which includes existing analytical tools and data at SJFI as well as 
incorporates external data sources. 
 
 

���$�SURSRVHG�DQDO\WLFDO�IUDPHZRUN 

The basis for the methodology developed here is described by the following sequential list: 

1. Determine the environmental vulnerability of an area; 
2. Determine the agricultural production and subsequent impact in the area; 
3. Determine the area’s environmental risk by combining steps 1 and 2; 
4. Construct a baseline scenario for modelling purposes; 
5. Conduct policy analyses by modelling different scenarios; 
6. Illustrate the effect of different scenarios on agricultural impact; 
7. Illustrate the effect of different scenarios on environmental risk. 
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FIGURE 2:  Framework for constructing a geographical information system with the aim to perform 
environmental economics and policy analyses�

 
 

 
 
Steps 1 to 3 indicate the process needed to describe the current situation and construct input 
information for the analytical model.  Steps 4 and 5 indicate the actual modelling proce-
dures, and steps 6 and 7 indicate the scenario output.  The processes are linked together as 
shown in figure 2.  This framework can be used to analyse any type of environmental prob-
lem such as nutrient loss, pesticide leaching, soil erosion, biodiversity loss or negative ef-
fects of energy and water use.  But, it is also applicable to analyse the provision of positive 
environmental externalities such as habitat preservation.  Depending on the environmental 
concern in focus, the necessary background data and model use will vary.  In this paper, a 
general framework is illustrated with examples related to nitrate leaching.  Thus all the in-
formation sources included in figure 2 may not be applicable in the examples.  But, ranges 
of geo-referenced data are available and are discussed in section 3.1. 
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�����(QYLURQPHQWDO�YXOQHUDELOLW\��VWHS����

To determine the environmental vulnerability of an area it is important to consider many 
environmental factors as well as their linkages.  Equation 5 suggests a way to establish a 
vulnerability index, Vi, whereby these factors are weighted together: 
 

j

n

1j
ji  V ⋅= ∑

=

     (5) 

 
Where: i = environmental concern 
 j = environmental factor, 1.. n 

 j  = vector of weights for environmental factors, 1
n

1j
j =∑

=

 

 j  = vector of environmental factors 

 

The weights, j , indicate the relative importance of each factor, j , to the environmental 

concern, i, at hand.  To avoid scaling problems when adding different factors together, they 
can be normalized to range, for example, from 1 (low vulnerability) to 2 (high vulnerabil-
ity). 
 
For example, Guipponi et al. (1999) represent surface water vulnerability according to an 

area’s distance to water, 1 , and the landscape diversity, 2 , with higher weight on the for-

mer: 
 

21surface 4
1

4
3 V ⋅+⋅=      (6) 

 
The first factor accounts for the transport phase, such that the risk of pollution decreases 
with an increasing distance from the water body.  The second factor indicates that higher 
degree of diversity in land use (e.g. combinations of smaller patches of crops, hedgerows, 
meadows and small woodlands can increase the interception of agricultural pollutants.  Par-
rish et al. (1993) use existing ecological assessment studies and expert groups to determine 
the vulnerability of different areas according to their ecological functions.  The assessment 
accounted for issues such as stream density, density of endangered species and soil erosion 
potential.  Andersen et al. (2000a) represent environmental vulnerability of different areas 
according to accumulation of nitrate as well as critical levels (i.e. the levels of nitrate pollu-
tion under which no changes occur in the ecosystem in focus). 
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A final example is shown in figure 3.  In particular, the figure visualises possible differ-
ences in environmental vulnerability to nitrate leaching depending on the current concern.  
Figures 3a and 3b show the effect of soil types on ground- and surface water protection, re-
spectively, for the same circle shaped designated drinking water area.  It is assumed that 
groundwater reservoirs are protected from leaching in the area by layers of clay soil.  Thus, 
areas with sandy topsoil as well as sandy deep soil provide the least protection for underly-
ing groundwater reservoirs.  And these areas are indicated with dark colour in figure 2a and 
cover the northern half of the drinking water area. 
 
FIGURE 3: Vulnerability maps for a designated drinking water area, (a) groundwater and (b) surface 

water protection 

 

Source: Adapted from Rygnestad et al. (1999). 

 
 
However, should our main concern be surface water protection, the layers of clay soil may 
lead to faster transport of agricultural pollutants from to the water bodies such as rivers and 
lakes.  In this case our vulnerability factor is at its maximum with clay topsoil over deeper 

 

a. Groundwater protection: 
Potential nitrate leaching to the groundwater increases with sandy top-
and deep soil. 
 
 Drinking water 
 River 
 Lake 
 
 Sandy soil over deep sandy soil 
 Deep sandy soil 

 

b. Surface water protection 
Potential nitrate leaching to surface water increases with clay top- and
deep soil. 
 

 
 Drinking water 
 River 
 Lake 
 
 Clay soil over deep clay soil 
 Deep clay soil 
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clay soils (dark colour in figure 2b) and any topsoil on deeper clay soil (lighter colour in 
figure 2c).  The vulnerable area for surface water is therefore in the southern half of the 
drinking water area. 
 
In total, figure 3 shows that environmental vulnerability to nitrate leaching can vary geo-
graphically depending on whether the concern is for ground- or surface water.  Hence pol-
icy design and analyses should be able to account for this variation.  Note that, by including 
more factors to evaluate environmental vulnerability as well as agricultural impact the situa-
tion in figure 3 may become more or less differentiated or clear-cut. 
 
 

�����$JULFXOWXUDO�LPSDFW��VWHS����

Parallel to the assessment of environmental vulnerability the impact from agricultural pro-
duction can be described through a weighted index, Ii: 
 

k

m

1k
ki  I τ⋅β= ∑

=

     (7) 

 
Where: i = environmental concern 
 k = impact factor, 1.. m 

 kβ  = vector of weights for impact factors, 1
m

1k
k =β∑

=

 

 kτ  = vector of environmental factors 

 

The weights, kβ ,indicate the relative importance of different factors, kτ .  Note that, the 

specification of agricultural impact varies according to the environmental concern through 
the choice of factors.  For example, Parrish et al. (1993) evaluate agricultural impact based 
on issues such as discharges to streams, the application of pesticides, or emissions to air as 
well as different kinds of habitat alterations.  Similar to this, Andersen et al. (2000a) esti-
mate environmental effects through nutrient loss from farms based on their crop- and live-
stock production.  Nutrient loss from pig production is estimated by the sum of ammonia 
and nitrate emissions to air and nitrate leaching to water.  In addition, they apply estimates 
of phosphate surplus and nitrate retention in soil.  Guipponi et al. (1999) combine indices of 
drinking water quality, pesticide use and –toxicity and eutrophication risk. 
 
By determining their relative weights, all these and more factors can be normalised and 
used in equation 7.  The estimated agricultural impact index can, for example, be normal-



- 16 - 

 

ised between 0 for no impact and 1 for max impact.  Where possible, available knowledge 
of agri-environmental relationships can facilitate the use of functional forms to represent 
impact factors in equation 7 (e.g. nitrate leaching), whereas in other cases standard coeffi-
cients can be used (e.g. pesticide use). 
 
Because the aim is to undertake environmental economic and policy analyses, it is impor-
tant to ensure that policy induced changes in production behaviour can be traced through to 
the impact index.  Thus, it is necessary to apply vulnerability and impact factors that are re-
lated to the environmental concern at hand as well as to the areas of agricultural production.   
 
 

�����(QYLURQPHQWDO�ULVN��VWHS����

In line with Parrish et al. (1993) equation 8 combines equations 5 and 7 to assess the envi-
ronmental risk, , in the study area: 
 

iii IV X ⋅=       (8) 

 
Given that the vulnerability equation 5 ranges between 1 and 2, and impact varies between 
0 and 1, the risk index will vary between 0 and 2.  For example, an area with no potential 
nitrate loss, Ii = 0, but high vulnerability, Vi = 2, is taken to have no risk of nitrate pollution.  
On the contrary, a high vulnerability area with high levels of nitrate loss (Ii = 1 and Vi = 2), 
indicate a high risk of nitrate pollution, Xi = 2. 
 
The index provides an ordinal measure to compare the situation in different geographical 
areas in different scenarios.  This is particularly the case if vulnerability and impact are dis-
crete values or measured as normalised and weighted values.  However, the background 
data can be used to illustrate a cardinal ranking of individual factors such as through nitrate 
leaching or ammonia emissions (see for example Andersen et al., 2000a). 
 
The risk index is such that high impact in a vulnerable area leads to greater risk compared 
to low impact in a less vulnerable area, and homogeneous impact can cause higher risk in 
vulnerable areas.  Thus, it is possible to derive a spatial differentiation of vulnerability, im-
pact and risk indices.  With a GIS tool, maps can be combined to identify potential “hot-
spots” where the environmental risk is highest and where changes in farmer behaviour is 
needed the most. 
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�
�����0RGHOOLQJ��VWHS���DQG����

The modelling effort consists of constructing a baseline scenario and then using economic 
models to analyse farmer behaviour and subsequent environmental and economic effects 
under different policy scenarios.  In particular, the aim is to perform analyses where geo-
graphical aspects are important. 
 
The risk map is a geographical representation of the baseline scenario.  All the background 
data from the vulnerability and impact maps can be used to describe the individual farms, 
which are to be modelled.  Typically this includes describing the production structure by 
their soil types, climate, land use, livestock numbers and input factor use - in line with the 
economic model’s data requirements.  Depending on the level of the analysis, the regional 
or national environmental situation and agricultural structure are described by aggregating 
the appropriate local and individual farm data. 
 
After determining the individual farm’s initial structures, their pattern of behaviour is repre-
sented within the economic models (see for example Schou et al., 1998).  Typically, it is as-
sumed that farms with common characteristics behave similarly under specified policy sce-
narios.  Thus, the individual farms are classified and modelled according to characteristics 
that are expected to affect their patterns of behaviour (e.g. size, production type, cropping 
pattern and livestock density).  At SJFI the linear programming model FASSET and the 
econometric model ESMERALDA provide tools for farm and regional level analyses 
(Jacobsen et al., 1999b, and Jensen, 1996).  And, in combination with these, the general 
equilibrium model, AAGE, can be used for economy-wide analyses (Jacobsen, 1996). 
 
For analytical purposes determining the baseline scenario is of interest as a representation 
of the current agri-environmental situation (through vulnerability and impact).  With this as 
a reference step, the change in agricultural impact is estimated when different policy meas-
ures are implemented.  Firstly, geographical differences in the effects and cost-effectiveness 
of uniform measures can be evaluated6.  A general pesticide tax is an example of such a uni-
form measure. 
 
Secondly, the added spatial dimension provides the opportunity to also evaluate geographi-
cally differentiated measures.  For example, it becomes possible to analyse targeted support 

                                              
6 In this context, a cost-effective measure is defined as one which meets its policy goal at the least possible 

cost. 
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schemes, such as those for environmentally friendly farming in designated environmentally 
sensitive areas (in Danish, “MiljøVenlige Jordbrugsforanstaltninger” or MVJ schemes). 
 
Thirdly, the framework can be used to analyse aggregated effects of these types of policy 
measures by accounting for their conflicts and synergies.  This could include estimating the 
cost-effectiveness of a differentiated support scheme with and without an underlying uni-
form pesticide tax. 
 
While these are examples of policy analyses, the added data obtainable in the GIS frame-
work can also provide new information on farmer behaviour.  The information can be used 
to improve the specifications of economic models by including more detailed data on envi-
ronmental factors that may affect production decisions (see for example Kristensen and Jen-
sen, 1999).  These factors can also include the effects of spatial issues, where behaviour on 
neighbouring farms affect production possibilities on the modelled farm.  Furthermore, en-
vironmental and agricultural data can be combined to analyse the incentive structures of 
policy measures that encourage voluntary adoption.  For example, such an analysis could 
indicate which factors affect farmers’ decisions to participate in MVJ schemes. 
 
 

�����0RGHOOLQJ�RXWSXW��VWHS���DQG����

The estimated changes to agricultural production structure can be used as data input for a 
revised impact map.  In line with the input data generated under steps 1-3, changes in land 
use, livestock numbers and input factor use are indicators of changes in agricultural impact.  
Then, by combining the new impact map with the original vulnerability map, it is possible 
to evaluate the changes in environmental risk caused by the modelled policy scenario.  Note 
that, the data behind all the maps can be accessed and used to illustrate scenario results in a 
range of formats other than maps (e.g. tables and graphs). 
 
This proposed geographical information system enables a range of analyses where geo-
graphical issues are important.  In a spatial context, environmental vulnerability can be 
combined with the level of agricultural impact to determine “hot spots” of environmental 
risk.  By integrating economic behavioural models in the GIS, changes in environmental 
risk can be evaluated for different situations and policy scenarios.  Avenues for improving 
these models are opened and complex issues benefit from the visual presentation via maps. 
 
 

�



- 19 - 

 

���'DWD�DYDLODELOLW\�DQG�*,6�OLPLWDWLRQV�

This section describes various data sources for setting up a GIS.  Subsequently, some 
limitations are discussed based on the underlying data but also with regard to the system 
design in figure 2. 
 
 

�����'DWD�DYDLODELOLW\�

The available data for constructing a GIS as discussed above, can be structured around the 
data requirements related to environmental vulnerability and agricultural impact.  Together 
these data sources form the input needed to construct a baseline scenario for analysing 
farmer behaviour. 
 

(QYLURQPHQWDO�YXOQHUDELOLW\�

As exemplified in table 1, the necessary factors for environmental vulnerability can be de-
scribed geographically with data available mainly from the Department of Agricultural Sys-
tems at the Danish Institute of Agricultural Science (JBS), the National Environmental Re-
search Institute (DMU) and the Geological Survey of Denmark and Greenland (GEUS).  
The latter two are also responsible for data collection and analysis of the state of the envi-
ronment.  For a comprehensive description of available data in Denmark the reader is re-
ferred to Balstrøm et al. (1999). 
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TABLE 1: Selected data for environmental vulnerability in Denmark (coverage, scale and year) 1 
    
Theme Coverage Scale Year 
    
Landscape gradient National 1:25.000 1975-79 (1996) 
Soil types (agricultural land) National 1:50.000 1996 
Simplified soil types National 1:50.000 1996 
Deep soil types National 1:100.000 1996 
Land use National 1:25.000 1975-79 (1996) 
Land use (Corine database) National 1:100.000 1994-95 
Land use (Corine+ database) Selected catchments 1:25.000 1996 
Historical precipitation National 1:25.000 yearly 
Forests National 1:25.000 1996 
Lakes National 1:250.000 1996 
Rivers National 1:25.000 1996 
Environmentally sensitive areas National 1:25.000 1994 - 
Areas of particular interest (Ramsar, biology, geology) National 1:500.000 1996 
Description of water catchments National 1:25.000 yearly 
 
Notes: 1. Most of the data are collated in vector structures, whereas orto-photos and topographical 

maps exist in raster format; 
 2. More detailed and recent data are available in selected areas, particularly in Vejle and Viborg 

Counties; 
Sources: Grant et al., 1998; JBS, 2000; Larsen and Sørensen, 1996; and Kort & Matrikelstyrelsen, 2000. 
 
 

$JULFXOWXUDO�LPSDFW 

As previously discussed, agricultural impact can be described by the production structure 
such as land use, livestock density and input factor use (see figure 2).  Whereas, for exam-
ple, the Corine database contains nation-wide information on land use, the details are not 
always sufficient and up to date.  Instead, yearly data from the GLR/CHR register can be 
used7.  As indicated in table 2, the database primarily contains information on land use and 
livestock numbers for administering EU’s support programmes.  Of interest to this study, 
the database also includes farmers’ fertiliser accounts and information on those who partici-
pate in support schemes for environmentally sensitive areas (MVJ schemes). The database 
does not cover the total agricultural area, but rather farmers applying for EU support. For 
example, the 1998/99 database contains over 60.000 farmers in Denmark (Balstrøm et al., 
1999).  This constitutes 99% of the agricultural area and excluded farms are likely to be 
those with particularly small acreage.  Also with regard to land use, farmers participating in 
MVJ schemes are registered in a national database (ca. 9.000 farms ).  
 
 

                                              
7 “Generelt LandbrugsRegister/ Centralt HusdyrRegister” (General Agricultural Register/Central Livestock 

Register). 
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TABLE 2: Selected data themes for describing agricultural impact in Denmark (coverage and year) 1 
   
Theme Coverage, no of farms Year 
   
Agricultural census National, ca. 60.000 1999 (last 1989) 
Agricultural survey Sample, ca. 20.000 yearly 
GLR/CHR database   
of which: Land use National, ca. 60.000 2 yearly 
 Livestock numbers National, ca. 55.000 3 yearly 
 Fertiliser accounts National, ca. 60.000 4 yearly 
 MVJ schemes 5 National, ca. 9.000 yearly 
Block-map 6 National yearly 
Farm account statistics Representative sample, ca. 2.000 yearly 
Pesticide use Sample, ca. 600 1996/97 
“Studielandbrug” 7 Sample, ca. 60 yearly 
 
Notes: 1. The information is collected in databases, apart from the GLR/CHR database from 1997, 

which also is collated in vector form (JBS, 2000); 
2. Coverage is limited to farmers eligible for area or livestock premiums under European Union 

support programmes; 
3. Contains all farms with livestock production; 
4. Contains farms over a certain size, eligible for tax-free commercial fertilisers; 
5. Voluntary support schemes for environmentally sensitive areas (MVJ schemes); 
6. Map constructed by the Ministry of Food, Agriculture and Fisheries, primarily for administra-

tive purposes in connection with the European Union’s arable aid programme. Used to geo-
reference data from the GLR/CHR database; 

7. Demonstration farms project; 
Sources: Danmarks Statistik, 1999; Landbrugets Rådgivningscenter, 1998; Larsen and Sørensen, 1996; 

Schou, 1998b; SJFI, 2000; and JBS, 2000. 
 
 
Information from the GLR/CHR database can be geo-referenced by using farm coordinates 
and the so called ‘block-map’ showing semi-permanent borders in the landscape (for exam-
ple hedgerows, roads and water bodies).  For land use and MVJ schemes the database iden-
tifies which block each field is located within.  Thus for a geographical representation ap-
proximations must be made because one block can have between 1-10 fields belonging to 
different farmers.  When each field on the farm is located geographically in this way, any 
other farm-based information can be geo-referenced as well.  For example, this applies to 
livestock numbers and input factor use.  
 
Input factor use for a limited number for farms is described in economic terms in the farm 
account statistics database at SJFI (2000).  And to be able to represent physical measure-
ments of input factor use geographically, it is necessary to combine several databases as in-
dicated in table 2.  With respect to nitrogen fertiliser use the GLR/CHR database includes 
fertiliser accounts for all farms above a certain size (since 1997/98, Plantedirektoratet, 
1998).  For a representation of pesticide use it is possible to apply the pesticide survey from 
1996/97 to approximate the use on different types of farms (Schou, 1998b). The data for 
fertiliser and pesticide use can then be merged with SJFI data for further analyses of farmer 
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behaviour (se above section on modelling), and it can be merged with GLR/CHR data for 
geo-referencing. 
 
Alternatively, more comprehensive farm level data on land use, livestock numbers, input 
factor use and so on are available through the ‘Studielandbrug’ (demonstration farms) pro-
ject (Landbrugets Rådgivningscenter, 1999).  For wider use of this resource however, fur-
ther approximations are necessary because there are currently only ca. 60 participating 
farms. 
 
Note that, because the GLR/CHR database overlaps with agricultural census, SJFI and 
‘Studielandbrug’ data the respective sources can be validated through comparing them, par-
ticularly with regard to land use and livestock numbers.  However, for databases with lim-
ited geographical coverage there will be problems of generalisation and scaling-up, to ac-
commodate wider geographical analyses (e.g. farm accounts statistics and pesticide data).  
These problems should be discussed appropriately when the data sources are applied. 
 
 

�����*,6�OLPLWDWLRQV�

A GIS consisting of both data and models, is only an abstract representation of reality.  As 
such it is necessary to know the data and model limitations.  Further to this, the integrated 
framework also calls for a discussion of the system’s consistency: i.e. between data sources 
as well as between data and models. 
 

'DWD�OLPLWDWLRQV�

With a wide and increasing range of available geographical data, it is important to acknowl-
edge that their quality varies too.  Thus, international work on data standards focuses on 
data lineage, -usage and -quality (Jacobi, 1999).  Lineage and usage refer to describing how 
and for what purpose data have been generated.  If, for example, the data have been col-
lected for administrative purposes rather than for geographical representation, their quality 
for use in a GIS is reduced.  Caspersen and Kristensen (1999) discuss aspects of this, par-
ticularly related to the GLR/CHR database.  Nonetheless, the authors consider the database 
to be useful in analyses with geographical foci. 
 
When evaluating data material there is a trade-off between accuracy and representativity.  
As referred to by Jacobi (1999), quality requirements contain issues of: positional accuracy, 
logical consistency, textural fidelity, thematic accuracy, temporal accuracy and complete-
ness.  3RVLWLRQDO�DFFXUDF\ refers to the variance of random errors when data are digitised 
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and geo-referenced.  This accuracy also refers to the scale in which data is produced, and 
table 1 indicates the large variations between 1:25.000 and 1:500.000. 
 
/RJLFDO�FRQVLVWHQF\ requires that there are rules for linking data, for example, within a data-
base with regard to homogeneity, double registration and generalisation.  Furthermore, it is 
necessary to ensure correct and consistent use of text in the data material (WH[WXDO�ILGHOLW\). 
 
Some geographical data are generated from aerial or satellite pictures, typically resulting in 
wide coverage and large scaled maps.  Although the methods of digitising these pictures are 
well developed there are limitations (WKHPDWLF�DFFXUDF\), for example, related to generalis-
ing when determining different types of land use (Jacobi, 1999; and Sabins, 1996). 
 
Further to this, generalising across time and therefore WHPSRUDO�DFFXUDF\ can be problem-
atic when data collection is infrequent and information is updated only occasionally.  The 
need to update databases or maps depends on their themes.  For example, land use needs to 
be surveyed more often than soil types.  In cases when time differences are particularly lim-
iting, it is important to only compare data that have been collected at the same time.  For 
example, this is particularly so for livestock numbers that may change frequently through-
out the year compared to land use.  As far as it is possible, databases or maps that are 
merged should be representative for the same time period. 
 
In cases when the accuracy from digitising pictures is insufficient, survey work and data-
bases are often used to generate geographical information.  Naturally this method cannot 
provide a FRPSOHWH picture of the situation, and the data are often extrapolated or general-
ised to cover non-surveyed areas (e.g. soil type and climate data)8.  As such the quality of 
the data is dependent both on the collection procedure and on how data are generalised. 
 
After determining the data limitations, they can be dealt with by collecting supplementary 
data and by correcting mistakes.  Thus, as stated by Jacobi (1999), the best quality assur-
ance for data is frequent use, which leads to frequent control and further demands to their 
content and structure. 
 

�

�

                                              
8 The limitation of generalising smaller databases also applies if farm account data, described in the previous 

section, are extrapolated to cover a wider area. 
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0RGHO�OLPLWDWLRQV�

The choice of economic models proposed for the GIS in figure 2 is guided by the aim of the 
analysis, be it at a farm-, regional-, national- or global level.  And there is a parallel trade-
off between UHDOLVP� �VLPXODWLQJ� V\VWHP�EHKDYLRXU� LQ� D�TXDOLWDWLYHO\� UHDOLVWLF�ZD\��� SUHFL�
VLRQ� �VLPXODWLQJ�V\VWHP�EHKDYLRXU� LQ�D�TXDQWLWDWLYHO\�SUHFLVH�ZD\���DQG�JHQHUDOLW\� �UHSUH�
VHQWLQJ�D�EURDG�UDQJH�RI�V\VWHPV¶�EHKDYLRXUV�ZLWK�WKH�VDPH�PRGHO� Constanza et al., 1995).  
At the extremes, national and global economic models often aim for generality, econometri-
cally based models often aim for precision (correspondence between data and model) and 
farm level models often aim for realism.  However, in most analytical models a middle 
ground is sought.  The aim is in many cases to quantify the magnitude and direction of 
change upon which realism is traded off for more generality and precision. 
 
To obtain operational models one often assumes some level of KRPRJHQHLW\�EHWZHHQ�IDUPV.  
Therefore farms may be classified in groups such as: large pig farms, part time arable farms 
and dairy farms with high livestock density.  With respect to farmer behaviour these ex-
trapolations may be appropriate.  However, it is necessary within the proposed GIS to de-
termine if the groups are appropriate also for analysing environmental effects. 
 
In environmental economics G\QDPLF�LVVXHV are of particular importance.  This relates both 
to changes over time and interactions between different geographical areas.  At the time of 
writing, the modelling tools at SJFI cannot handle spatial considerations such as positive or 
negative effects on a farmer’s production dependent on the behaviour on neighbouring 
farms.  Further, apart from the FASSET model, there are limited possibilities to analyse the 
time dimension, in particular because changes in environmental factors are not modelled 
explicitly (see discussion in section 1 on environmental constraints on agricultural produc-
tion). 
 
At a more basic level, economic models have different PHWKRGRORJLFDO� DSSURDFKHV, with 
some built on normative and others on positive/descriptive economics.  The approaches can 
supplement each other because positive economics typically attempts to answer questions 
such as “what is” and “what will be”, whereas normative economics deals with “what ought 
to be” questions (Tietenberg, 2000).  For example, positive economics can describe the cur-
rent situation and predict changes, whereas normative approaches can evaluate if these are 
desirable situations. 
 

�
�
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6\VWHP�OLPLWDWLRQV�

System limitations concern the potential problems of integrating geographical data with 
modelling tools. 
 
Firstly, it is important to have FRQVLVWHQF\�EHWZHHQ�GDWD�VRXUFHV that are used in combina-
tion.  This has been highlighted in the above discussion regarding data accuracy and com-
pleteness.  For example, in cases where different scaled maps are combined, the largest 
scale should determine the level for the analysis.  And, if the data are not complete, the 
analysis must be of a more general character.  See Constanza et al. (1995) for further dis-
cussion on scale issues, particularly related to problems of aggregation.   
 
The trade-off between details and simplification�must be addressed according to the scope 
of the analysis and based on the quality of the underlying data.  Most data discussed above 
exist as vector data structures (i.e. boundaries are delineated by steps, lines and areal fea-
tures, see section 1).  But data can also be represented and analysed in an imaginary grid 
pattern (raster format) where the map characteristics are identified in each grid space.  For 
example, this is particularly useful for data intensive studies and analyses of dynamic and 
spatial relationships (e.g. run-off and transport analyses).  However, it should be acknowl-
edged that the raster format is a simplification because detailed boundaries from vector data 
are lost.  The loss is expected to be small in situations where the underlying data already is 
of lower quality or of a large scale. 
 
Furthermore, combining data material with the aim to construct a risk map is limited by the 
underlying data, but more importantly it is limited by the way in which they are combined.  
Thus, it is necessary to obtain knowledge of the interaction between agriculture and the en-
vironment to determine the combined effects of different factors (i.e. determine the weight-
ing system for environmental vulnerability factors and for agricultural impact factors).  In 
this manner, the analysis must take into account possible conflicts and synergies between 
environmental and/or agricultural factors. 
 
Secondly, there must be a certain level of FRQVLVWHQF\�EHWZHHQ�GDWD�VRXUFHV�DQG�PRGHOV.  At 
its most basic the data material must be able to provide the necessary input data for the 
models (or models must be able to incorporate the data material).  The same applies for 
model output data. 
 
Finally, it should be noticed that the described method provides a deterministic representa-
tion of vulnerability, impact and risk.  However, in many cases there are uncertainties with 
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estimating or measuring the values of the factors.  Thus, a probabilistic model could be used 
to accommodate this issue. 
 
The above discussion outlines limitations and thus possible errors of different components 
in a GIS.  And the ultimate concern is therefore what the aggregate error is when compo-
nents are combined.  Although it is considered difficult to evaluate this aggregate, its indi-
vidual parts should be assessed as thoroughly as possible. 
 
 

���&RQFOXVLRQV�

This paper has provided background material for spatial analyses in agri-environmental 
economics by specifying a theoretical basis and by reviewing existing studies.  Based on 
this, an analytical framework has been described where data and economic behavioural 
models are integrated in a geographical information system.  In particular, it has illustrated 
how spatial issues can improve agri-environmental analyses performed at SJFI.  The focus 
has been on assessing environmental risk by comparing an area’s environmental vulnerabil-
ity with its agricultural impact.  This also includes modelling farmer behaviour in different 
situations.  Potential sources of error have been discussed particularly with respect to data 
and model limitations.  And, in an integrated framework such as this, aggregated errors 
must also be addressed. 
 
As illustrated in examples above, there can be geographical differences in environmental 
risk from agricultural production.  However, in most analyses of natural resource use and 
subsequent externalities the spatial dimension is not accounted for.  Thus, for future re-
search at SJFI the proposed geographical information system provides a framework for ex-
panding environmental economics and policy analyses in this direction. 
 
More specifically, future research using this framework can evaluate spatial differences in 
the effects of changes in farmer behaviour.  As such, policy measures targeted at specific 
geographical areas (e.g. MVJ schemes) can be analysed.  And their effects can be compared 
to and combined with those of uniform measures such as general taxes and regulations. 
 
Finally, specifications of the economic models can also be improved with additional data on 
environmental and other factors that may affect production behaviour.  Thus, compared to 
an analytical focus on agricultural production issues at sector and farm level, an extensive 
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use of currently available data and modelling tools, can lead to their mutual improvement 
away from current limitations. 
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