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Abstract

In this paper, we develop a methodological approach to increase the efficiency of watershed management
approaches that focuses on the reduction of diffuse water pollution. The basic idea is that the efficiency may
be improved by identifying and constituting homogenous groups of contiguous administrative units of a wa-
tershed, which jointly implement water pollution reduction measures. Homogeneity means similarity of
group members with respect to a set of local and environmental characteristics, such as the degree of pollu-
tion and abatement costs. We empirically apply our methodology to the watershed of the German river Ems
and identify homogenous groups of contiguous administrative units using cluster analysis methods imple-
mented in a Geographical Information System.

Keywords: Diffuse Water Pollution, Environmental Federalism, Cluster Analysis, EU Water Framework

Directive

1. Introduction

Nitrate and phosphorus entry into surface water mainly
originates from mineral and organic fertilizers employed in
the agricultural sector. This sector is responsible for the
vast majority of diffuse—or non-point-source—water pol-
lution in Germany. Within the period 1993 to 1997, the
average contribution of the agricultural sector to the overall
nitrate and phosphorus entry from non-point sources was as
large as 94.1% and 83.7%, respectively [1]. In contrast to
pollutants originating from point sources, such as sewage
disposal systems and livestock facilities, pollutants from
non-point sources, such as agricultural drainage, are diffi-
cult to combat.

Diffuse water pollution disperses, thereby affecting less
polluted areas and, specifically, potable water resources.
Nitrate and phosphorus entries, the two most significant
water pollutants, lead to the turbidity and malodor of sur-
face water, as well as its accelerated eutrophication. Given
all these undesirable effects, the further reduction of diffuse
pollution is a major goal of the EU Water Framework Di-
rective 2000/60/EC (Article 10), although the level of dif-
fuse pollution has been significantly reduced during the
past twenty years [2].

Copyright © 2010 SciRes.

Article 3 of this directive demands the coordination of
water management within river basin districts, which usu-
ally belong to several administrative units such as federal
states. As a result, watersheds are affected by frequently
distinct and simultaneous actions of several administrations,
and possible deficiencies in coordination may create ineffi-
ciencies [3].

In this paper, we develop a methodological approach to
improve the economic efficiency in the reduction of diffuse
water pollution. It rests on the identification and formation
of homogenous groups of contiguous administrative units
of a watershed. By jointly implementing pollution reduc-
tion measures, these homogenous groups are able to di-
minish negative spillover effects and externalities. Homo-
geneity refers to characteristics such as willingness-to-pay
for pollution reduction, abatement costs, and the degree of
pollution, which varies with, e.g., agricultural production.

Our methodology proposed, commonly referred to as a
regionalization approach [4], is exemplified here by an
application to the German side of the watershed of the river
Ems. To identify homogenous groups of administrative
units within this watershed, we use cluster analysis meth-
ods implemented in a Geographical Information System
(GIS). As the implementation of joint pollution mitigation
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measures is only sensible and manageable in contiguous
areas, the spatial relationship among administrative units is
an essential variable for this cluster analysis.

In the following section, we explain our regionalization
approach. Section 3 provides a concise description of our
sample region. Empirical results for our sample region are
presented in Section 4. The last section summarizes our
findings and provides conclusions.

2. Methodological Framework

To avoid negative spill-over effects and inefficiencies
due to the divergence between natural watershed areas
and districts, the prevailing administration units, we
suggest designing new artificial administrative structures
consisting of contiguous sets of communities that are —
in terms of diffuse water pollution, abatement costs, etc.
— more homogeneous than the districts For this purpose,
we must address two methodological issues: 1) the defi-
nition of a set of homogeneity criteria and 2) the meas-
urement of homogeneity levels.

In our example of the Ems watershed, the German
stretch of which covers 227 communities and 22 districts,
the set of homogeneity criteria consists of two variables:
abatement cost and discharge rates of nitrate. Assuming
that the livestock density in the agricultural sector is lim-
ited to only one animal unit per hectare, the abatement
cost data originates from an agro-economic forecast mo-
del called RAUMIS [5], which was applied within the
interdisciplinary research project REGFLUD'. This pro-
ject is also the source for the data on discharge rates of
nitrate, which was determined using a GIS-based model
developed at Forschungszentrum Jiilich.

Given that the implementation of joint water pollution
mitigation measures is only sensible and manageable for
contiguous administrative units, our clustering approach
takes particular account of the spatial relationships of the
communities (on cluster analysis and other regionaliza-
tion approaches see [8] and [9]). Our approach is there-
fore embedded in a Geographic Information System
(GIS). To show the importance of taking spatial relation-
ships into account, Figure 1 displays the outcome of an
artificial clustering example when spatial distances
among communities are either neglected or accounted for.

This illustrative example, inspired by [10], comprises
16 communities and two variables: discharge rates of
nitrate and abatement costs. If spatial relationships are
ignored, the resulting clusters, called classes, are usually
not contiguous and exhibit conjoint borderlines only by
chance, as indicated by the left-hand side of the lower

'The overall objective of REGFLUD was the development and applica-
tion of multi-criteria scientific methods to set up a Decision Support
System aimed at reducing nonpoint source pollution in river catchments
subject to economic feasibility and social acceptability. The project was
funded by the Federal Ministry of Education and Research (BMBF)
[6,7].
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part of Figure 1. In contrast, taking account of spatial
relationships leads to so-called regions, that is, clusters
that exclusively consist of contiguous administrative
units, as shown on the right-hand side of the lower part
of Figure 1.

In contrast to e.g. [11], who employ a contiguity ma-
trix to capture spatial relationships, we proceed by de-
termining artificial epicenters for each unit — called cen-
troids — and including their x- and y-coordinates to our
cluster analysis. The advantage of our method compared
to approaches using a contiguity matrix is the parsimo-
nious number of variables: We only need to add two ad-
ditional variables, CX and CY, indicating the x- and
y-positions of all centroids, rather than a matrix contain-
ing the information about spatial relationships among all
administrative units, which, in practice, requires hun-
dreds of variables [11].

In short, we are left with merely four variables — aba-
tement costs, discharge rates of nitrate, CX, and CY — for
our cluster analysis, rather than several hundred variables.
For operational convenience, we simply assign equal we-
ights to these four variables. Any unequal weighting
scheme — for instance, by assigning lower weights to the
geographical variables CX, and CY because the other va-
riables are regarded as more important — would be arbi-
trary.

Additionally, we need a measure that helps us to de-
cide whether two communities, say, p and ¢, are similar
to each other regarding the set of selected variables.
Among a variety of such measures (see [12]), we choose

the Squared Euclidian metric:
2

dy =2, =x) (M

with x/ and x denoting the concrete realizations of
variable X; for community p and g, respectively. Before
calculating the Squared Euclidian distances d,,, one has
to standardize the variables. Upon standardization, each
of the transformed variables displays zero mean and a
uniform standard deviation of 1.

The more similar two communities are the closer to
zero is the Squared Euclidian metric. Eventually, we
come up with a symmetric (227 x 227) matrix (d,,), rep-
resenting the basis for the clustering procedure. We then
need to choose among several clustering algorithms that
help us to identify the ultimate number of clusters such
that the heterogeneity across, and the homogeneity
within, all clusters is maximized. For this purpose, we
have chosen the centroid method® (see [13] for other
methods).

The second methodological issue refers to the meas-
urement of the homogeneity of our cluster analysis out

*The centroids used in this clustering algorithm must not be confused
with geographic centroids: These centroid vectors include the coordi-
nates of geographic centroids, but also the respective values of the
variables abatement cost and discharge rates of nitrate.
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Figure 1. Clustering with and without incorporating spatial distances of communities.

comes — the set of output clusters. Commonly, homo-

geneity is examined for each criteria variable JX; indi-

vidually. Homogeneity tests are based on a statistical

measure defined as the ratio of the within-cluster vari-

ance Var® (X)) of a given cluster G and the be-

tween-cluster variance Var (X)):
Var® (X ) @
Var(X ;)

The letter F' indicates that the probability distribution
of this test statistic is the F-distribution. While the
F-value of a cluster that is perfectly homogeneous with
respect to criteria variable X is zero, such desirable val-
ues do not occur in practice. In contrast, an F value
equaling, or even exceeding, unity is not desirable. In
this case, the within-cluster variance equals, or is even
larger than, the respective between-cluster variance,
which contradicts the inherent idea of clustering. Of
course, the preferred result of any clustering approach is
that all the clusters’ F-values are substantially smaller
than unity for all criteria variables. In this case, the clus-
ters are called totally homogeneous.

For interpretational purposes, another test statistic is
frequently employed. It is based on the relative difference of

o G .
the within-cluster means X, for a given cluster G and

X, which is the sample mean of criteria variable X;:

- ¢ -
X;j —X;

‘= std(X,)’ ®)

with std(X)) denoting the sample standard deviation of
variable X;. This test statistic, which follows Student’s ¢
distribution, reflects the relative deviation of a cluster G
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from the respective sample means. A large t-value indi-
cates that a cluster G differs strongly from the sample
average of variable X,.

3. Sample Region

Our approach is applied to the German side of the wa-
tershed of the river Ems, the region displayed in green
in Figure 2. The major part of this watershed is located
in the North-West of Germany and stretches across the
boundaries of two federal states, North-Rhine West-
phalia and Lower Saxony. 227 German communities
are either completely located in this watershed or share
a significant part of it. The Dutch side of the watershed
- displayed in light green in Figure 2 - must be ignored
in our application due to the lack of data.

The Ems watershed covers a wide range of different
landscapes, exhibiting different hydrological, hydroge-
ological, and socio-economic characteristics. Agricultu-
ral production, particularly livestock farming, domin-
ates the north-eastern part of this region, which is char-
acterized by meagre, sandy soils. The dominance of live-
stock farming causes an abundance of organic fertilizers
in the form of liquid manure. Generally, this liquid ma-
nure, commonly distributed to agricultural acreage, leads
to nitrate entry into surface water and, hence, diffuse
water pollution. Its degree depends upon the type of soil
and the varying nitrate retention and degradation ability.

4. Regionalization of the Ems Watershed

In this section, we apply our regionalization approach to
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Figure 2. The Ems watershed and its communities in Ger-
many.

the communities of the German side of the watershed of
the river Ems. Our aim is to identify contiguous clusters
among the 227 communities that are more homogeneous
with respect to abatement costs and discharge rates of
nitrate than the prevailing administrative units (districts).

Using the method described in Section 2, we end up with

22 clusters, which is only by chance equal to the number
of districts. All outcome clusters displayed in Figure 3
are indeed contiguous groups of communities and most
of these clusters are substantially different from the pre-
vailing districts, although there are some similarities.

As a major result, the incongruity of district and clus-
ter borderlines shown in Figure 3 indicates that the ho-
mogeneity among communities with respect to abate-
ment cost and discharge rates of nitrate might be im-
proved by re-grouping these communities along the lines
of the outcome of our cluster analysis. F-values reported
in Table 1 are well below the critical value of 1 for all
clusters, indicating that the clustering outcome is totally
homogenous with respect to the variables discharge rates
of nitrate and abatement costs.

It is somewhat surprising that, except for three het-
erogeneous groups of communities, the prevailing ad-
ministrative structure given by the districts of the Ems
watershed appears to be quite homogeneous.

The #-values reported in Table 1 indicate that the aba-
tement costs of clusters 8, 9, 10, 15, 16, 17, 21, and 22
are significantly larger than on average. With the excep-
tion of clusters 8 and 16, these clusters also display lar-
ger nitrate discharge rates than the sample average. Yet,
there is no perfect positive correlation between nitrate
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Figure 3. The outcome of a regionalization approach: Clus-
ters of the Ems watershed.

entries and abatement cost, since the clusters 1, 4, 12, 13,
14, and 18 exhibit discharge rates of nitrate that are
above the sample average, whereas the abatement costs
of these clusters a below the average.

5. Summary and Conclusions

Current watershed management practices in Germany, as
well as in other European countries, usually do not take
particular account of the hydrological boundaries of wa-
tersheds. Yet, the fact that international and interregional
watersheds are affected by the frequently distinct but
simultaneous actions of several administrative units, such
as districts, typically creates inefficiencies. Identifying
and clustering adjacent communities of watersheds that
are more homogeneous groups than the prevailing dis-
tricts and that will then jointly implement pollution re-
duction measures has been suggested in this paper as a
way to potentially increase the efficiency of watershed
management.

Using cluster analysis methods, our regionalization
approach is perfectly in line with Article 3 of the EU
Water Framework Directive 2000/60/EC, which de-
mands the coordination of the water management within
river basin districts. Our approach is based on the theory
of environmental federalism that deals with the efficient
assignment of federal competencies — see, for example,
[14]. Constitutional elements of this theory are the prin-
ciples of subsidiarity and fiscal equivalence [15,16]. The
principle of subsidiarity implies that competencies ought
to be assigned to the lowest federal level that suffices to
meet a certain task. The efficient provision of, speci-
fically, the public good “clean water” requires the mat-
ching of the natural areas of watersheds with administra-
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Table 1. Regionalization outcome.

Cluster Number of Communities abaljevmaethe iost abaie‘;zs;etscost Fnz")t(;iz’/;is tn‘z{;lt’;tees
1 12 0.009 -0.491 0.119 0.415
2 19 0.006 -0.426 0.285 -1.138
3 6 0.004 -0.245 0.239 -0.538
4 18 0.021 -0.297 0.422 1.235
5 7 0.832 0.808 0.733 1.066
6 51 0.036 -0.312 0.295 -0.897
7 22 0.298 0.078 0.172 -0.324
8 1 - 3.510 - -0.495
9 0.001 2214 0.005 1.139
10 0.440 7.285 0.032 0.699
11 3 0.795 0.886 0.222 0.987
12 18 0.062 -0.148 0.102 0.107
13 27 0.064 -0.149 0.179 0.231
14 21 0.040 -0.199 0.366 0.999
15 1 - 4.378 - 0.791
16 1 - 1.587 - -0.764
17 1 - 1.341 - 0.222
18 6 0.003 -0.223 0.128 1.926
19 6 0.024 -0.245 0.662 -1.088
20 1 - -0.413 - -0.846
21 3 0.716 2.279 0.049 0.492
22 1 - 4.117 - 1.896

Note that for degenerated “clusters” including only one community F-values are undefined.

tive territories, and is in accordance with the principle of
fiscal equivalence, which is also called perfect mapping.

According to [17], there are three criteria characteriz-
ing an ideal administrative unit: 1) Preferences for a pub-
lic good, such as clean water, need to be homogenous
among inhabitants of such a unit; 2) costs for the provi-
sion of this public good must be similar within the ad-
ministrative unit, and 3) specific policy measures aimed
at improving the provision of the public good must only
affect this unit’s area (ideal geographical scope).

Along the lines of these ideas, we have developed a
regionalization approach that has been empirically ap-
plied to the communities belonging to the German side
of the watershed of the river Ems. Since the implementa-
tion of joint pollution mitigation measures is only sensi-
ble and manageable in adjacent areas, it is critical to
cluster this watershed’s communities in such a way that
the resulting clusters build contiguous areas. Hence, the
spatial relationship among administrative units is an es-
sential variable for any cluster analysis employed to
identify more homogeneous clusters of communities than
the prevailing districts within this watershed. We there-
fore use cluster analysis methods implemented in a Geo-
graphical Information System (GIS). Homogeneity
means that communities are similar regarding a defined
set of variables, such as the degree of pollution and
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abatement costs for water pollution reduction.

The results based on empirical data on abatement costs
and average nitrate discharge rates of our sample com-
munities demonstrate that the suggested methodological
approach allows for creating regions that are more ho-
mogeneous than the prevailing districts, i.e., the current
administrative units. The resulting regionalization, how-
ever, represents only one possible spatial structure. Fur-
ther research has to concentrate on determining and
comparing the magnitude of the efficiency gains from
different solutions.

Moreover, such reorganization might be problematic,
because it might interfere with the current administrative
structure and therefore may cause substantial legal prob-
lems that, ultimately, may hamper the desired watershed
cooperation [18]. Nevertheless, the results of our region-
alization approach may be useful when attempting to
implement the EU Water Framework Directive.
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