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Cost-effective reduction of phosphorus runoff
from agriculture: a numerical model

Abstract
The paper examines cost minimizing conditions for reduction of regional non

point source phosphorus pollution. Cost-effective combinations of three differ-
ent phosphorus abatement methods is solved for different agricultural regions
of Yläne river basin, Pyhäjärvi; reduced use of fertilizer, buffer strips and con-
structed wetlands. The analysis is done non-coordinatedly for all sub-regions of
the basin and coordinatedly for two chosen regions. Regions are heterogenous
with respect to each other but each region is treated as a single, intergated actor
and source of pollution. The analysis is thus conducted on the region, not farm
level. It is shown that the cost-savings from combining various instruments
and from cooperation between regions can be substantial. Also the numerical
technique is proven to be a powerful tool for examining cost-effectiveness of
reduction methods for agricultural runoff.
The paper presents thoroughly the logic and the separate building blocks of

the model. Section 2 provides first the analytical framework of the study fol-
lowed by the presentation of the target region and the numerical model. Section
3 presents the results and concluding remarks are given in section 4.
KEYWORDS: Cost-effectiveness, numerical model, agricultural phosphorus

runoff, abatement methods, buffer strips, wetlands
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1 Introduction

European water protection policy will be largely integrated by the EU Water
Framework Directive (WFD). Basinwide management plans for uplifting the
quality of polluted waters and keeping clean waters clean are committed by the
WFD. Achiving these goals asks e.g. for models for estimating cost-effectiveness
of alternative water management practices. (Saloranta et al 2003.) The nutrient
leaching accounting for 60% of total phosphorus originating from human activi-
ties makes demand for models integrating costs and benefits of different methods
taken in agriculture to reduce nutrient runoff (Finland´s Natural Resources and
the Environment 2002).
There is a vast amount of hydrological and engineering literature on water

pollution originating from agriculture: studies on fertilizer type and intensity of
use, soil processes affecting leaching, nutrient reducing effects of wetlands and
buffer strips etc. (e.g. Turtola & Kemppainen 1998, Siddique & Robinson 2003,
Del Campillo et al. 1999, Leinweber et al. 1999, Puustinen et al. 2001 and
Uusi-Kämppä & Kilpinen 2000). Attaching costs directly to these actions is a
straightforward task, yet there are not so many studies integrating these issues.
Difficulties in integrating costs and benefits of agricultural environmental

policies arise e.g from emissions not being directly observable and damages not
necessarily being proportional to emissions (Fleming & Adams 1997). Spatial
information on emissions is costly to collect, especially in the case of non point
source pollution. Various studies have been done on the significance of site-
specific information in designing pollution control policies (Helfand & House
1995, Fleming & Adams 1997)1. The trade-off between losses due to costs
incurring from collecting more accurate information and gains from being able
to design more efficient policies is obvious. In order to evaluate this trade-off
we need to analyze the effects of such information on overall abatement costs.
Claassen and Horan (1997) suggest that further research should be conducted
in directing abatement methods to sub-regions of the target area. This study is
an effort to describe and evaluate the gains from allocating between alternative
abtement methods inside a region; and between regions with common reduction
target.
This paper examines cost minimizing conditions for reduction of regional

non-point source pollution; and to provide a solution of cost-effective combina-
tion for three different phosphorus reduction methods in different agricultural
regions of Yläne river basin, Pyhäjärvi. The methods concerned will be 1) re-
duced use of fertilizer 2) buffer strips and 3) constructed wetlands. For solving
the problem a numerical model is built. Also a cost-effective cooperative solu-
tion of two heterogenous areas will be provided. Micro-unit level effects are left
out of the analysis (the differences in policy incentives) and the pollutant (total
phosphorus) and its abatement characteristics are defined in more detail.It will

1For analyze on cost-effectiveness of green payment policies compared to pollution tax with
heterogenous land-quality see Khanna et al (2002).
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be shown that the cost-savings from combining various instruments and from
cooperation between regions can be significant.
Paper is organized as follows: section 2 provides the analytical framework

of the study. The numerical application and a presentation of the target region
is given in section 3. Section 4 presents the results and concluding remarks are
given in section 5.

2 Cost-effective reduction of multiregional nu-
trient runoff

We first establish a framework of cost-effective reduction of regional pollution.
We know that for global pollutants cost-effective allocation equalizes marginal
abatement costs at all sources of pollution (e.g. Baumol and Oates 1988 etc).
Conditions for cost-effective allocation in regional framework are formulated be-
low. Our setting treats agricultural regions as homogenous sources of pollution.

       e1 

E 

       en 

Fig.1. Scheme of regional pollution

Fiqure 1 illustrates the idea of multiregional framework. E represents the
control point of pollution e from regions 1 to n. From each region, a ratio
γi, γ ∈ [0, 1] of the original pollution contributes to load at E. We call γ the
dispersion coefficient. The total load is thus: Σi[γiei].
We shall denote the target level here: E∗ and the cost functions from pol-

lution reductive actions taken Cij , where i denotes region, j the abatement
method. We consider three methods, j = b, w, P ;for buffer strips, wetlands
and reduced use of fertilizer, respectively. The cost functions are thus denoted
as: Cb(b, Y (P )); Cw(w, Y (P )) and CP (A, Y (P )), where A, b and w stand for
acreage of field, buffer strip and wetland, resp., Y for yield and P for use of
fertilizer. The cost functions define thus costs of certain level of reductive ac-
tion taken, not actual abatement. Pollution from each region is denoted by a
function E(b, w, P ).2 The following assumptions are made: for buffer strips and

2The functional form of leaching doesn’t have e.g. soil quality or farming practices as its
arguments. We show later that these factors enter the analysis as area cahracteristc features.
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constructed wetlands, we have: ∂C
∂b,w > 0; ∂2C

∂b,w∂b,w = 0. For reduced levels of

fertilizer we define ∂C
∂P > 0; ∂2C

∂P∂P > 0, i.e. increasing, convex function. For

pollution we assume: ∂E
∂b,w < 0; ∂2E

∂b,w∂b,w > 0; ∂E∂P < 03 .
We want to minimize Σij [Cij ] subject to constraint: E∗ − Σi[γiEi] = 0

Solving the problem gives us the first order conditions:

λ =
∂Cbi/∂bi
γi∂Ei/∂bi

λ =
∂Cwi/∂wi

γi∂Ei/∂wi

λ =
∂CPi/∂Pi
γi∂Ei/∂Pi

ΣγiEi = E∗

Thus inside each region, the marginal abatement costs (marginal cost relative
to marginal reduction) are equal (γ:s are equal) and between regions they differ
according to γ:s. The last condition takes carre of the overall reduction to be
satisfied. Two things are worth noting for:
Firstly, we focus on agricultural regions instead of individual farms as pro-

ductive units. The regions can be thought of as representative farms and the
problem of allocating abatement methods is thus solved on a region level, not
farm level. This is due to the motive of the work and the partly aggragate
nature of the data available.
Secondly, since we are studying reduction of phosphorus runoff in a basin

area with no lakes or reservoirs, the dispersion coefficient γ is assumed to be
1 for all i. For further discussion about transition coefficients, see e.g. Salo et
al (1997) and Ekholm (1998). This simplifies the conditions above to equalize
marginal abatement costs between all regions are all methods.

2.1 The data for Yläne river basin

In this section we provide a numerical model for solving cost-effective combina-
tions of abatement measures and its application for different regions of Yläne
river basin. We start by introduction of the area and the data used.
A scheme of the basin divided into sub basins of ditches and small rivers

is presented in figure 2. Each sub basin (from now on: region) is given a
symbol S1, ..., S14, where S14 stands for the region from which the leaching is
determined to take place directly into Yläne river. 4

3Note that we could define abatement functions integratedly instead of separating them
into two functions. The minimization problem however allowes us to use this setting, which
is more consistent with the logic of the numerical analysis.

4 It should be noted that the basin could be divided into infinitely small (or one large)
regions. The division here follows the work of Kuusela & Savola (2000), which provided the
data for phosphorus flows from different regions. Also the agricultural data was quite easily
applicable to this classification.
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Fig. 2. Scheme of the basin division.

The P-flow from the whole basin was on the average 7378kg (1991-1996). The
background leaching from non-agriculture areas was assumed to be 7kg/km2 p.a.
(see e.g. Uusi-Kämppä 1989)5. The rest of the flow was assumed to be due to
agriculture. The reduction target was 10% from the total average P-flow. This
implies a reduction of agricultural runoff from 6182 kg p.a. to 5444 kg; ca. 12%
altogether.
Table 1 sums the relevant characteristcs of the Yläne river basin.

TP denotes total phosphorus runoff from each region, calculated as a mean
runoff from those reported in Kuusela & Savola (2000). RL denotes relative
leaching. It is a relative amount of TP leaching from arable land, calculated
by reducing the computational background leaching from TP of the region, and
dividing this with arable land area. If background leaching would be more
accurately determined, RL would better reflect arable land characteristics af-
fecting sensibility for erosion and thereby leaching, e.g. soil type or differences
in steepness of fields6.
For each region a distribution of crops was determined. Eight most common

ones in the basin were chosen. The shares were manipulated so that the total
share of eight crops was 100% for all regions. The geographical division of
crop data was not exactly equal to that presented in figure 2. The Ministry

5Note that the background leaching was assumed to be uniform. The assumption is relaxed
later in section 4.

6The differences in RL are thus unrealistically large but they enable us to observe the im-
plications of these differences for the results. Plugging in more realistic values for background
leaching and point source load from animal farms would sharpen the analysis.
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Table 1: Properties of the Ylane river Basin
Basin / ditch Acreage

km2
Arable area
% / ha TP RL

S1: Saonoja 26.26 17.6 462 251 0.215
S2:Yläneen Myllyoja 5.19 13.9 72 81 0.690
S3: Lietsanoja 11.23 6.1 69 90 0.235
S4: Kärrilänoja 8.23 9.4 77 135 1.075
S5: Imponoja 2.12 15.6 33 48 1.075
S6: Kreivilänoja 23.63 28.8 681 605 0.716
S7: Vehmasoja 6.27 21.5 135 196 1.197
S8:Kiimassuonoja 6.10 19.5 119 144 0.921
S9: Tourulanoja 12.33 19.0 234 255 0.791
S10: Oripään Myllyoja 24.81 31.8 789 752 0.803
S11: Peräsuonoja 20.55 24.9 512 700 1.156
S12: Liinoja 6.62 53.9 357 393 1.041
S13: Vuotavan-/ Kullansuonoja 13.03 47.3 616 819 1.251
Sub basins total 166.37 25 4156 4469 0.865
S14: Direct leaching to Yläne 67.63 32 2162 2909 1.197
River Yläne basin total 234 27 6318 7378 0.979

of Agriculture and Forestry, which provided the data, divides the basin into 10
regions instead of 14. Many of them were identical with those in figure 2. The
crop data from ones that deviated (covered more than one region from Kuusela
and Savola (2000)), were divided with equal crop distribution between different
regions.
The most common cereals were barley, oat, and spring wheat. A substantial

part of arable land was on grass in some regions7.
Fertility classification of soil was assumed to be heterogenous inside each

region and homogenous between regions. The distribution between different
fertility classes inside each region follows Palva et al (2001). No data was avail-
able to heterogenize the soil quality between regions.

2.2 The Numerical Model

One can characterize the numerical method as one placing a price tag and a
performance parameter on every possible allocation of reduction measures. As
our choice variables are discrete, there are finitely many allocations. Leaching
and abatement functions determine total leaching (the performance parameter)
for each allocation. Denote the set of allocations: A. Thus, all a(tl, c) ∈ A
have a value tl for total leaching and a cost parameter c which gives the total
cost associated to it. From target level tl∗ of runoff we get the set of feasible

7The animal husbandry was left out of the analysis although the livestock of the basin is
over 500 units. It is shown in section 4 that it could also be brought into the analysis.
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allocations B = {a ∈ A | tl 0 tl∗}. The cost-effective allocation is the lowest
cost element of this set: ce = min

c
a ∈ B.

2.2.1 The production function

For the numerical application there were explicit functions to be determined in
accordance with eq. (??). The production function enters all functions thus we
begin with it.
In Finland the short and intensive growing season and strong binding of

P into soil makes fertilizing a long term project. The phosphorous uptaken
by crops is mostly taken from soil and the purpose of fertilizing is mainly to
maintain the P-status of soil (Saarela et al. 1995). Also the leaching taking
place in one year is more affected by the soil-P rather than the use of P-fertilizer
that particular year. To incorporate the long term character of P-use, we make
certain adjustments.
The production function is based on the yield response function from phos-

phorus fertilizer rate trials, 1977-1994, conducted by Saarela et al (1995)8.

FP (P ) =
1

MP
∗y ∗kk∗P (−0, 132P +12, 4)+24−0, 367∗MP ∗

√
P +6, 97, (1)

where MP =soil phosphorus term, y = experimental year and kk = crop
term. (1) is concave in P 9 .
This study approaches the time-sensitive character of P use by dividing

the yield in two components: into a constant factor, characteristic for each
crop and into the response yield, presented by the response function (1). The
constant factors were determined from Palva et al (2001) by subtracting the
yield determined by (1) from the actual average yield (1994-1996) of Yläne
region. P use in (1) was also determined from Palva et al (2001). The resulting
function for each region is presented in eq. (2):

fi(P ) =
8X

j=1

[F 0j + FP (Pj)], (2)

where f denotes total yield, indexes j and i standing for crop and region,
respectively. 10Table 2 summarizes the average yields, response factors and

8The yield function having only phosphorus use as its argument is of course unrealistic: in
a given year the use of nitrogen fertilizer is more important a factor in determining the yield
for that year, whereas the impact of phosphorus on growth comes more from the P-stock of
soil. Taking the N-fertilizer into the analysis would be the next step in the model.

9For example with barley; soil phosphorus term 11 (satisfactory); in the sixth experimental
year, the yield response is positive up to fertilizer use (P ) of 55 kilograms per hectare. With
soil P of 22 the response is positive up to 61 kilos. The unit of yield is changed into kg for
each cereal.
10Note that whatever the choice of the experimental year, (2) always gives a "correct" yield:

the choice of kk merely determines the share of the constant factor and the response factor in
the total yield.
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constant factors for each crop11.
Table 2. Division of yield into constant and response term
(kg) wheat rye barley oat pea potat. t. rape grass
av.yield 4072 2637 3882 3696 1952 23270 1611 21103
resp. 128 101 220 183 21 3857 105 526
const. 3944 2536 3662 3513 1931 19413 1507 20577

Table 3 presents the net yield per hectare for each crop determined as the
value of output minus the cost of the use of P-fertilizer which was the only input
considered. This has to be kept in mind while comparing with actual net yields.

Table 3. Net yields for crops studied
yield wheat rye barley oat pea potat. turn. rape grass
C=/ha 458 286 382 357 3657 899 328 4778

The big differences in the yields of pea and grass were due to differences
in ouput pricing methods. For grass, the price of output was determined via
input prices according to Sipiläinen & Ryhänen (2002).This was because grass
is mainly used as an input in animal husbandry and since the markets for grass
are marginal (grass is produced and used in the same farm) there is no market
price. The impact of this difference in acreage yields was seen in results. Prices
were also varied in the sensitivity analysis.

2.2.2 The leaching function

Factors contributing to leaching of phosphorus from agricultural land include
e.g. TP content of soil, the content of easily soluble P in the soil, the point in
time of fertilizing, the amount of fertilizer used, the methods of spreading, soil
type, slope of the field, crop used, rainfall as en exogenous factor etc. (Ylivainio
2002, Palva et al 2001). In this study, these characteristics were captured in
leaching function by making leaching a combination of two apart sources: leach-
ing originating from each area according to its characteristics, defined by actual
data and that due to the use of fertilizer. The purpose of this was the same as
with the eq. (2): to divide the elements of phosphorus runoff into two separate
groups, each having own charactereistics towards time aspect and the sensibility
to reduction methods. The reductive components of the function were defined in
separate functions for phosphorus reduction in constructed wetlands and buffer
strips.

The fertilizer leaching According the results in Saarela (1995) a function
was made to describe the relationship of the fertilizer use and the phosphorus

11For pea we could not find results to support its use in Saarela´s function but the parame-
ters were calibrated quite arbitarily to fit it in the model. Since the impact of pea on results
was neglible it should have been perhaps left out of the analysis in the first place.
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uptake of the crop. With the knowledge of crop distribution in each area, an
aggregate uptake for each area, for different levels of fertilizer use was defined12.
About 23% of P bound in cereals finds itself in straw, 19% in rootage (Saarela

1995). Without further investigating, whether the straw is being transported
away from the field by harvesting, all three sources of uptake were taken into
the model: P bound in crop yield, in straw (or other non-crop yield parts) and
in rootage. The proportion of P in crop yield for different crops was determined.
This meant that the phosphorus uptake was multiplied by 1,73 for cereals,

1,25 for potatoe, 1,2 for turnip rape, 1,44 for grass and by 2 for pea (Saarela
1995; Risku-Norja 2000). For example the uptake function for oat was:

u = −0, 0007P 2 + 0, 0812P + 21, 126 (3)

The large constant term in (3) is in good accordance with the fact that most
of the P used by the crops is taken from P of soil (Saarela & Saarela 1995).
Following assumption was made, mainly for technical purposes: The proportion
of leaching caused immediately by fertilizer use was defined to be 45 at max.
With the (apparent) crop P usage of 5% this meant that 0,482 of the P fertilizer
given and not uptaken by the crops, was determined to contribute to leaching.
This brings the equation for the fertilizer leaching into the form:

fl = s ∗ [Pi − b ∗ [
nX
j=1

kjuj(Pj)]], (4)

where s is the rate of leaching of the non-uptaken phosphorus, defined above to
be 0,00482 for this study, b is the usage rate of P fertilizer, here 0,05 and kj is
the fraction of crop j of the field acreage of area i.
Defining on how much the use of fertilizer contributes to total leaching is a

choice of time sensitiviness. This study does not explicitely take changes in soil
P into consideration. Bringing in the effect of fertilizer use as defined in (4) in
determining the total leaching brings some dynamic character into the analysis
and hopefully contributes to more realistic results. With these assumptions and
definitions, the fertilizer use constitutes in average 11% of the total leaching in
our analysis. It is left for further studies to refine this ratio.

The area characteristics leaching P-leaching data measured in various
points of basin were available as presented in Table 1 (Kuusela & Savola 2000).
By subtracting from these the computational background leaching (7 kg/km2)
and fl determined above, we determine area characteristic leaching as one not
determined by backdround leaching nor by fl.
What does area characteristic leaching tell us? It can be understood as

leaching affected by cultivation practices, average slope of fields of the area, soil
type, etc. Two things are important to note:
12Perhaps a somewhat more rational way would have been to make use of eq. (2) and the

average P concentration of different crops. The choice suits however the purposes of this study
- creating and testing a numerical method for defining cost-effective measures.
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-The area characteristic leaching is determined via empirical leaching data
from each area, not by leaching functions.
-Defined this way, runoff due to area characteristic leaching can be reduced

only by buffer strips and/or wetlands. Fertilizer reduction does not affect it.
The dividing of both the production and leaching functions in two parts are

the most important features of the model, in what comes to handling the long
term character of phosphorus. Formally,

acl = TP 0 − TP b − fl(P 0) (5)

where TP b denote background leaching. Thus the total leaching from all sub-
basins of Yläne river is given by function:

tl =
14X
i=1

acli + fli. (6)

2.2.3 Abatement functions

The abatement measures concerned in this study include the reduced use of
fertilizer, buffer strips and constructed wetlands. The first is a reduction in
input use in the production process, the latter ones are analogous to end-of-
pipe measures13.

Buffer strips According to Uusi-Kämppä and Kilpinen (2000) a buffer strip
of 10 meters width removes 30-40% of the TP surface runoff. Approximately
equal amount of leaching takes place in drainage. The buffer strips have no
effect on this type of phosphorus runoff. (Uusi-Kämppä & Kilpinen 2000.)
The ratio of surface runoff depends on determining the depth of measurement.
Various ratios have been reported in e.g. Ylivainio et al. (2002), Turtola &
Kemppainen (1998). According to the results of Uusi-Kämppä and Kilpinen
(2000) the reductive effect of the buffer strip ceased already in the depth of 0,2
meters. Thus we assume that a buffer strip of a width 10 meters removes 17,5%
of the TP runoff originating from the field. We also assume concavity of the
abatement function with diminishing marginal abatement.
Not all field edges abutting to ditches are appropriate for buffer strips (e.g.

the edge is uphill or potential surface leaching is for some other reason very
small). For the Yläne region it was estimated that leaching originating from
25% of the total field agreace is subject to abatement process of the buffer
strips. On the other hand we know that most of the phosphorus runoff is due to
erosion, and that areas suitable for buffer strips are those where erosion takes
easily place (Reko 2001, Turtola 1999). Therefore we create two coefficients: s to
capture the ratio of field acreage of buffer strip bound leaching and a multiplier

13There are numerous measures that could be taken in the process: various ploughing
practices, nitrogen fertilizer use, use of cathc crops etc. The interdependences of the use of
P-fertilizer and other factors of production in determining phosphorous runoff, are left out of
the analysis.

11



k which tells how much more intense the leaching is from this part of the total
acreage compared to the rest of the area. For Yläne region these coefficients
were quite harshly chosen to be 0,25 and 3. The former is based on information
about the actual shape of Yläne basin area and on the buffer strip plans14. The
latter is varied later in the sensitivity analysis. The twist of these coefficients is
that they can be adjusted according to later research.
The function for buffer strip abatement takes the form:

rbi(m) = 1− sk

sk + (1− s)
∗mα

i , (7)

where mi is the width of the strip in hundreds of meters. The inner function
mα
i gives the ratio of TP reduced by the buffer strip. Here it was calibrated

according to reduction of 17, 5% with 10 meters width, 0% with 0 meters width
and to concavity assumpiton. Based only on these assumptions the function
could take infinitely many forms. Among suitable choices, α = 0, 76 was chosen
arbitarily. The refinement of the factor mα

i is left for further studies. The
dependent variable, rb, is a ratio [0, 1] of leaching originating from the field that
is not absorbed by the strip. The larger the ratio the smaller the reductive effect
of the strip. It is easy to see, that mi = 0 would cause rbi to be 1, leaving the
whole runoff in it´s original scope.

Constructed wetlands In constructing the function for wetlands, we start
with nutrient reduction function reported by Puustinen et al (2001):

W (r) = 13.1r + 0.01, (8)

where r is the effective size of the wetland divided by the acreage of the catch-
ment of the wetland andW denotes the percentage TP reduction of the wetland.
Obviously, a linear function has its weaknesses in describing nutrient abatement:
after the relative size of 7, 6% all the phosphorus is removed. With the knowl-
edge of W being based on only three observations, we are not afraid to make a
few adjusting assumptions.
We begin with the assumption that the maximal abatement of a wetland

is 75%. This is achived with a relative size of 10%. Further, we assume the
abatement function to be of a logarytmic type. An S-shaped curve would per-
haps be more realistic, with the function being first convex and then concave.
This would capture the fact that too small a wetland doesn´t work properly and
the classical assumption of diminishing marginal abatement after certain point.
For example Puustinen et al (2001) recommend that wetlands of less than 2%
relative size should not be constructed.
By fitting the original values from Puustinen and the maximal abatement

assumption to a logaritmic function we get:

w(r) = 25.1 ln r + 20.4, (9)

14Anni Karhunen. 1.7.2003. A written note.
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which has the intended property of decreasing marginal abatement in r i.e. w
is a concave function. It also gives negative values for abatement with relative
sizes smaller than 0, 444%.
With the same logic as with buffer strips we assume that the acreage of

wetland bound leaching is substantially smaller than the whole field area. In
this study we assume that the true catchment area of an aggreagate wetland for
all sub basins of Yläne is 15% of the total field acreage of the area. After small
manipulation we get a function rw to describe the ratio of runoff not removed
by a wetland:

rw(r) = 1− [s ∗ (25.1 ln r + 20.4) + (1− s)]

100
(10)

where s denotes the ratio of the field acreage with wetland bound leaching and
the total field acreage.
With a help of the leaching functions and the two abatement functions we are

able to calculate the phosphorus runoff for each area, with all levels of fertilizer
use, all widths of buffers strips founded uniformly wide on the potential field
edges and all sizes of constructed wetlands. Cost functions determine a cost for
each allocation.

2.2.4 Cost functions

The production function (2) determines almost solely the cost of reduced use of
fertilizer and in two other functions it enters as the opportunity cost. The cost
of each allocation is the sum of individual cost functions.

Reduced use of fertilizer The cost function for fertilizer reduction for region
i is defined as the net revenue lost by reduced use of P:

CiP (P ) = pc(fi(P
0)− fi(P ))− pP (P

0 − P ) (11)

where pc is the price vector for crops, pP is the price for P-fertilizer, P 0 the
original level of fertilizer use. The cost is given per hectare. We see that the
reduction works in two different ways: lower level of P reduces the output which
is valued by the price vector pc and it decreases input use by the difference
measured from the original level, valued by the price of fertilizer pp. With
the data of this study 11 had the desired property of convexity of costs in P-
reduction15.

Buffer strips and constructed wetlands The cost functions for both the
buffer strips and constructed wetlands consist of constant term and the op-
portunity costs. The former captures the initial costs and the operations and
maintainance costs. The opportunity cost is that of having the land allocated
to something else than production.

15Without the modifications described above, the convexity assumptions would not have
been satisfied.
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The cost functions for buffer strips and wetlands in region i are (resp):

Cib(b, P ) = bi ∗ (β + fi(P )) (12)

Ciw(w,P ) = wi ∗ (φ+ fi(P )) (13)

where bi(wi) denotes the acreage of the buffer strip (wetland) in hectares.
The initial costs were divided by the estimated life cycle, 15 years for both.

Operations and maintainance costs were added to this. For buffer strips, the
initial cost of 130C= consists of 4 hours of tractor work, 5 hours of labour and a
cost of 55C= for seed (Maatalouden ympäristöohjelma 1995-1999:n taloudellinen
analyysi 1999). Yearly maintainance cost consist of mowing and transporting
the plants away from the buffer strip. These were estimated to be 17 − 34C=,
chosen to be 25, 3C= for this study. Thus β = 34C=.
For wetlands the constant part is substantially higher. The costs are based

on information of one wetland only, that of Hovi, where the initial cost was
estimated to be 21864C= thus 1458C= for a year (Puustinen et al 2001). The
maintainance costs are estimated to be 59C= for a year. Thus φ = 1517C=.
Both cost functions are (weakly) convex and the abatement for both is con-

cave in acreage. Actually the numerical model does not need these assumptions:
the lowest cost element of the feasible set is the cost effecive allocation regardless
if it´s a corner solution or not.
Thus the overall problem of minimizing costs for a given target inside one

region is:

Min
b,w,P

: Cb + Cw + CP (14)

s.t. tl(rb ∗ rw) = 0.88 ∗ tl0

and accross many regions:

Min :
bi,wi,Pi

Σ[Cbi + Cwi + CPi] (15)

s.t. Σtli(rbi ∗ rwi) = 0.88 ∗ Σtl0i .

In both (14) and (15) tl0 denotes the original leaching.

3 Results
The model was solved for two different cases. A noncoordinated solution is a
cost-effective allocation of abatement within a region. Thus each region reduces
12 % of its own original runoff. The cooperative solution of two regions is a
cost-effective allocation for reducing the sum of runoff from these regions 12%.
Thus neither of the solutions provides a cost-effective solution for the hwole
area: this would be the cooperative allocation of 14 reagions. By analyzing and
discussing these two however, we learn about the models’ capability in solving
for more complicated problems.
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The noncoordinated solution In noncoordinated solutions the runoff of
total phosphorus from each region´s agricultural land was thus reduced by 12
%. Table 3 summarizes the results.
Table 4. Cost-effective, noncoordinated solutions

P 0(kg/ha) P ∗ b0(ha) b∗ w0 w∗ UC(C=/kg) Tre(kg)
S1 20.9 15.3 1.5 1.5 0 0 189 12.4
S2 20.9 13.9 0.2 0.5 0 0.2 184 6.1
S3 19.1 16.1 0.2 0.2 0 0.2 732 2.1
S4 19.1 16.1 0.3 0.8 0 0.4 289 10.0
S5 19.1 17.1 0.1 0.3 0 0.2 286 4.4
S6 20.5 15.5 2.3 2.3 0 3.4 354 58.6
S7 19.4 19.4 0.4 0.9 0 1.2 265 19.5
S8 19.4 18.4 0.4 1.6 0 0.6 351 13.2
S9 20.6 18.6 0.8 1.6 0 1.6 376 22.5
S10 20.0 16.0 2.6 2.6 0 5.0 265 76.2
S11 19.7 12.7 1.7 3.4 0 2.2 167 71.2
S12 19.5 17.5 1.2 3.6 0 2.0 230 44.8
S13 19.5 18.5 2.1 6.2 0 4.0 194 93.3
S14 20.3 16.3 7.2 14.4 0 12.8 194 310.7
Tot. 20.1 16.3 21.0 39.9 0 33.8 227 745

In table 4, index 0 refers to original situation, index ∗ to the cost-effective
solution16. Term UC denotes average unit costs of total reduction Tre. The
last row reports average P-fertilizer usage per hectare for the first two columns,
for buffer strips and wetlands the total acreages used, for unit cost the true unit
cost as the average cost of the sum of total reductions from all regions17 .
The differences in fertilizer use between regions originate from differences in

crop usages and the differences in costs of other two abatement methods. Recall
that background leaching varied from region to region.
The most important question is, whether the in ?? analytically deriven condi-

tions for cost-effectiveness hold in the solutions offered by the model i.e. whether
the marginal costs between different methods are equalized inside one region?
Table 4 presents cost-information for the largest region, S14. The larger the
region, the smaller the distortive effect of the discrete nature of the model.

Table 5. Reviewing the marginal costs in region S14

16E.g. in region S11 the use of P-fertilizer is reduced from the initial situation to 12, 7kg/ha,
the acreage of buffer strips increased to 3, 4 hectares and that of wetlands to 2, 2ha.
17The buffer strips are in hectares but entered the model as widths. The initial width of

the buffer strip was set in all regions to 1 m. This was due to the fact that in Yläne region
nearly all farmers are committed to runoff reduction schemes which all include a strip of at
least 1 meter. In some regions (for instance S3) this assumption causes the marginal cost to
be very high. Was there no such assumption, for such regions the cost-effective solution would
include no buffer strips at all. In most of the regions the conditions for cost-effectiveness are
not harmed by this assumption.
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Solution TC / MC C= Total runoff, kg
P, b, w(16.3; 2; 12.8) 60152 2276.2
P, b, w(17.3; 2; 12.8) 56893 2285.5
difference 3259 9.27
MCP(17.3− 16.3) 352C=/kg
P, b, w(16.3; 2; 12.8) 60152 2276.2
P, b, w(16.3; 1; 12.8) 52665 2300.7
difference 7486 24.46
MCb(1− 2) 306C=/kg
P, b, w(16.3; 2; 12.8) 60152 2276.2
P, b, w(16.3; 2; 12.6) 59649 2277.7
difference 503 1.47
MCw(12.6− 12.8) 342C=/kg

Two things are worth noting in table 5. Firstly the marginal costs are close to
one another. Only that of buffer strips causes problems. The solution suggests
a buffer strip of two meters. Thus the last unit increases the width of a strip
by 100%. The same proportions are 5, 8% and 1, 6% for reduced use of fertilizer
and wetlands, resp. Obviously the methods with smaller proportional change
in the last unit of abatement meet the conditions of equal marginal costs much
better than that of buffer strip. As the marginal costs MCP and MCw are very
close, one can conclude that the solutions suggested by the model are indeed
cost-effective - with the constraints of discreteness. The same kind of results
were obtained for all regions.
Secondly the results in table 5 show that the marginal costs of the last units

of reduction are substantially higher than the average cost (194C= in the case
of region S14). This is in harmony with the assumption of convex abatement
costs.

The coordinated solution The coordinated solution is given to regions 9
and 11, why? Interesting results were obtained from the coordinated solution
as well. Figure 3 presents the coordinated and the non-coordinated solution for
two regions: S11 and S9 - Peräsuonoja and Tourulanoja.
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Fig.3 Non-coordinated and coordinated solutions for regions S11 and S9

The combining of target levels of two regions and coordinating the abatement
measures cost-effectively between regions and methods yields results of expected
kind. The abatement measures in the lower-cost region increase and vice versa.
The total abatement costs fall by more than 10% (from 20327C= to 18270C=).
Even though the absolute values are of only little interest, the relative size of
cost-savings is substantial. The marginal costs fulfill the requirements of the
theoretical part. Picture 4 presents the from discrete points of abatement-MC
combinations smoothened marginal cost functions for region S11.
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Fig.4 Reviewing marginal costs in Peräsuonoja region

The marginal costs obtained from the coordinated solution were approx-
imetly 300C=/kg. The amount of abatement for each method can be read from
the horizontal axis.
The most informative part of the study is not the mere results, however.

The results are supposedly effected by choices made along the process. These
effects are best captured in the sensitivity analysis where certain parameters
were varied and the changes in the results were studied.

Sensitivity analysis A sensitivity analysis was conducted in which numer-
ous parameters were varied in order to see the direction and scope of the effect
o fthese changes into cost-effective solutions. This was done with background
leaching, input and output price changes, crop distribution, parameters of all
abatement cost functions (including those of production function) and abate-
ment functions. The changes were made in the context of cooperative solution.
The most illustrative results are presented here.
The sensitivity analysis is important for many reasons. For our purposes,

it helps to evaluate the numerical method itself, lessening the distortive ef-
fect of some perhaps dubious assumptions made in choosing values for explicit
functions. The interesting question is not whether the results given above are
readily applicable as guidance for policy makers, but whether the model can
be developed to give such guidance while provided with more elaborated data,
hydrological functions, production and abatement functions etc. Therefore we
track changes in what have appeared to be the key factors in determining the
optimal solutions.

18



Crop distribution Both the coordinated and noncoordinated resluts indi-
cated that the crop distribution is important in determining where the abate-
ment is to be taken - in determining the cost of abatement in different regions
to be more precise. In section 3.1.1 we learned that the net yield of grass was
sustantially higher than that of other crops, and the relative amount of grass
acreage was therefore suggested to have big impact on the results.
We equalized the proportions of land on grass for region S9 and S11. This

was done by increasing the field acreage of wheat in region S9. Figure 5 presents
the changes.
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Fig. 5. The effect of the proportion of the field acreage on grass

The bars in front denote the original cooperative solution, the bars behind
after the change in grass acreage. Even though the absolute values of abatement
still differ quite clearly, the relative values do not. The acreage of wetland (buffer
strip) in Peräsuonoja is 1% (0,7%) and in Tourulanoja 0,3% (0,6%) of the total
arable land. The variations of other crop acreages did not have a notable effect
on the solutions. The model is shown to be highly sensitive on the changes in
net values of the land use which of course is a satisfactory result.

Background leaching Since the background leaching was assumed to be
homogenous through the regions, it is interesting to see, what implications will
relaxing of this assumption have. Clearly an increase in background leaching
will pose stronger abatement requirements for agriculture, if the target of 10%
reduction in total phosphorus load is valid.
The effects were studied in the coordinated solution by increasing the back-

ground leaching in Tourulanoja (Peräsuonoja) from 70kg(108kg) to 150kg(188kg).
The new setting asks for a 13, 7% reduction in field runoff. Since the effect of
grass acreage was shown above to have substantial effects on optimal solutions,
all variations are studied with original distribution and with a distribution of
equal shares of grass in both regions. Figure 6 presents the effects of changes in
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both cases for fertilizer use.
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Fig.6. Fertilizer use due to changes in background leaching

In all pairs of bars, the bar on the left (right) presents the optimal use of P in
Peräsuonoja (Tourulanoja). The first pair in both charts depicts the solution in
the original situation, the pair in the middle after changes in backgound leaching
and the one on the right the solution with changed background leaching and
equlized shares of grass acreage. The rationale for the effect is given together
with the results of wetland use after same changes, depicted in figure 7:
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Fig.7. Wetlands due to changes in background leaching

The logic in figure 7 is the same as in 6: the bar pairs left in both charts
depict the original use of wetlands in optimal solution; the ones in the middle
after the change in background leaching; and the ones on the right after changes
in background leaching with equalized shares of grass acreage.
The rationale for both figures is as follows. Increase in background leaching

in general increases abatement actions taken, is the original target level to be
achived. On the other hand, the increase of background leaching indicates lower
runoff from fields than anticipated (the overall level of runoff was unchanged).
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The effects are best to be seen from the bars presenting changes with equalized
grass acrege ratio (on the right in each chart). The increase in regions own back-
ground leaching makes the end of pipe solutions (here: wetlands) economically
less attractive to use in that region. With fertilizer use exactly the opposite
occurs: the reduction of fertilizer use becomes more favorable as regions own
background leaching increases. This seemingly arbitary result is actually logical
and gives strong evidence of the feasibility of the model to its purposes:
Less P originating from fields should reduce the concentration of runoff. This

should make the end of pipe solutions more ineffective. Thus this should make
the reductions in production process (here: P use) relatively favorable since
there were no changes is other factors influencing production. The sensitivity
analysis gives exactly this kind of results.

Input prices Variations were made as well in the parameters of production
function as in input and output prices. The changes in the parameters of the
production function itself were fairly obvious as well as those in output prices.
These changes can actually be seen from crop distribution changes.
Varying input prices gave interesting results though. Lowering the price

of fertilizer by 20% increased the use of fertilizer in the new optimum and
increased the total cost of abatement. Even though the latter effect is obvious
for economic minded reader, it is worth noting. How can a reduction in costs
increase costs? The explonation is that of opportunity cost. Lowering input
prices increases profit, other things being equal. Higher profit means higher
opportunity costs of abatement. Thus giving up high profits is more costly than
that of low profits; taking abatement actions always means allocating land to
abatement or reducing use of fertilizer, thus giving up profits.

4 Discussion
The main purpose of the paper was to show that the numerical model is capa-
ble of solving cost-effective combinations of various abatement measures taken
in different regions for a given target level of phosphorus load. The model is
built from simple blocks presented in the paper. The solutions satisfy the the-
oretical result of equalizing marginal costs for all abatement methods in the
optimal solution. This implies that the model could be built further by using
more elaborated data, integrating more realistic production functions and hy-
drological models into the model, bringing heterogeneity into the background
leaching, introducing individual point pollution sources, adding stochastic fea-
tures into the model etc. Since the building blocks are isolated and simple, and
the explicit functions technically easy to modify, these changes could in effect
be done. Thus the main objective of building a (computation) technically light
model, capable of systematical multi-regional analysis in agricultural nutrient
reduction planning, was achived.
Developing the model remains work for further studies. Also the issues of

mechanism design for supporting outcomes recommended by the model have to
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be investigated. This paper is a good basis for the future studies on the issue.
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Selostus
Maatalouden fosforikuormituksen kustannustehokas vähentämi-

nen: numeerinen malli
Tutkimuksessa tarkastellaan kustannusten minimoinnin ehtoja, kun pyritään

toteuttamaan annettu fosforin hajakuromituksen vähennystavoite alueellisessa
mallissa. Työssä ratkaistaan kustannustehokkaat yhdistelmät kolmen eri ravin-
teidenvähentämismenetelmän käytölle Pyhäjärven Yläneenjoen alueella. Tarkastel-
laan fosforilannoitteen vähentämistä, suojavyöhykkeitä sekä vesiensuojelukosteikoita.
Kaikille osavaluma-alueille tehdään ei-koordinoidun yhteistyön mukainen kus-
tannustehokas suojelukeinojen allokaatio. Lisäksi tehdään kahden alueen väli-
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nen koordinoitu allokaatio, jossa vähennystavoite alueiden kesken toteutetaan
yhteisesti minimikustannuksin.
Alueet ovat keskenään heterogeenisiä, mutta kutenkin aluetta tarkastellaan

yhtenä, yhtenäisenä toimijana ja kuormittajana. Tarkastelu on siis alue- ei
tilakohtainen. Työssä osoitetaan, että toimenpiteiden yhdistämisellä ja alueiden
välisellä yhteistyöllä voidaan saavuttaa huomattavia kustannussäästöjä. Nu-
meerinen analyysitekniikka osoitetaan myös toimivaksi välineeksi tämänkaltaisen
ongelman tarkasteluun.
Työ esittelee huolellisesti numeerisen mallin eri osat ja logiikan. Kappaleessa

2 esitellään ensin analyyttinen viitekehys, sitten kohdealue ja lopuksi numeeri-
nen malli. Kappaleessa 3 esitellään tulokset ja keskustelu kappaleessa 4.
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