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Performance of alternative policies in addressing environmental 

dimensions of multifunctionality 
 

Abstract 

In this paper we examine the performance of alternative policies in a model of agri-
environmental multifunctionality under heterogeneous conditions. The theoretical and 
calibrated models include choice of the use of inputs and land allocation with free entry 
and exit of cultivated land, and their effects on agrobiodiversity (including species 
diversity and landscape diversity) and nutrient runoff. We show that spatially targeted and 
tailored instrument combinations are required to implement the social optimum. Given the 
benchmark of social optimum, we compare area payment, environmental cross-
compliance schemes and agri-environmental payments in the provision of multiple 
outputs. The area payment policy is inferior to environmental cross-compliance schemes 
and agri-environmental payments in terms of the use of inputs, environmental 
performance and social welfare. However, the performance of area payments could be 
greatly improved by attaching some environmental cross-compliance provisions to them. 
Thus, reforms in agricultural support policy towards environmental cross-compliance and 
more targeted agri-environmental payments is a promising direction for implementing 
policies inducive to the environmental dimension of multifunctionality. 
 
Key words: multifunctional agriculture, nutrient runoff, biodiversity 

JEL classification: Q16, Q18, H23
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1. Introduction 

 

It is now widely recognized that agriculture produces a variety of environmental 

services—both positive and negative—in addition to farm commodities (OECD 2001).  

As a result, there is growing interest in reformulating agricultural policies in ways that 

encourage the provision of positive environmental services (e.g., scenic landscapes, 

wildlife habitat, cultural heritage) and discourage the provision of negative ones (e.g., 

water quality impairment from fertilizers, sediment, and pesticides) (OECD 2003a).  Such 

an interest is especially great in the European Union (EU) due to the need to restructure 

the Common Agricultural Policy (CAP) in light of budgetary pressures and new WTO 

restrictions and where there is less geographical separation between major farming and 

urban areas than in the United States, Canada, or Australia.  Like the United States, many 

European Union countries currently complement CAP area payments and LFA support 

with measures such as environmental cross-compliance requirements. 1   Austria, Belgium, 

Denmark and France utilize mandatory or voluntary restrictions on the use of fertilizers to 

reduce runoff, while Denmark, Finland, United Kingdom, the Netherlands and France 

utilize mandatory or voluntary field margin management to promote biodiversity 

conservation and/or limit runoff (see e.g. OECD 2003b). 

 

It is well known that multiple policy instruments are needed to meet multiple goals like 

those of agri-environmental policies aimed at a multifunctional agricultural sector.  

Additional complications arise from the fact that the benefits and costs of agri-

environmental services typically vary substantially across the landscape due to 

heterogeneity of soils, topography, location, climate, and other natural factors.  Studies of 

farmers’ willingness to participate in agri-environmental programs provide some indirect 

evidence of these variations by showing that farm characteristics have a statistically 

significant influence on the likelihood of participation (Bonnieux, Rainelli, and Vermersch 

1995, Vanslembrouck, Huylenbroek, and Verbeke 2002, Wossink and van Wenum 2003).  

Such heterogeneity creates a need for spatially differentiated policies (OECD 2001).  

                                                           
1 Area payments affect the provision of environmental services by helping sustain agricultural production on 
otherwise unprofitable areas as pointed out in Vatn (2002).  Also in these cases other, targeted instruments 
can provide the same income support and at the same time promote multifunctionality efficiently, see for 
instance recent studies of multifunctional agriculture by Peterson et al. (2002), and Lankoski and Ollikainen 
(2003) 
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Limits on policy makers’ ability to observe significant sources of heterogeneity, moreover, 

create adverse selection problems that can tremendously complicate policy design (Choe 

and Fraser 1998, 1999; Lichtenberg 2002). 

 

This paper examines the formulation of agri-environmental policies aimed at 

multifunctional agriculture in the presence of spatial heterogeneity.  We develop a 

theoretical framework that establishes socially optimal joint provision of farm 

commodities and environmental services (specifically, water quality and biodiversity) as a 

benchmark.  We use this framework to examine conceptually the effects of agri-

environmental policies commonly used in the EU, including crop area payments, fertilizer 

restrictions, and subsidies for maintaining field margin set asides.  We then use this 

framework to calibrate an empirical model reflecting Finnish agricultural and 

environmental conditions that is used to assess the performance of some currently used 

combinations of policies in terms of various agri-environmental outcomes relative to the 

benchmark of the social optimum.  Thus, our focus in this paper is on those policy 

measures which are currently implemented in practice2.  We also conduct a sensitivity 

analysis to assess the degree to which heterogeneity affects the performance of these 

policies relative to the social optimum. 

 

The remainder of the paper is organized as follows. In section 2 we characterize socially 

optimal agri-environmental multifunctionality and compare it with the properties of 

private commodity production.  We present a conceptual analysis of the impacts of farm 

income support measures and agri-environmental payments in section 3.  In section 4 we 

provide a numerical model and compare the relative merits of policy scenarios that include 

area payments alone and in combination with environmental cross-compliance 

requirements, and agri-environmental subsidy payments. A concluding section 5 ends the 

paper. 

 

2. Agri-environmental Multifunctionality: A Framework 

 
Consider agricultural production under heterogeneous land quality in a region where farms 

are located along a river that drains the area. The land is divided into parcels which are of 

                                                           
2 For the analysis of the first-best policy instruments in a similar framework see Lankoski and Ollikainen 
(2003).  
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the same size and homogeneous in land quality (see Figure 1). Land quality differs over 

parcels.  Assume that it can be ranked by a scalar measure q, with the scale chosen so that 

minimal land quality is zero and maximal land quality is one, i.e., 10 ≤≤ q .  Let G(q) 

denote the cumulative distribution of q (acreage having quality q at most), while g(q) is its 

density. It is further assumed that g(q) is continuous and differentiable.  The total amount 

of land in the region is thus 

 

∫=
1

0

)( dqqgG .     (1) 

 

Suppose for simplicity that there are only two crops grown in this region, jy , 2,1=j .  

Both crops are produced under constant returns to scale technologies.  Without loss of 

generality we assume that crop 1 is better suited to lower quality land.  Output of each 

crop per unit of land area is a function of land quality and the fertilizer application rate 

(fertilizer per unit of land area), );( qlfy j
j

j = .  The production function is increasing and 

concave in fertilizer and land quality, that is, 0);( >qlf j
j

l , 0);( <qlf j
j

ll , 0);( >qlf j
j

q , 

0);( <qlf j
j

qq .  Let p and c denote the respective prices of crops and fertilizer.  We also 

allow for the possibility that some part of the land is left uncultivated and allocated to a 

residual use such as pasture or forest.  The revenue per unit of land area generated by the 

residual land is 0π ; we assume that is independent of soil quality.  Let Lj(q) denote the 

share of land of quality q allocated to use j.  The total amount of land allocated to each use 

is thus Hj = ∫
1

0
)()( dqqgqL j , j = 0,1,2. 

 

Crop production has two environmental effects: It affects water quality via nutrient runoff 

and affects biodiversity via wildlife habitat provided by cropped areas and field margins.  

We focus on a special type of field margin, a buffer strip located between crop land and 

the river that is left uncultivated and covered by perennial vegetation.  Buffer strips help 

reduce nutrient runoff as well as promote biodiversity.  Let mj(q) denote the share of a 

parcel of quality q allocated to crop j that is retained as a buffer strip.  Since buffer strips 

are maintained only on cropland, the total area of buffer strips in the region is M = 

∫ ∑ =

1

0

2
1

)()()(
j jj dqqgqLqm .  Each type of land use contributes to biodiversity by 
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providing wildlife habitat.  The contributions of different land uses need not be the same; 

hence we assume that biodiversity benefits generated by the region are an increasing, 

concave function of the (aggregate) areas of each type of land use, ),,,( 210 MHHHk . 

 

Crop production also generates negative environmental externalities via nutrient runoff.  

We assume that runoff for each parcel of land is a function vj(1-mj(q))lj(q),mj(q)) that 

depends on the crop, j, the amount of fertilizer applied to the parcel, (1-mj(q))lj(q), and the 

size of the buffer strip on the parcel, mj(q).  For convenience, runoff from the residual use 

is assumed to be zero.  Assume that runoff is uniformly mixed in the river, so that 

pollution damage depends on aggregate runoff, Z = 

∫ ∑ =
−

1

0

2

1
)()())(),())(1((

j jjjjj dqqgqLqmqlqmv .  Let D(Z) denote the convex damage 

function from runoff ( 0)('';0)(' >⋅>⋅ DD ).  

 

The social welfare maximization problem can now be expressed as 

 

[ ]
),,,()(

)()()()]()),(())[(1(

210

1

0

0
0

2

1
,,,,

max
MHHHkzD

dqqgqLqLqclqqlpfqm
j jjj

j
j

HzLml jjjj

+−

+−−∫ ∑ =
π

 

s.t.  

qqLqLqL

dqqgqLqmqlmvZ

dqqgqLqmM

dqqgLH

j jjjjj

j jj

jj

∀≤++

−=

=

=

∫ ∑
∫ ∑
∫

=

=

1)()()(
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1
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2

1
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Let λj be the Lagrange multiplier associated with the crop land (Hj) constraint, µ be the 

Lagrange multiplier associated with the buffer area (M) constraint, ζ be the Lagrange 

multiplier associated with the runoff (Z) constraint, and δ be the Lagrange multiplier 

associated with the constraint 1)()()( 210 ≤++ qLqLqL .  Then the first order conditions 

defining the optimal use of fertilizer, the size of the buffer strip and allocation of land 

among alternative uses in the social optimum are: 
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∂
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j
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j

j
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v
clpfm ζµ     (2b) 

0])[1(: ≤−−++−− δζµλ jjjj
j

jj vmclpfmL , j = 1,2  (2c) 

0: 0
0

0 ≤−+ δλπL      (2c’) 

0: =−
∂
∂

j
j

j H
kH λ      (2d) 

0: =−
∂
∂ µ
M
kM      (2e) 

0)(: =+′− ζzDZ      (2f) 

plus the aforementioned set of constraints. 

 

Condition (2a) is the standard condition that fertilizer should be applied at a rate such that 

marginal revenue equals its unit price plus the marginal social cost of damage from runoff. 

The latter is the last term on the right hand side of condition (2a), as can be seen from 

condition (2f), which says that the shadow price ζ equals D′(Z).  Note that fertilizer 

application per unit area will vary over parcels and crops.  After substitution using 

equations (2e) and (2f), it can be seen that condition (2b) says that the size of the buffer 

strip should be chosen to equate the opportunity cost of allocating land to buffer strips, 

which equals the loss of crop rent [ ]j
j clpf −− , with the marginal agrobiodiversity 

benefits and reductions in runoff damage (
j

j

m
v

zD
M
k

∂

∂
′−

∂
∂ )( ).  Equation (2c) defines the 

condition for the critical land quality dividing the land area between the two crops.  After 

substitution from equations (2d)–(2f), it can be seen that all land of quality q should be 

allocated to the use with the highest social return, including crop rent ])[1( j
j

j clpfm −− , 

marginal contributions to biodiversity from both the crop and buffer strip, j
j

m
M
k

H
k

∂
∂

+
∂
∂ , 

and marginal runoff damage, jvzD )(′− . 

 

Under certain regularity assumptions, condition (2c) also defines two unique critical land 

qualities: a minimum quality of land allocated to crop production and a critical quality at 
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which the land allocation switches from one crop to another (see for example Lichtenberg 

2002).  Those regularity assumptions are as follows.  First, we assume that there exists a 

land quality level for each crop, denoted jq̂ , for which the social rent is zero.  Without a 

loss of generality we assume that this marginal land quality is lower for crop 1 than for 

crop 2.  Second, assume that output of crop 2 per unit land area is more responsive to 

increases in land quality than output of crop 1, qqlfqlf qq ∀< ),;();( 2
2

1
1 .  Third, assume 

that at quality 1=q  crop 2 has a higher social return than crop 1, i.e., 

1111
1

12222
2

2 ])[1(])[1( vmclpfmvmclpfm ζµλζµλ −++−−>−++−− . 

Under these assumptions there exist marginal land qualities 1q̂ , defined by 

0
0

1111
1

1 ])[1( λπζµλ +=−++−− vmclpfm ; 

12 ˆˆ qq > , defined by 

0
0

2222
2

2 ])[1( λπζµλ +=−++−− vmclpfm ; 

and cq , defined by 

.)(]),()[1(

)(]),()[1(

11
1

11
1

1

22
2

22
2

2

vZD
M
km

H
kclqlpfm

vZD
M
km

H
kclqlpfm

c

c

′−
∂
∂

+
∂
∂

+−−

=′−
∂
∂

+
∂
∂

+−−

 

Land of quality q < 1q̂  is allocated to the residual use.  Land of quality 1q̂  ≤ q < qc is 

allocated to crop 1.  Land of quality q ≥ qc is allocated to crop 2. 

 

This land allocation is illustrated in Figure 1.  Furthermore, one can easily show by totally 

differentiating conditions (2a) and (2b) that fertilizer application is increasing in land 

quality ( 0>
∂

∂

q
l j ) while buffer strip area is decreasing in land quality ( 0<

∂

∂

q
m j ), also as 

shown in Figure 1.  
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Water bodyq̂ q c
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Figure 1. The spatial properties of agricultural landscape. 

 

In the absence of government intervention farmers’ decisions do not take into account 

either negative (runoff) or positive (agrobiodiversity) externalities from agriculture.  It is 

easy to see from condition (2b) that farmers will not maintain buffer strips in such cases 

because they receive no compensation for the lost rent (hence condition (2b) holds as a 

strict inequality).  The privately optimal fertilizer application rate similarly ignores 

marginal runoff damage 

0: =−
∂
∂ c

l
fpl

j

j

j     (3a) 

while land of each quality is allocated to the use that generates the highest rent without 

consideration of runoff damage or biodiversity benefits 

0: ≤−− δj
j

j clpfL .   (3b) 

These conditions have been analyzed in detail in Lichtenberg (1989, 2002), and in 

Lankoski and Ollikainen (2003). 

 

The problem of agri-environmental policy is thus to find instruments that create incentives 

for farmers to reduce fertilizer application rates, to establish buffer strips of the optimal 

size, and to adjust the allocation of land among alternative uses towards the social 

optimum.  Conditions (2a)-(2f) indicate that the first-best choice of instruments would 

entail a spatially targeted and tailored combination of a fertilizer tax and buffer strip 
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subsidy. 

 

Consider first the optimal Pigouvian per-unit fertilizer tax, t.  Condition (2a) indicates that 

j

j

l
v

ZDt
∂

∂
′= )( , which depends on marginal runoff damage in the watershed as a whole 

and on the contribution to runoff from applying fertilizer at the socially optimal rate on 

each parcel of land.  Thus, fertilizer taxes should be higher in watersheds that are more 

sensitive to nutrient pollution (greater marginal environmental damage) or that have soils 

more prone to leaching and runoff (greater marginal runoff from fertilizer).  Moreover, the 

optimal fertilizer tax will vary over land quality because vj varies over land quality 

indirectly, i.e., via variations in lj and mj. 

 

Similarly, condition (2b) indicates that the optimal Pigouvian buffer strip subsidy, b(m), is 

given 
j

j

m
v

zD
M
kmb

∂

∂
′−

∂
∂

= )()( .  It has two components.  The first term, 
M
k

∂
∂ , is the 

marginal value of the contribution of buffer strips to biodiversity.  It is constant over land 

quality.  The second term, 0)( >
∂

∂
′−

j

j

m
v

zD , is the marginal value of runoff reduction due 

to the buffer strip.  It does vary across land quality, because lj and mj do.  Clearly buffer 

strips should be larger in watersheds that are more sensitive to nutrient pollution or that 

have soils more prone to leaching and runoff.  Also, note that the optimal per-unit buffer 

strip subsidy, b, is a decreasing function of the size of the buffer strip area and is thus 

increasing in land quality. 

 

Governments seldom implement this type of spatially targeted and tailored agri-

environmental policy.  It may well be difficult to implement them due to problems of 

asymmetric information.  If a substantial portion of the spatial heterogeneity is farmers’ 

private information, it may be difficult to formulate self-enforcing policies that induce 

farmers to voluntarily select second-best fertilizer application rates and buffer strip sizes 

(Bourgeon, Jayet, and Picard 1995, Choe and Fraser 1998, 1999)  In such cases uniform 

policies may be the best that governments can feasibly implement.  Moreover, 

enforcement may be difficult if monitoring is imperfect due to cost, randomness, or other 

factors, in which case non-compliance may be widespread, especially if farmers are not 
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very risk averse (Ozanne, Hogan, and Colman 2001, Fraser 2002). 

 

Under such conditions, it is important to know how poorly uniform policies perform, since 

they may be the only feasible alternatives, even in a second-best optimum.  In the 

following sections we examine conceptually the effects of some commonly used agri-

environmental policy instruments: crop land area payments, buffer strip subsidies, and 

limits on fertilizer application.  We then construct an empirical model to evaluate their 

performance when applied uniformly (that is, without regard to spatial heterogeneity) 

relative to the social optimum.  Finally, we conduct a sensitivity analysis to investigate the 

relative performance of these uniform policies as heterogeneity increases. 

 

3. Fertilizer Use, Buffer Strips, and Land Use under Commonly-Used Policy 

Instruments 

 

As noted earlier, several agri-environmental policies are commonly employed in the EU 

and other developed countries, most notably price supports, crop land area payments3, 

subsidies for buffer strips or other measures designed to protect the environment, and 

restrictions on fertilizer application rates.  This section uses the theoretical model of the 

previous section to examine the effects of such policies on land use, fertilizer application 

rates, and buffer strip sizes.  Price supports are modeled as an increment to crop prices τ 

such that the supported price of the crop is )1( τ+=∗ pp j .4  Crop land area payments are 

modeled as a subsidy s paid per unit of cultivated arable land without regard to crop or 

land quality.  The buffer strip subsidy is modeled as a function b(m) that is decreasing in 

the size of the buffer strip in recognition of the fact that marginal reductions in nutrient 

runoff and marginal increases in species diversity are decreasing in buffer strip size (see 

for example Uusi-Kämppä et al. 2000 and Ma et al. 2002).  For the purposes of 

comparative statics we define )(ˆ)( jj mbmb ε= , where ε  is a shift parameter with an 

initial value of 1.  Restrictions on fertilizer application are modeled as a crop-specific 

constraint jj ll ≤ , where jl  is the maximum allowable fertilizer application rate on crop j. 

The farmer’s problem in this policy environment is, as before, to choose the fertilizer 
                                                           
3  Crop land area payments are used primarily as income supports but serve to enhance the provision of other 
agri-environmental services by keeping more land in crop production than would otherwise be the case. 
4  One can interpret p representing the world market price of crops, τ representing support by EU’s 
intervention operations, so that p(1+ τ) is the intervention price. 
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application rate and buffer strip size on each parcel, jl  and jm , in order to maximize the 

profit per parcel subject to the constraint on fertilizer application:  

 

{ }
[ ] )();()1(max

, jjj
j

jj
j

ml
mbsclqlfpm

jj

++−−= ∗π ,  j =1,2   (4) 

      s.t jjjj lmlm )1()1( −≤− . 

 

If the constraint on fertilizer application is non-binding, the first-order conditions 

characterizing the farmer’s optimal choices are: 

 

0=−= ∗ cfp j
lj

j
l jj

π      (5a) 

0)(');( =+−+−= ∗
jjj

j
j

j
m mbsclqlfp

j
π .   (5b) 

      

As usual, the fertilizer application rate and the buffer strip size should be chosen to equate 

marginal revenue—including subsidy payments—with their respective marginal costs.  

The optimal fertilizer application rate and buffer strip size will vary across parcels due to 

differences in land quality.  On any given parcel, it has been shown elsewhere (see 

Lichtenberg 2002, and Lankoski and Ollikainen 2003) that the comparative statics of the 

exogenous parameters on the use of inputs can be condensed to )s,c,p( l l jjj 00
,, ετ

−
+

+
=  and 

)s,cp(mm jjj +−+
−

−
= ετ ,, .  The crop price support increases the fertilizer application rate and 

decreases the size of buffer strips.  Neither crop land area payments or buffer strip 

subsidies affect the fertilizer application rate.  Crop land area payments decrease buffer 

strip size while the buffer strip subsidy increases it. 

 

These policies also affect the allocation of land among the three competing uses.  As 

before, the lowest quality land will be allocated to the residual use, the highest quality land 

to crop 2, and medium quality land to crop 1.  But the specific qualities of land allocated 

to each use will be different than either the social optimum or the private equilibrium in 

the absence of government intervention.  The conditions characterizing the critical land 

qualities under this policy regime are: 
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0),,,,,(),,,,,( 2211 =− ∗∗ ετπετπ scpqscpq cc    (6a) 
∗∗ = 0111 ),,,,,ˆ( πετπ scpq      (6b) 

 

As is evident from conditions (6a) and (6b), both critical land qualities are a function of 

the government’s policy instruments as well as of market parameters. 

 

Differentiating equations (6a) and (6b) totally gives (see Appendix 1 for details) 

 

0
)( 21

<
∆
−

−= ττ ππ
∂τ
∂ cq ; 0

ˆ
1

1
1 <−=

q

q
π
π

∂τ
∂ τ ,   (7a) 

 

where 021 <−=∆ qq ππ  under our assumptions.  An increase in the price support reduces 

both the minimum quality of land allocated to each crop.  As a result, both the total crop 

land area of the region and the area of crop 2 increase, while the area allocated to the 

residual use decreases.  The area allocated to crop 1 may decrease, however, since the 

decrease in land of quality qc may outweigh the increase in land of quality 1q̂ . 

 

?1 =
∂
∂
τ

H , 02 >
∂
∂
τ

H , 021 >
∂
∂

+
∂
∂

ττ
HH    (7b) 

 

Because of these changes in land use, total fertilizer use, crop output, and runoff will to 

increase, all else equal.  Conversely, shifting agricultural income support policy away 

from price supports to less distorting forms of support will mitigate problems of 

overproduction and environmental degradation. 

 

Concerns over policy-induced overproduction and environmental degradation (as well as 

WTO requirements) have in fact led the US and EU to shift away from price supports to 

direct payments (crop land area payments) as a means of supporting farmers’ income in a 

manner that is decoupled from current production decisions.  Such decoupling is not 

complete, however, since changes in the crop land area payment cause changes in land use 

allocations: 
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0
)( 21

<
∆
−

−= ss
c

s
q ππ
∂
∂ ; 0

ˆ
1

1
1 <−=

q

s

s
q

π
π

∂
∂          (8a) 

 

The decrease in 1q̂  is as expected.  The decrease in qc occurs because of the area 

payment’s effect on the farmer’s choice of the buffer strips.  Because crop 2 is more 

profitable, it has smaller buffer strips, so that parcels allocated to crop 2 receive a higher 

area payment (since the subsidy is paid for land under cultivation and not for land in 

buffer strips).  As a consequence, the area payment increases profitability of crop 2 

relative to crop 1, inducing a decrease in the switching land quality. 

 

As in the case of crop price supports, increases in crop land area payments increase both 

total land in crop production and land allocated to crop 2 while decreasing land allocated 

to the residual use.  The effect on land allocated to crop 1 is once again ambiguous and 

depends on the relative amounts of land of qualities qc and 1q̂ : 

 

?1 =
∂
∂

s
H , 02 >

∂
∂

s
H , 021 >

∂
∂

+
∂
∂

s
H

s
H    (8b) 

 

Even though area payments have no effect on fertilizer application rates on a crop grown 

on any given parcel of land, they do affect total fertilizer use via changes in land 

allocations.  Since crop 2 is more fertilizer intensive, increases in the area payment 

increase the overall use of fertilizers in the region and thus runoff.  For that reason, area 

payments cannot be considered as environmentally neutral. 

 

An increase in the buffer strip subsidy (modeled as an increase in ε from an initial value of 

1) also affects the critical qualities of land characterizing land use allocation: 

 

0
)( 21

>
∆
−

−= εε ππ
∂ε
∂ cq ; 0

ˆ
1

1
1 <−=

q

q
π
π

∂ε
∂ ε   (9a) 

 

The switching land quality qc increases because crop 1, which has larger buffer strips, 

gains more from an increase in the buffer strip subsidy than crop 2.  A larger buffer strip 

subsidy also increases the profitability of crop production relative to the residual use, so 
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the minimum quality of land in crop production also decreases.  As a result, the total crop 

land area in the region and the area allocated to crop 1 increase, while the areas allocated 

to crop 2 and the residual use decrease: 

 

01 >
∂
∂
ε

H , 02 <
∂
∂
ε

H , 021 >
∂
∂

+
∂
∂

εε
HH .   (9b) 

 

The effect of an increase in the buffer strip subsidy on total fertilizer use in the region is 

ambiguous, since fertilizer use increases on low quality land switched from the residual 

use even though it decreases on land switched from crop 2 to crop 1. 

 

If the fertilizer application rate constraint is binding on some parcels, the first-order 

conditions for the farmers’ optimal choices on those parcels become: 

 

0=−−∗ ρcfp j
lj j

    (5a′) 

[ ] 0)(')();( =+−−+−− ∗
jjjjj

j
j mbllsclqlfp ρ   (5b′) 

0))(1( =−− jjj llm      (5c) 

 

(Here ρ  is the Lagrangian multiplier associated with the fertilizer constraint).  Clearly the 

constraint decreases the fertilizer on all parcels on which it binds.  It also increases the 

optimal size of the buffer strip because the opportunity cost of the buffer strip in terms of 

foregone rent is lower.  Thus, an increase in the fertilizer constraint boosts fertilizer 

application by the whole amount of the increase and reduces the size of the buffer strips.  

The effect of the fertilizer constraint on land use depends on the quality of land at which it 

becomes binding.  If the constraint becomes binding on land of quality q ≥ cq , it has no 

effects on land allocation.  If it becomes binding on land of quality q < cq , it will reduce 

qc and thus increase land allocated to crop 1 while decreasing land allocated to crop 2.  It 

will have no effect on 1q̂ , however, unless the constrained application rate 1l  is lower than 

any actual application rate used—a highly unlikely policy choice.  Thus, a constraint on 

fertilizer application rates will not change the amount of land allocated to crop production 

overall (Lichtenberg 2002). 
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4. Empirical Analysis: Wheat and Rape Production in Finland 

 

We use an empirical model based on Finnish data to evaluate the performance of some 

alternative agri-environmental policies currently in use in Europe.  The data come from 

studies performed on clay soils in Southern Finland on which almost all wheat and rape 

production occurs.  Environmental outcomes include nitrogen runoff and agrobiodiversity, 

which is measured in two ways, namely, floral species richness (which proxies species 

diversity), and the Shannon Diversity Index (which captures landscape diversity).  The 

model is used to estimate government budget outlays and social welfare as well as crop 

production, runoff, and biodiversity under several policy scenarios.  

 

4.1 A Parametric Model of Crop Production and Environmental Services 

 

The parametric model consists of a quadratic nitrogen response function, an exponential 

nitrogen runoff function, a function characterizing damage from runoff, and a biodiversity 

valuation function.  We provide a brief description here; additional details can be found in 

Lankoski and Ollikainen (2003). 

 

The profit earned from growing crop j on any given parcel of land is 

 

[ ] )())(1( 2
jjjjjjjjjj

j mbsrclllapm ++−−++−= βαπ     for j =1,2,  (10) 

 

where bj is the buffer strip subsidy for land allocated to crop j and rj represents 

expenditures per hectare for all inputs except fertilizer.  We use a quadratic nitrogen 

response function 2
jjjjjj llay βα ++=  for the two crops (rape and wheat) with 

parameters αj > 0, βj < 0.  Land quality is incorporated through the intercept and slope 

parameters aj and αj, respectively 
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In Appendix 2 we explain in detail how equation (11) was developed and treated in our 

analysis.  
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We assume that the production region is small relative to the size of the wheat and rape 

markets, so that social welfare function equals farm profit plus biodiversity benefits less 

runoff damage.  

 
11469.01

0
22806.1)()()(∫ ∑ +−= mZdqqgqLqSW j

jπ     (12) 

 

The first component of the social welfare function is farm profit, with rent per parcel as 

defined in equations (10) and (11).  The social cost of damage from nutrient runoff is 

assumed to be proportional to aggregate nutrient runoff, Z; the constant marginal cost of 

nutrient runoff damage parameter is taken from Vehkasalo (1999).  Nitrogen runoff from 

any given parcel of land is a nonlinear function ])1(01.01[7.02.0 ]1[ jj lm
jj emz −−−−= φ . The first 

term on the right hand side of equation, 1-mj
0.2, models nitrogen uptake by buffer strips.  

The parameters are based on Finnish experimental studies on grass buffer strips (Uusi-

Kämppä and Yläranta, 1992, 1996, Uusi-Kämppä and Kilpinen 2000).  The second term, 
])1(01.01[7.0 jj lme −−−φ , represents nitrogen runoff from crop j generated by a nitrogen 

application rate of lj per hectare when buffer strips take up a share of land mj. The 

parameter φ calibrates this expression so that it equals the level of nitrogen runoff 

generated by a nitrogen application rate of 100 kilos per hectare in the absence of buffers 

strips.  Data from Finnish experimental studies suggest that φ = 15 kg of nitrogen per 

hectare. (Turtola and Jaakkola, 1987, Turtola and Puustinen, 1998). 

 

The third term is the contribution of buffer strips to floral species richness, with 

parameters based on data from a study of floral species richness in Southern Finland by 

Ma et al. (2002).  We ignore contributions from crop land and land allocated to the 

residual use, forest, so that our results indicate the difference in biodiversity due to buffer 

strips alone.  Ma et al. estimated the number of floral species in each of 59 buffer strips 

located in an agricultural area 30 km north of Helsinki.  They estimated the parameters of 

models relating floral species richness, S, to buffer strip area, M, with the standard 

specification ϕψMS = using a subsample of 29 observations, with the remainder used to 

validate the model’s predictions.  Re-estimating the model using all of the observations 

reported in their paper yielded the model 
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ln S =  3.11964 + 0.11469lnM 

 (0.13558)  (0.02240) 

 

with an R2 of 0.3189.  (Standard errors are reported in parentheses.)  We use these 

parameter estimates in the present analysis.  Marginal benefits from floral species richness 

are assumed to be constant at € 57 per hectare, in accordance with the willingness to pay 

estimates obtained by Aakkula (1999).  The maximum potential biodiversity benefit is € 

2280, which is attained when all 40 plots are allocated to buffer strips.  We assume that 

the share of this maximum potential biodiversity benefit actually attained is proportional 

to the share of the maximum possible species richness attained, which occurs when all 

land in the region is allocated to buffer strips.  This assumption implies that biodiversity 

benefits depend on the average amount of the area in the region allocated to buffer strips, 
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Overall landscape diversity is measured ex post using the Shannon Diversity Index, 

∑ =
−=

n

i ii PPSHDI
1

)ln*( , where Pi equals the proportion of the region covered by patch 

type i (see for example Eiden et al. 2000).  There are four patch types in our model: the 

areas allocated to wheat, rape, and the residual use, plus total buffer strip area.  Since over 

80 percent of land area in Finland is covered by forest, changes in the forest cover are 

assumed to contribute nothing to the social value of biodiversity, that is, 0/ 0 =∂∂ Hk .  

Landscape diversity is not included in the maximization procedures. 

 

Other parameter values for our parametric model are reported in Table 1.  We model a 

region bordering a 2000-meter stretch of river divided into 40 parcels of equal size, so that 

each parcel has a 50 meter border along the river.  The total area of arable land is assumed 

to be 40 hectares, so that each parcel extends 200 meters away from the river.  Land 

quality is assumed to be uniformly distributed with a minimum quality set to reflect the 

quality of typical set-aside land allocated to long-term fallowing; additional detail on how 

land quality was modeled is contained in Appendix 2.  The base case of our parametric 

model represents the private market solution (without taxes and subsidies) for cereals and 

oilseeds in Finland in 2002. We use average prices of marketing year 2002 within the 
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European Union. They may somewhat differ from the world market prices but, as they are 

used in all calculations, do not cause any bias when comparing policy packages. 

 

4.2 Policy Alternatives 

 

We used the empirical model to estimate fertilizer application rates, buffer strip widths, 

land allocations, the social cost of damage from nutrient runoff, and biodiversity under 

two benchmarks: the social optimum and the private market equilibrium in the absence of 

government intervention.  We used these benchmarks to evaluate five alternative policy 

designs. 

 

Policy 1 consists of area payments alone, the dominant farm income support policy in the 

EU and the US.  Our theoretical analysis indicated that area payments are not completely 

decoupled from crop production because they affect land allocations; we use the empirical 

model to assess the magnitude of this distortion. 

 

The remaining four policy alternatives combine area payments with other policies in 

widespread use in the EU.  All are assumed to be applied uniformly, that is, without 

differentiation according to land quality or crop.  Policy 2 combines area payments with 

an environmental cross-compliance requirement of a 3-meter wide buffer strip, equal to 

the current European field margin management requirement for biodiversity promotion 

and runoff prevention.  Policy 3 combines area payments with an upper limit on nitrogen 

application rates, as is a common practice in number of European countries.  The limits on 

fertilizer application rates are those in effect in Southern Finland and equal 100 kg/ha for 

rape and 120 kg/ha for wheat.  Policy 4 adds supplemental agri-environmental payments 

for cereals and oilseeds to the combination of area payments, the buffer strip cross-

compliance requirement, and limits on fertilizer application rates.  This policy is currently 

used in Southern Finland; the supplemental agri-environmental payment is set to the level 

offered in the year 2002.  Policy 5 adds a supplemental subsidy for buffer strips at least 15 

meters wide to the combination of area payments, fertilizer application rate limits, and 

supplemental agri-environmental payments.  All five policy alternatives are summarized 

in Table 2.   

 

Fertilizer usage, buffer strip areas, and land allocations can be calculated using pointwise 
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optimization in the private equilibrium and policies 1-5.  Pointwise optimization cannot be 

used to derive them in the social optimum because biodiversity benefits depend on buffer 

strip area and land allocations on all plots simultaneously.  A search procedure was used 

instead. As conditions (2b) and (2c) indicate, the choice of buffer area on each plot and the 

allocation of land in the social optimum depend linearly on the shadow price of this 

constraint on total buffer area, µ, more specifically, the shadow price of a single parcel, 

µ/40.  Condition (2e) implies that this shadow price is 88531.05373.640/ −= mµ , which has 

a value of about € 2960 when m  = 0.001 and decreases geometrically in m .  The social 

optimum was therefore found numerically using pointwise estimation of buffer area and 

land allocations given µ/40 combined with a grid search over values of µ/40 ranging from 

0 to 2960 to determine the overall optimum. 

 

4.3 Base Case Results 

 

Table 3 summarizes the optimal choices of fertilizer application rates, buffer strip widths, 

and land allocations under the social optimum, the private equilibrium in the absence of 

government regulation, and the five policy alternatives summarized in Table 2.  Minimum, 

average and maximum fertilizer application rates and buffer strip widths are reported.  As 

the theoretical analysis indicates, fertilizer use is increasing in land quality while buffer 

strip widths are decreasing in land quality.   

 

In the private equilibrium in the absence of government intervention, fertilizer is overused 

on both crops while buffer strips are underutilized.  None of the five policy alternative 

remedies the overapplication of fertilizer on rape, since the application rate constraint is 

never binding for this crop.  Policies 3, 4, and 5, which feature limits on fertilizer 

application rates, reduce fertilizer use on wheat excessively.  Policies 1 and 2, which have 

no explicit provisions addressing fertilizer use, have no effect on fertilizer application 

rates. 

 

Buffer strips are not used at all in the private equilibrium in the absence of government 

intervention.  The environmental cross-compliance requirement corrects this distortion 

somewhat, resulting in buffer strip shares that are 50 to 60 percent of the social optimum.  

The supplemental buffer strip support payment leads to marked overprovision of buffer 
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strips: Buffer strip shares under Policy 5 are more than twice the social optimum. 

 

In the absence of any form of government intervention, the private equilibrium features 

too much land allocated to wheat and too little land allocated to rape and the residual use, 

all as expected.  Each of the five policies considered here worsens the misallocation of 

land by shifting land that is idled in the social optimum into crop production.  Policies 1 

and 2 feature too much land in wheat and roughly the socially optimal amount of land in 

rape.  Policies 3 and 4 feature too much land in rape and roughly the socially optimal 

amount of land in wheat.  Policy 5 features too much land in rape and less than the 

socially optimal amount in wheat. 

 

Table 4 summarizes land allocations, output, agriculture sector profit, nitrogen runoff, 

floral species richness, landscape diversity, and overall social welfare under the two 

benchmarks and each of the five policy alternatives in the base case.  It also presents the 

social welfare in each policy alternative as a share of that attained in the social optimum.  

As expected, farm sector profit is higher in the private equilibrium than in the social 

optimum, but only by a little.  At the same time, social welfare is substantially lower 

because runoff is more than twice as great and because the lack of buffers means no 

biodiversity benefits. 

 

Policy 1, which consists of area payments with no agri-environmental supplements, 

aggravates the inefficiencies occurring in the private equilibrium.  As expected, fertilizer 

application rates remain the same as in the private equilibrium while all land that would 

have remained in forest in the private equilibrium is allocated to rape.  The result is 5 

percent more nitrogen runoff than in the private equilibrium.  As in the private 

equilibrium, no land is allocated to buffer strips, so there are no biodiversity benefits.  

Farm sector income is substantially higher than the private equilibrium but the budgetary 

cost of farm subsidy payments is high enough that overall social welfare is even lower 

than in the private equilibrium. 

 

Policy 2, which combines area payments with an environmental cross-compliance 

requirement of a 3-meter wide buffer strip (the current European field margin management 

requirement), performs remarkably well, attaining almost 96 percent of social welfare 

under the social optimum.  Fertilizer use on each crop is slightly lower than the private 
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equilibrium.  The buffer strip requirement is considerably lower than the social optimum 

on all land allocated to rape but higher than the social optimum on most land allocated to 

wheat.  Land that would be idled in the social optimum is allocated to rape.  The buffer 

strip requirement reduces the excess allocation of land to wheat slightly.  As a result, 

species richness is only 3 percent lower than the social optimum while nitrogen runoff is 

only 30 percent higher than the social optimum.   

 

Supplementing area payments with fertilizer application rate limits instead of buffer strip 

requirements, as Policy 3 does, accomplishes much less.  The fertilizer application rate 

constraint is binding on wheat but not rape.  Land allocated to forest in the social optimum 

is allocated to rape instead of wheat as a result, so that land allocated to wheat is the same 

as in the social optimum.  Nitrogen runoff is slightly lower than the private equilibrium 

but remains 90 percent greater than the social optimum.  As in the private equilibrium, no 

land is allocated to buffer strips, so there are no biodiversity benefits.  The fertilizer 

application rate constraint results in less of an increase in farm income than Policy 1 with 

the same level of budgetary outlays.  Overall, this policy performs the worst of all the 

alternatives considered, attaining only 37 percent of the socially optimal welfare level. 

 

Policy 4, which is currently in effect in Finland, combines the area payments of Policy 1, 

the buffer strip requirement of Policy 2, and the fertilizer application rate constraints of 

Policy 3, adding a supplemental agri-environmental payment as compensation for the 

additional environmental cross-compliance provisions.  The fertilizer application rate 

constraint is again binding on wheat but not rape.  As under Policy 2, fertilizer application 

rates on rape are slightly lower than in the private equilibrium.  Also as under Policy 2, the 

buffer strip requirement is considerably lower than the social optimum on all land 

allocated to rape but higher than the social optimum on most land allocated to wheat.  

Land that would be left forested in the social optimum is allocated to rape instead.  More 

land is allocated to rape than under Policy 3.  Less land is allocated to wheat than under 

the social optimum.  Policy 4 is extremely successful in meeting environmental goals, 

reducing nitrogen runoff to a level only 6 percent higher than the social optimum and 

attaining a species richness level 97 percent of that in the social optimum.  Greater success 

in meeting environmental goals is achieved at a substantially higher budgetary cost than 

under Policy 2, however, so that overall social welfare is lower (92 percent of the social 

optimum) than under Policy 2. 



 23

 

Policy 5 adds to Policy 4 a wider buffer strip requirement along with an additional buffer 

strip support payment.  This buffer strip requirement exceeds socially optimal buffer strip 

widths by wide margin.  Fertilizer use is lower than the social optimum on both rape and 

wheat.  Land allocated to wheat is a third lower than under the social optimum.  No land is 

allocated to forest, so land allocated to rape is more than twice the social optimum.  As a 

result, nitrogen runoff is 30 percent lower than the social optimum while species richness 

is 17 percent higher.  As with Policy 4, however, these additional environmental benefits 

are achieved at a substantial cost in terms of budgetary outlays and efficient farm sector 

production, resulting in social welfare 20 percent less than the socially optimal level. 

 

4.4 Sensitivity Analysis 

 

The results of the base case analysis suggest that a policy combining a modest buffer strip 

requirement to the current system of area payments comes quite close to replicating the 

social optimum, at least under Finnish conditions.  Sensitivity analysis was used to 

examine the relative performance of these policy alternatives under conditions of greater 

heterogeneity in land quality than in Finland.  The sensitivity analysis assumed upper 

bounds on land quality 20 and 60 percent higher than the base case while keeping the 

lowest land quality level fixed.  Mean yields of wheat and rape with a 20 percent increase 

in maximum land quality are quite close to those in Sweden, which has slightly better 

agricultural conditions than Finland. The mean yield of wheat with a 60 percent increase 

in maximum land quality is close to the highest country-level average yields in the 

European Union as a whole. 

 

Increases in the maximum quality of land make it socially optimal to allocate more land to 

wheat and less to rape and forest; to increase fertilizer application rates substantially on 

wheat but only modestly on rape; and to utilize wider buffer strips on rape and narrower 

ones on wheat (Table 5).  The socially optimal runoff level increases as a result while 

species richness declines very slightly (Table 6).  Not surprisingly, crop production, farm 

sector income, and maximum social welfare all increase.  As a result, the distortions 

occurring in the private equilibrium become increasingly less severe as maximum land 

quality increases. 
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The performance of Policy 2 remains remarkably robust.  Nitrogen runoff in excess of the 

socially optimal level declines as the maximum quality of land increases, falling to 10 

percent over the social optimum when maximum land quality is 20 percent greater than 

the base case and only 2 percent over than the social optimum when maximum land 

quality is 60 percent greater than the base case.  Species richness is virtually identical to 

the social optimum in both cases.  Social welfare under Policy 2 is 99 percent of the 

socially optimal level in both cases. 

 

The performance of Policy 4, current Finnish policy, decreases markedly as the maximum 

quality of land increases.  Fertilizer application rates on wheat are held increasingly below 

the social optimum, because the rigid fertilizer constraint does not allow the farmer to 

increase fertilizer application to reflect increased productivity of land.  When the 

maximum land quality is 60 percent greater than the base case, fertilizer application rates 

on rape are, on average, below the social optimum as well.  As a result, nitrogen runoff 

falls increasingly below socially optimal levels. 

 

As one would expect, the performance of Policy 5, which adds a wider buffer strip 

requirement (and associated payment) to Policy 4, also declines as the maximum quality 

of land increases.  Fertilizer application rates fall increasingly below the social optimum.  

The wider buffer strip requirement is excessive on wheat, which accounts for the majority 

of land in the region, while falling short on rape.  Species diversity exceeds the socially 

optimal level but nitrogen runoff is held increasingly below the social optimum. 

 

The performance of Policy 1, area support payments with no environmental cross-

compliance requirements or subsidies, increases as the maximum quality of land increases.  

Increases in the maximum quality of land actually reduce the distortions in land allocation 

induced by the area payments, so that outcomes under Policy 1 increasingly resemble the 

private equilibrium.  The reason for this improvement lies in the fact that now fertilizer 

application is allowed to adapt to increased productivity.  

 

Overall, these results suggest that uniform policies can perform quite well.  It appears that 

modest buffer strip requirements are adequate to achieve most of the nitrogen runoff 

reductions and biodiversity benefits that are socially optimal.  Evidently, both marginal 

runoff reductions and marginal increases in species richness decrease rapidly as buffer 
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strip width increases. 

 

5. Conclusions 

 

There is growing interest in developed countries in reorienting agricultural policies away 

from a strictly production orientation toward promoting environmental benefits and 

limiting environmental damage.  In response, economists have begun to examine more 

closely the design of such policies, a complex problem involving multiple objectives in 

the presence of significant spatial heterogeneity that results in significant variations in 

benefits and costs of agri-environmental services across the landscape.  Limitations on the 

observability of important components of that heterogeneity can create adverse selection 

problems that further complicate policy design.  The large number and broad spatial 

distribution of the agents involved make monitoring costly, which can create significant 

problems of moral hazard. 

 

This paper focuses on agri-environmental policies commonly used in the EU, including 

crop area payments, fertilizer restrictions, and subsidies for maintaining field margin set 

asides.  We develop a theoretical framework for deriving socially optimal joint provision 

of farm commodities and environmental services, which we use as a benchmark to 

examine the effects of these common agri-environmental policies.  We then use this 

framework in an empirical assessment of current EU and Finnish agri-environmental 

policies.  The empirical simulations indicate that a simple environmental policy that 

imposes a uniform requirement that all fields bordering streams maintain buffer strips of 

modest width comes very close to attaining socially optimal environmental outcomes and 

welfare levels.  The performance of this policy is robust to increases in heterogeneity as 

well.  In contrast, policies that utilize include restrictions on fertilizer application perform 

quite poorly.  The more heterogeneous the land area in question is, the higher are the 

social welfare losses from fertilizer restrictions.  Two factors underlie this result.  First, 

farmers on higher quality lands cannot adjust their application rates towards their private 

(and thereby socially) optimal levels.  Second, the absence of buffer strips reduces 

biodiversity benefits and increases runoff damages. 

 

These empirical results suggest that problems of moral hazard and adverse selection can 

be insignificant in agri-environmental policy design in some circumstances.  Policies like 
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fertilizer restrictions are clearly subject both kinds of problems.  They are costly—and 

perhaps impossible—to monitor, suggesting that they are subject to severe moral hazard 

problems.  As our simulation results confirm, fertilizer restrictions should be differentiated 

to match heterogeneity of the landscape, microclimate, and other production conditions, 

rendering them susceptible to problems of adverse selection.  Our simulation results 

indicate that complex, spatially differentiated policies likely to be susceptible to moral 

hazard and adverse selection problems may not be needed to attain reasonable agri-

environmental outcomes, at least under conditions like those in Finland and its environs.  

Instead, outcomes quite close to the first-best can be attained using uniform buffer strip 

requirements are easy to monitor and whose performance is robust with respect to 

heterogeneous production conditions and variations in input use. 
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Appendix 1. Comparative statics of land allocation 
 
The amount of land allocated to crop 1 and 2, respectively, can be defined as 
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The switching land quality between crops 1 and 2, cq , and the marginal land quality 
defining the last parcel in cultivation, 1q̂ , are determined, respectively, by 
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We denote the instruments by the symbol θ , ),,( ετθ s= . To solve the comparative statics 
effect of instruments on the share of crops 1 and 2, we apply the Leibnitz rule by 
accounting for the fact that the effect of the instruments on the integration limits, cq  and 

1q̂ , can be solved from A1.2. This yields to 
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To solve for 
∂θ

cq∂
 and 

θ∂
∂ 1q̂ , we totally differentiate equation A1.2a and A1.2b defining the 

switching and marginal land qualities to get 
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21 <∆≡−−−=− qqqq fmpfmpππ  by our assumptions. The signs of 
derivatives in A1.4b are evident. Using these in A1.3 we get 
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Regardless of the changes in switching land quality, the expansion of the extensive margin 
through lower marginal land quality implies that the overall land area in cultivation will 
increase, as stated in the text. 
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Appendix 2: Incorporation of yields and qualities 
 
Parameter values in equation (11) were chosen from actual yields in clay soils. Reflecting 
the observed actual yields in 2000, we collect the observed minimum, mean and maximum 
yields in Table A2.1 
 
Table A2.1. Minimum, mean and maximum yields for wheat and rape. 
 

Crop Min Mean Max 
Wheat 3720 4300 4880 
Rape 1385 1600 1898 

 
       Sources: Kiltilä (2000) and Ministry of Agriculture and Forestry, Information Center.  
 
In Table 1, wheat yields have been obtained by using 120 kg nitrogen/ha, and rape yields 
by using 100 kg nitrogen/ha fertilizer application level (both levels represent the binding 
nitrogen constraints imposed to farmers by agri-environmental policy). The spread of 
yields is about 30 % and it is also in line with current response studies, which indicate that 
the difference in yields typically is slightly over 30 % in clay soils (see e.g. Juntti 2003).  
 
In developing description of qualities, we follow the similar approach as in sector model 
of the Finnish agriculture. We first assume that for the mean yield (Q) the following 
representative response function holds:  
 

2llaQ jjj βα ++= ,     A2.1 
 
 with parameter values defined in Table A2.2. 
 
 
Table A2.2.  Parameter values of nitrogen response functions for wheat and rape 
 

Crop aj αj βj 
Wheat 1274 36.8 - 0.0940 
Rape 1096 9.82 - 0.0324 

 
      Sources: Bäckman et al. (1997) and Heikkilä (1980) 
 
As for the land qualities, we assume that they are evenly distributed around the mean. 
Allocating this quality spread between the constants and the slope parameters of the 
response function A2.1 cannot be unambiguously defined. We used the following 
procedure. Estimated response functions for wheat on the best land qualities in three 
experiment fields gives an average of 1757 for the constant aj in the response function 
(Heikkilä 1980). Thus, we fixed aj = 1700 at the highest quality. Using then Table A2.1 
gives as the slope parameter 37.8, so that the difference to mean is 1.0. Under assumed 
symmetry, the slope parameter in the lowest quality becomes 35.85. This fixed 
unambiguously the constant to be 803. Similar procedure was used for rape. From 
Heikkilä (1980), the average of the constant at the highest qualities is 1247, and we set aj 
= 1200, so that the slope parameter on the highest quality land is 10.22. Thus, the constant 
and the slope parameter in the lowest quality become 810 and 9.83, respectively. 
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Table 1. Parameter values used in the numerical application. 

Parameter Symbol Value 

Price of rape p1 € 0.255/kg 

Price of wheat p2 € 0.13/kg 

Price of nitrogen fertilizer 

Expenditure for other inputs than fertilizer 

 

Area payments  

      CAP-compensation payment 

       LFA support 

       Agri-environmental payment 

C 

r1 

r2 

s 

€ 1.2/kg 

          €  266/ha 

          € 369/ha 

 

€ 270/ha 

€ 150/ha 

€ 117/ha 

Base level of fertilizer response for rape 

Base level of fertilizer response for wheat 

Impact of quality on fertilizer response in rape 

Impact of quality on fertilizer response in wheat 

µ0 

η0 

µ1 

η1 

9.83 

35.8 

0.01 

0.05 

Quadratic nitrogen response function parameter β -0.0324 for rape 

-0.094 for wheat 

Base productivity of rape 

Base productivity of wheat 

Impact of quality on base productivity of rape 

Impact of quality on base productivity of wheat 

e0 

n0 

e1 

n1  

800 

780 

10 

23  

Nitrogen runoff at average nitrogen use φ 10-20 kg/ha 

 
Notes: Prices are from the year 2002. The price of nitrogen is calculated on the basis of a 
compound NPK fertilizer.  
Sources: Bäckman et al. 1997, Turtola and Jaakkola 1987, Simmelsgaard 1991. 
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Table 2. Alternative second-best agri-environmental policies 

Policy Properties 

Policy 1 CAP compensation payment (€ 270 per hectare) and LFA support (€ 150 per 
hectare) for both crops. 

Policy 2 Policy 1 plus environmental cross-compliance, a mandatory 3-meter-wide 
buffer strip, for both crops. 

Policy 3 Policy 1 plus a nitrogen fertilizer use limit of 100 kg per hectare for crop 1 
and 120 kg per hectare for crop 2. 

Policy 4 Policy 1 plus an agri-environmental payment (€ 117/ha) and environmental 
cross-compliance as in Policies 2 and 3. 

Policy 5 Policy 4 with buffer strips at least 15 meters wide and a special buffer strip 
support payment (€ 450 per hectare). 

 

 
 



Table 3. Fertilizer application rates and buffer strip area under alternative policies 
 

Scenario Fertilizer 
use (kg/ha) 

on rape 

Fertilizer use 
(kg/ha) on wheat 

Share of parcel in 
buffer strip, rape 

Share of parcel in 
buffer strip, wheat 

Number of parcels 
in residual use 

(forest) 

Number of 
parcels in rape

Number of 
parcels in wheat 

Private 
equilibrium. 

80 (79-81) 148 (145–152) 
 

0 0 3 8 29 

Social 
optimum 

77 (76-77) 144 (141-146) 0.038 (0.028-0.051) 0.013 (0.010-0.016) 7 11 22 

Policy 1 80 (79-81) 148 (145-152) 
 

0 0 0 11 29 

Policy 2 79 (78-80) 146 (143-150) 
 

.015 
 

.015 
 

0 12 28 

Policy 3 80 (79-82) 120 
 

0 0 0 18 22 

Policy 4 79 (78-81) 
 

118 
 

.015 .015 0 19 21 

Policy 5 75 (73-77) 111 0.076 (0.075-0.076) 0.075 (0.074-0.077) 0 26 14 

Fertilizer and buffer strips: average is reported in bold, range in parentheses. 
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Table 4. Environmental and economic outcomes under alternative policies 

Crop Production (kg) Scenario 

Rape Wheat 

Farm profit 

(€) 

Nitrogen 

runoff (kg) 

Species 

richness 

Shannon 

Diversity 

Index 

Budgetary 

outlays (€) 

Social 

welfare (€) 

Social 

welfare as a 

share of the 

socially 

optimal 

level 

Private 

equilibrium 

11 677 139 563 2364 714 0 0.75 0 1222 0.411 

Social 

optimum 

15 908 105 882 2054 323 63 1.06 0 2971 1.000 

Policy 1 15 866 139 563 19 419 753 0 0.59 16 800 1144 0.385 

Policy 2 17 116 133 182 18 910 418 61 0.68 16 800 2850 0.959 

Policy 3 26 688 100 714 18 888 615  0.69 16 800 1104 0.372 

Policy 4 27 856 94 994 23 344 343 61 0.76 21 480 2723 0.917 

Policy 5 36 740 60 784 22 767 224 74 0.87 21 707 2398 0.807 

Species richness is measured as the number of floral species in buffer strips. 
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Table 5. Fertilizer application rates and buffer strip area under alternative policies with more heterogeneous land quality 
 

Scenario Average 
fertilizer use 

(kg/ha) on rape 

Average fertilizer 
use (kg/ha) on 

wheat 

Share of parcel in 
buffer strip, rape 

Share of parcel in 
buffer strip, wheat 

Number of parcels 
in residual use 

(forest) 

Number of 
parcels in rape

Number of 
parcels in wheat 

Maximum land quality 20 percent higher than base case  
Private 
equilibrium. 

81.2 168.4 0 0 2  2 36 

Social 
optimum 

80.0 164.0 0.0818 0.0119 4 3 33 

Policy 1 80.4 168.4 0 0 0 4 36 

Policy 2 79.6 166.5 0.015 0.015 0 5 35 

Policy 3 82.1 120.0 0 0 0 8 32 

Policy 4 80.8 118.2 0.015 0.015 0 8 32 

Policy 5 77.3 110.5 0.078 0.079 0 12 28 

Maximum land quality 60% higher than base case 
Private 
equilibrium. 

81.6 210.4 0 0 1 1 38 

Social 
optimum 

82.2 203.2 0.2329 0.0098 2 1 37 

Policy 1 80.3 210.4 0 0 0 2 38 

Policy 2 79.1 207.2 0.015 0.015 0 2 38 

Policy 3 82.9 120.0 0 0 0 4 36 

Policy 4 81. 7 118.2 0.015 0.015 0 4 36 

Policy 5 78.0 110.2 0.0880 0.0816 0 6 34 
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Table 6. Environmental and economic outcomes under alternative policies with more heterogeneous land quality 

Crop Production (kg) Scenario 
Rape Wheat 

Farm profit 
(€) 

Nitrogen 
runoff (kg) 

Species 
richness 

Shannon 
Diversity 

Index 

Social 
welfare (€) 

Social 
welfare as a 
share of the 

socially 
optimal 

level 
Maximum land quality 20 percent higher than base case 

Private 
equilibrium 

2893 205 980 6228 898 - 0.39 4792 0.727

Social 
optimum 

4111 188 609 5910 464 62 0.65 6587 1.000

Policy 1 5687 205 980 23 018 924 0 0.33 4740 0.720
Policy 2 7062 198 652 22 710 512 61 0.45 6499 0.987
Policy 3 11 769 165 065 21 928 658 0 0.50 4075 0.619
Policy 4 11 593 162 589 26 322 369 61 0.57 5659 0.859
Policy 5 16 831 136 125 25 695 241 74 0.84 5047 0.766

Maximum land quality 60 percent higher than base case 
Private 
equilibrium 

1439 305 557 16 109 1248 0 0.23 14 113 
0.879

Social 
optimum 

1138 295 332 15 748 684 61 0.37 16 061 
1.000

Policy 1 2823 305 557 32 902 1261 0 0.20 14 085 0.877
Policy 2 2781 300 973 32 442 701 61 0.27 15 929 0.992
Policy 3 5864 231 698 28 486 674 0 0.33 10 607 0.660
Policy 4 5776 228 223 32 776 379 61 0.40 12 098 0.753
Policy 5 8324 205 095 32 228 246 75 0.67 11 025 0.686
Species richness is measured as the number of floral species in buffer strips. 
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