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This study analyzes the economic feasibility of gypsum amendment as a means to reduce particulate and dissolved 
phosphorus loads from arable areas. To this end, an optimization model is developed that includes gypsum amend-
ment as well as matching phosphorus fertilization to crop need and the level of soil phosphorus reserves as phos-
phorus load mitigation measures, with soil phosphorus reserves measured by soil test phosphorus (STP). The optimal 
extent of gypsum amendment is then determined simultaneously with optimal fertilization use as a function of field 
STP level. The results indicate that whether or not gypsum amendment is economically feasible depends on field 
erosion susceptibility and STP level. When accounting for the costs and benefits to the society on the whole, gyp-
sum treatment suits best to mitigation of phosphorus losses from soils with excessively high phosphorus reserves; 
once a threshold STP level is reached, gypsum amendment is optimally given up. This threshold level depends on 
field slope and on society’s willingness to pay for water quality.
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Introduction
One of the key environmental concerns today is eutrophication of surface waters, or excessive growth of aquatic 
plants stimulated by elevated concentrations of nitrogen and phosphorus (P) (see e.g. Rodhe 1969, OECD 1982, 
Solow 2000). Many environmental assessments identify agriculture as the major cause of surface water quality 
problems in developed countries (Shortle and Abler 1999). In particular phosphorus loading originating from crop 
production and animal husbandry has been linked to eutrophication of lakes, rivers and coastal waters (Sharpley 
and Rekolainen 1997, Ekholm et al. 2005). Some 50% of the phosphorus loads into the Baltic Sea originate from 
diffuse sources, and agriculture is responsible for 80% of the total diffuse nutrient loading (HELCOM 2010). 

Controlling phosphorus loading from agriculture is challenging for a variety of reasons. Soil phosphorus, which is 
a key determinant for both crop yield and agricultural phosphorus loading, accumulates over time.1 Through the 
soil phosphorus level, past phosphorus surpluses (the difference between fertilizer applied to soil and crop up-
take) influence current phosphorus loads and abatement opportunities. If soil is very rich in phosphorus, reducing 
phosphorus loads through depletion of soil phosphorus reserves may take decades. In terms of agri-environmental 
policies to steer farm management practices, the non-point character of agricultural loading poses a challenge. 
The emission processes are complex, the loading sources are diffuse, and enforcement is costly. Realistically, wa-
ter protection policies have to be based on factors that are relatively easily observed (see e.g. Griffin and Bromley 
1982, Shortle and Dunn 1986, Horan and Ribaudo 1999). A further challenge is that phosphorus is transported 
from agricultural land to surface waters in two distinct forms with different biochemical characteristics: particu-
late phosphorus (PP) and dissolved reactive phosphorus (DRP). The division of phosphorus loading into PP and 
DRP influences efficient control measures. The main determinant of PP loss is erosion. Usually, only a part of PP 
loss is transformed into an algal-available form in the receiving water bodies. DRP loss on the other hand is de-
termined mainly by soil phosphorus reserves (Pote et al. 1996, Schroeder et al. 2004). DRP loss is readily in algal-
available form (Ekholm and Krogerus 2003). In terms of erosion and PP loss, vegetative filter strips have proven an 
effective protection measure. However, results on their effect on DRP loss are ambiguous: filter strips have been 
found to decrease DRP loss (Schmitt et al. 1999, Lee et al. 2000), increase DRP loss (Uusi-Kämppä and Kilpinen 
2000), or both, depending on the experiment (Dillaha et al. 1989). Changing to no-till technology in turn reduces 
PP loss but may increase DRP loss relative to conventional tillage (Puustinen et al. 2005, Uusitalo et al. 2007a). 

1 The characteristics of phosphorus accumulation vary with soil type. Finnish young glacial clay soils are high in aluminum and iron oxides, 
which make tight bonds with phosphate. In our framework, such characteristic enter the empirical specification of phosphorus transition 
function (equation 9). Other soil types would require adjusting the empirical specification for phosphorus transition. With appropriate soil 
phosphorus transition functions the framework developed here can be used to analyze gypsum amendment for other soil types as well.
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Recent results from laboratory, field, and catchment scale experiments suggest that applying gypsum (CaSO4) on 
field surface provides a novel, effective means to reduce both dissolved and particulate phosphorus loads (Ek-
holm et al. 2012, Uusitalo et al. 2012). Applying gypsum increases the ionic strength of soil solution which in turn 
causes the smallest soil particles – those most susceptible for erosion – to bond together. Larger aggregates are 
less likely to be carried from fields to receiving waters by both surface runoff and drainage flow. The changes in 
the chemical characteristics of soil solution also reduce dissolved phosphorus loads. Gypsum is spread on the soil 
after harvest, while soil is still unfrozen; the machinery is the same as that used for spreading lime. It is not nec-
essary to apply gypsum every year. Laboratory tests by Uusitalo et al. (2012) show that the concentration of sul-
phate ions is still high after three years of gypsum application. Catchment scale results by Ekholm et al. (2012) 
also indicate that reductions in phosphorus loads last for at least three years. Gypsum amendment was shown 
to markedly reduce phosphorus loads from crop production: on average, PP loss was cut back by 57 percent and 
DRP loss by about 29 percent (Ekholm et al. 2012). In terms of agricultural policy and regulation, gypsum amend-
ment has the advantage that it is very straightforward to observe and thus monitor. 

The purpose of this study is to complement the findings from the catchment scale, field and laboratory experi-
ments by examining the economic feasibility of gypsum application as a water protection measure, from the per-
spective of the society on the whole. Gypsum is a by-product of fertilizer production. In Finland, abundant reserves 
of gypsum have accumulated in fertilizer manufacturing. However, its transport from production site to farms is 
relatively costly, and also the costs of application need to be taken into consideration. In addition to its biophysi-
cal effects, its impact on farm profits and interaction with another key phosphorus load reduction measure – the 
adjustment of fertilizer application and, gradually, soil phosphorus levels to crop need – should be accounted for 
when assessing economic feasibility. To this end, the present study develops a model of agricultural phosphorus 
management and gypsum amendment. It also examines how gypsum application interacts with another key phos-
phorus mitigation measure, vegetative filter strips, in an optimal policy combination. 

Accumulated soil phosphorus and soil loss through erosion are the key determinants of phosphorus loading from 
agricultural land into adjacent waterways. The means to mitigate phosphorus loads currently in use typically fo-
cus on either particulate or dissolved phosphorus. For a given soil structure, soil type and rainfall, dissolved phos-
phorus loads are determined by the level of soil phosphorus. Hence, these loads can be mitigated by depleting 
soil phosphorus levels; the process may, however, come at the expense of crop yields and farm income and take 
decades if initial soil phosphorus levels are high. The most common means to mitigate erosion currently in use in 
Finland are constructing vegetative filter strips on field edges bordering waterways, and using soil conserving till-
age technologies such as no till. 

Degradation of water ecosystems results in economic damage both directly, and through lost value of fisheries 
and recreational activities. Economic valuation studies have attributed notable monetary damage to eutrophica-
tion of waters (see e.g. Söderqvist and Scharin 2000, Markovska and Zylicz 1999, Kosenius 2010, Vesterinen et 
al. 2010). Significant policy initiatives aim at protecting surface waters – for example, the European Union’s Wa-
ter Framework Directive, and Finland’s National Water Protection Guidelines – and a key measure is reducing ag-
ricultural loads. Designing economically sound environmental policies for controlling agricultural nutrient loads 
calls for combining knowledge of economics of crop production, determinants of nutrient losses, and the associ-
ated environmental damage. In the case of agricultural phosphorus losses, a fundamental cause of loading is in-
efficiency in fertilizer use. When phosphorus fertilization exceeds the removal of phosphorus by the crop, most 
of the surplus phosphorus will remain in the soil and add to the phosphorus reserve (see e.g. Hooda et al. 2001). 
Soil phosphorus reserve in turn has a dual role in accelerating both crop growth and phosphorus losses. Efficient 
policies to control agricultural phosphorus loading should weigh the trade-off between profits from production 
and the environmental damage from phosphorus loading over time. As the agricultural profits and phosphorus 
losses both depend on the soil phosphorus level, producing policy guidelines that are sound in the long-term re-
quires considering the development of soil phosphorus in conjunction with abatement measures. Thus, dynamic 
analysis incorporating both production and abatement decisions is warranted.

The dynamically optimal use of phosphorus, in the economic sense, has been analyzed previously for example 
by Schnitkey and Miranda (1993), Goetz and Zilberman (2000), Goetz and Keusch (2005), and Iho and Laukkanen 
(2012). These studies all take into account the dynamic aspects of soil phosphorus and its effect on yields and en-
vironmental damage. The present paper builds upon the framework in Iho and Laukkanen (2012). Theirs is the first 
economic study to distinctly model  particulate and dissolved phosphorus loads, to take into account the dynamics 
of the plant-available soil phosphorus reserves and their links to dissolved phosphorus losses, and to analyze the 
optimal accumulation of soil phosphorus over time in this context. The framework of the present study incorpo-
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rates a new type of choice variable into the model in Iho and Laukkanen (2012): It considers gypsum amendment 
as a means to abate phosphorus losses, together with the long-term development of soil phosphorus reserves 
and the matching of fertilizer application to crop need. The model developed allows studying how initial soil phos-
phorus levels and differences in erosion susceptibility affect the economic feasibility of gypsum amendment as a 
phosphorus load reduction measure. 

A dynamic model of farm profits, phosphorus losses, and gypsum 
amendment 

We consider a field parcel bordering a waterway. For simplicity, we assume that the parcel is square in shape and 
measures one hectare. A single grain crop is produced using phosphorus fertilizer as a variable input. The fertilizer 
applied to the land but not utilized by the crop increases soil phosphorus reserves; accumulated soil phosphorus 
and soil loss through erosion in turn cause phosphorus loss from the field to the adjacent waterway. Phosphorus 
loss results in environmental damage, suffered by the society on the whole. Consequently, abatement of phos-
phorus losses becomes part of the optimal phosphorus management problem. In our base scenario we consid-
er treating field surface with gypsum as an explicit abatement measure, but we also study adjusting phosphorus 
fertilizer application annually based on the current soil phosphorus level. Due to the dual role of phosphorus in 
accelerating both crop growth and phosphorus loss, the profitability of gypsum amendment from the society’s 
point of view will depend on the field’s soil phosphorus level and is therefore linked to fertilizer application. Thus, 
simultaneously accounting for annual fertilizer application and its impact on soil phosphorus is warranted when 
analyzing the economics of gypsum amendment. Furthermore, because phosphorus accumulates in soil over 
time, the economic efficiency of abatement measures should be examined in a dynamic optimization framework.

Finnish field experiments indicate that gypsum does not affect crop yield in the short run (Kari Ylivainio, MTT Ag-
rifood Research Finland, personal communication). The possible indirect effects on yield through changes in soil 
structure are not known at the time. We abstract away from such effects and assume that gypsum amendment 
has no impact on yield. Furthermore, rainfall simulations documented in Uusitalo et al. (2012) indicate that gyp-
sum amendment does not affect the transport of the plant-available forms of nitrogen (NO3-N and NH4-N) which 
directly contribute to eutrophication, but does reduce the concentration of organic nitrogen in percolation water. 
While reduced transport of organic nitrogen would improve surface water quality in the long run, the effect can-
not be quantified on basis of currently available empirical data. Therefore, we also abstract away from the effects 
of gypsum amendment on eutrophying nitrogen transports. Finally, as long as gypsum amendment does not af-
fect yield or transport of plant-available nitrogen, it will not affect the economically optimal use of nitrogen ferti-
lizer. Consequently, our optimization model and analysis focus on phosphorus.

Laboratory experiments have indicated that there is a threshold value for the amount of gypsum that has to be 
applied to obtain a response in terms of reduced phosphorus losses. As runoff water transports part of the ap-
plied gypsum away from field surface, it is also plausible that there is a level of gypsum application beyond which 
additional gypsum provides no additional response. Based on the preliminary findings from laboratory experi-
ments, the only available catchment-scale study of the effect of gypsum on phosphorus losses in Finnish conditions 
(Ekholm et al. 2012) considered just one level of gypsum application, 4.1 tons per hectare. The level was chosen 
to correspond to the most effective soil gypsum content in Finnish laboratory experiments. Rainfall simulations 
reported in Uusitalo et al. (2012) considered two levels of gypsum application, 3 and 6 tons per hectare, but the 
differences in the effects on phosphorus losses were small. 

As the economic feasibility of gypsum amendment is an empirical question, we construct our economic model 
to correspond to the current empirical knowledge on gypsum amendment in Finland. We proceed from the sim-
plification that the proportional reductions in DRP and PP loads provided by gypsum amendment are constant, 
and that a given amount of gypsum (4.1 tons per hectare in our application) has to be applied to obtain this ef-
fect. The decision problem then simplifies to determining the share of field surface to be treated with gypsum, at 
the given tons per hectare rate. In reality, it may be possible to apply a smaller quantity, down to some threshold, 
and obtain a smaller effect; or apply a larger quantity, up to some threshold, and obtain a larger effect. Thus, our 
model provides an approximation that accommodates the current empirical knowledge on the effect of gypsum 
amendment in Finland. Once experimental results become available on the impact of different gypsum amend-
ment rates on DRP and PP loads, the model should be modified so that the reductions in DRP and PP loads are 
functions of the amount of gypsum applied per hectare.    
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As gypsum amendment reduces DRP and PP loads, a plausible assumption would be that it also affects the devel-
opment of soil phosphorus reserves over time. However, while important in terms of eutrophication, the amounts 
of DRP and PP retained by gypsum are small relative to the amounts taken up by the crop. The studies of Ekholm 
et al. (2012) and Uusitalo et al. (2012) found that the soil phosphorus reserve, measured by STP, remained un-
changed during the three years after gypsum amendment analyzed in the studies. In line with this finding, we pro-
ceed from the assumption that gypsum amendment does not affect the transition on soil phosphorus from one 
period to the next.

Formally, grain production and the associated phosphorus loss and abatement measures are modeled as follows. 
The per hectare production function is ( , )t tY s x , where ts  denotes the current soil phosphorus level, measured 
as soil test P (STP), and xt  phosphorus fertilizer applied in the current year. The STP level in period t+1 is deter-
mined by previous period’s STP level and fertilization according to the state transition function 1 ( , )t t ts s x+ = Γ . The 
product and input prices are denoted by p and w. Operational costs per hectare are denoted by r and include 
costs such as seeds, labor and the rental or annualized cost of machinery.  Field and laboratory experiments sug-
gest that gypsum application in three year intervals is sufficient to capture the full phosphorus abatement poten-
tial of gypsum amendment (Ekholm et al. 2012, Uusitalo et al. 2012). We proceed from the simplifying assump-
tion that the decision on gypsum amendment is an annual one, which we consider a reasonable approximation in 
that the three year period is still fairly short and farm operating environment, in particular the STP level, do not 
change much in such a time frame.2 We let ta  denote the share of the field parcel treated with gypsum in the cur-
rent  year.  The total  phosphorus load per hectare includes the DRP load ( )DRP tL s  and the bioavailable  PP  load

PPL . As the erosion is determined mainly by field slope, we proceed from the assumption that PPL  is constant rela-
tive to the control and state variables in our model.3 We let DRPT  and PPT  denote the constant proportional reduc-
tions in these loads provided by gypsum amendment. The total phosphorus load from field to waterway is given 
by (1 ) ( ) (1 )t DRP DRP t t PP PPa T L s a T L− + − .  The costs of gypsum treatment are given by tga  and include the costs of gyp-
sum and the machinery and labor required for its application. The available empirical data only allow us to con-
sider a linear damage function. The per-period monetary damage resulting from phosphorus loading is given by 
[ ](1 ) ( ) (1 )t DRP DRP t t PP PPm a T L s a T L− + − , where m is the marginal damage from phosphorus loading or, equivalently, 

the marginal benefit from reducing phosphorus loading.  

Summing up, the per-period, per-hectare social net return from crop production is 

                ( ) [ ] [ ], , ( , ) (1 ) ( ) (1 )t t t t t t t t DRP DRP t t PP PPs x a pY s x wx r ga m a T L s a T LΠ = − − − − − + −      		                     (1)

The social net return incorporates the environmental damage pertaining to agricultural phosphorus loss. The pri-
vate profit from farming is given by ( ) [ ], , ( , )t t t t t t ts x a pY s x wx r gaΨ = − − − .

Optimal gypsum amendment and fertilizer application rates

We are concerned with long term socially optimal gypsum amendment and fertilizer application decisions. Other 
production inputs are assumed to be fixed. From the society’s point of view the decision problem is to maximize 
the present discounted value of net rewards from production, which equal farm profits minus the monetary value 
of environmental damage caused by phosphorus loading into waterways. Formally, the discrete-time, continuous-
state decision problem is given by 

                                                                                                                                                                                                   (2)

subject to 1 0 0( , ),  = ,t t ts s x s S+ = Γ  0,tx ≥  and 0 1ta≤ ≤ . Parameter 0S  denotes the initial STP level, and ß  is the 

discount factor corresponding to the social discount rate δ , with 
1

1
β

δ
=

+
. 

2 The assumption is made to keep the dynamic analysis tractable. Adopting a three-year decision interval would not change the key results, 
but would significantly complicate the numerical analysis. The cost of gypsum application is also annualized: the costs of gypsum treatment 
suggested by field experiments are divided by three to approximate annual treatment costs. 
3 The bioavailability of PP and hence the magnitude of the bioavailable PP load may in principle be affected by soil phosphorus. Iho and 
Laukkanen (2012) model the bioavailability of PP as a function of STP, with minor effects on results under conditions representative for crop 
farming in Finland. As the focus here is on gypsum amendment, for the ease of exposition we abstract away from the small changes in the PP 
load related to soil phosphorus.   
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The STP level changes only slowly over time, steered by phosphorus surplus (the difference between fertilizer applied 
to soil and crop uptake). Through the STP level, the past has a direct influence on current opportunities, and current 
decisions affect future outcomes. Dynamic programming provides a means to study intertemporally optimal farming 
decisions that account for the links between the past, the current, and the future. We let ( )tV s  denote the maximum 
attainable sum of current and future net benefits given a current STP level of ts . Bellman’s (1957) principle of opti-
mality implies that the optimal policy must satisfy the functional equation

                                         ( ){ }10 1
 0

( ) max , , ( )
t

t

t t t t ta
x

V s s x a V sβ +≤ ≤
≤

= Π +     	  		                                             (3)

Acknowledging the constraints 0 1ta≤ ≤  and 0 tx≤ , the first order conditions to the problem are

                                        

( ) ( )
( ) ( )

1

1

, , ( , )

, , ( , ) ,
a t t t t a t t at

x t t t t x t t xt

s a x s s x

s a x s s x

βλ µ

βλ µ
+

+

Π + Γ =

Π + Γ =
			                                                             (4)

where aΠ , aΓ , xΠ  and xΓ  denote partial derivatives with respect to a and x, ( ) ( )1 1't ts V sλ + +≡  is the shadow value 
of the STP reserve in period 1t +  and atµ  and xtµ  measure the current and future reward from a marginal increase 
in the choice variables a and x. In addition to (4), ta , tx , atµ , and xtµ  have to satisfy the complementarity conditions 

	                              

0 0;  1 0;
0 0;  

t at t at

t xt

a a
x

µ µ
µ

> ⇒ ≥ < ⇒ ≤
> ⇒ =

                                                                                                                      (5)

Consider first the optimal share of the field parcel to be treated with gypsum, ta . As gypsum treatment does not af-
fect the development of STP, ( , ) 0a t ts xΓ = ,  and as the per hectare gypsum amendment cost and the treatment effect 
are constant, ( ), ,t t ts x aΠ  is linear in ta . Its derivative thus does not depend on ta , and the marginal impact of ta  
on ( ), ,t t ts x aΠ will be either positive, negative, or zero for all ta : either (i) [ ]( ) 0a DRP DRP t PP PPg m T L s T LΠ = − + + > , (ii) 

[ ]( ) 0a DRP DRP t PP PPg m T L s T LΠ = − + + < , or (iii) [ ]( ) 0a DRP DRP t PP PPg m T L s T LΠ = − + + =  for all ta . As ( , ) 0a t ts xΓ = , equa-
tion (4) then implies that the optimal choice of ta  will in general be a boundary one. In case (i), the marginal reduc-
tion in damage from phosphorus loading exceeds the marginal cost of gypsum treatment for all ta , and it is optimal 
to treat the entire parcel with gypsum ( 1ta = and 0atµ ≥ )

 
; in case (ii), the marginal reduction in damage falls below 

the marginal cost of treatment for all ta , and it is optimal not to apply gypsum at all ( 0ta =  and 0atµ ≤ ). In case 
(iii),  the optimal choice of ta  is arbitrary (conditions 4 and 5 will be satisfied for any value  of ta ). The marginal re-
duction in damage depends on ts , and the decision whether to apply gypsum or not will hence change as the STP 
level changes.

Consider next the optimal fertilization rate, tx . The optimal choice of tx , for a given STP level ts , is determined by 
the first-order condition

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

0 0.
x t t t x t t xt

t xt

pY s x w s s x
x

βλ µ
µ

+− + Γ =

> ⇒ =                                                                                        (6)

Again, xY  and xΓ  denote partial derivatives with respect to tx . Fertilization is not constrained from above. Therefore, 
an interior solution implies that the shadow value of the non-negativity constraint, xtµ , is zero. Thus, for an interior 
solution the first-order condition (4) states that fertilizer should be applied to the point where the sum of its marginal 
impact on profits in the current period and the marginal impact on the discounted value of the phosphorus reserve 
in the next period equals zero. A binding constraint ( 0tx = ) implies a non-positive shadow value for the constraint. 
That is, a marginal increase on the constraint would have a non-positive effect on the current and future reward. 

The envelope theorem applied to the same problem implies

	                               
( ) [ ] ( ), 1( , ) (1 ) ( ) ( , )t s t t t DRP DRP s t t s t ts pY s x m a T L s s s xλ βλ += − − + Γ .                                                               (7)

Here, sY , ,DRP sL  and sΓ  denote partial derivatives with respect to ts . Equation (7) indicates that the shadow value of 
soil phosphorus in the current period equals the sum of its marginal impact on the current period profits, net of the 
marginal impact on the costs of generated runoff, and the discounted value of the marginal increase in the phospho-
rus reserve in the following period. 

A farmer’s private  problem is  limited to the present discounted value  of profits, and the intertempo-
ral optimization  problem is identical to that described by equations (2) and (3) with the exclusion of the term 
[ ](1 ) ( ) (1 )t DRP DRP t t PP PPm a T L s a T L− + − . The solution to the farmer’s problem is defined by equations (4) to (7) with the 
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terms describing marginal damage from phosphorus loading set equal to zero. The shadow value of STP in (7), 
( )tsλ , then only accounts for the marginal impact of STP on profits from production and on the STP in the fol-

lowing period. The marginal impact of gypsum amendment on the farmer’s payoff functional will equal -g, a neg-
ative quantity. Hence, a private farmer will not apply gypsum without policy intervention. Furthermore, assum-
ing that crop yield is concave in its arguments, the farmer’s privately optimal fertilizer application rate will exceed 
the socially optimal rate. 

As shown above, whether gypsum amendment will be economically feasible will depend on the STP level. The 
optimal path of STP level over time in turn has to accommodate the trade-off between the roles that STP plays 
in both crop growth and environmental degradation. The characteristics of agricultural phosphorus management 
raise interesting empirical questions regarding the potential of gypsum amendment as a new abatement meas-
ure: What are the break-even levels of STP that make gypsum amendment economically feasible, and how are 
these levels influenced by the key ecological characteristics of the site, such as susceptibility to erosion? What 
kind of policy interventions are then needed to provide farmers with incentives to adopt gypsum amendment as 
a water protection measure?  What is the optimal mix of abatement through gypsum application, depletion of 
soil phosphorus reserves, and erosion control? To study these questions in a realistic setting, we next construct 
a detailed empirical model of crop production and phosphorus loading with barley as the sample crop. We then 
empirically evaluate the economic performance of gypsum amendment, in conjunction with long-term optimal 
phosphorus fertilization. 

Empirical model components 

The empirical model is parameterized for production conditions in southern Finland, Uusimaa and Varsinais-Suomi 
provinces bordering the Baltic Sea. Our description of the empirical model components starts out with the impact 
of soil phosphorus and phosphorus fertilization on yield and the accumulation of soil phosphorus. We then depict 
the links from soil phosphorus and erosion to phosphorus loading, and describe the impact of gypsum amend-
ment as well as its costs.  The empirical model is parameterized for sandy clay soils in southern Finland and for 
barley as a sample crop. Throughout the empirical illustration, soil phosphorus level is expressed as agronomic 
soil test phosphorus (STP). The model components describing crop production, accumulation of soil phosphorus 
and phosphorus loading have been compiled from previously published research in soil and environmental sci-
ences. We therefore describe these model components only briefly, referring the reader to the original sources   
for a more detailed discussion.

Crop production function
The yield response to phosphorus consists of the impacts of the fertilizer applied and the phosphorus accumulated 
in the soil. Following Myyrä et al. (2007), we specify the phosphorus response function for barley as  

                                      
3 6 7

1 2 4 5 8

( )
( , ) (1 ) ( )

Y
Y Y

sY Y Y Y Yx x
Y s x e s x

s
α α α

α α α α α− −
= − + − + + .   		                         (8)

From Myyrä et al. (2007), the parameter values for barley production in southern Finland are 2
Yα = 0.74, 3

Yα = 0.37, 
4
Yα = 21.7, 5

Yα = 0.414, 6
Yα = 17.01, 7

Yα = 0.1817 and 8
Yα = 5.856. The maximum yield parameter 1

Yα = 4319 was 
calibrated to correspond to the 75th percentile of observed barley yields for a sample of 249 farms in Southern 
Finland over the years 1998-2005 (Agrifood Research Finland profitability bookkeeping data for support region A). 

Development of soil phosphorus
Ekholm et al. (2005) model the relationship between the development of STP and the phosphorus surplus, 
that is, the fertilizer applied to the land but not utilized by the crop. The phosphorus surplus is defined by 

( ), ( ) ( , )balP s x x s Y s x= −Λ , where ( )sΛ  is the phosphorus concentration of the crop yield. Saarela et al. (1995) 
provide information that allows specification of the phosphorus concentration of crop yield as a logarithmic func-
tion of the STP. Following Ekholm et al. (2005), the STP level in the following year is then specified as follows: 

                                        
( ) ( ) ( )1 2 3 4 5,       ln( ) ( , )s x s s x s Y s xα α α α αΓ Γ Γ Γ Γ Γ = + + − +  ,                                	                    (9)

where the term ( )4 5ln( ) ( , )x s Y s xα αΓ Γ − +   is the phosphorus surplus and the term 4 5ln( )sα αΓ Γ+  defines the phos-
phorus concentration of the crop yield. The parameter estimates  1α

Γ = 0.9816, 2α
Γ = 0.0032 and 3α

Γ = 0.00084 
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were obtained directly from Ekholm et al. (2005).4 The parameter estimates 4α
Γ = 0.000186 and 5α

Γ = 0.003 were 
obtained from data in Saarela et al. (1995) through ordinary least squares estimation.5

Phosphorus loads and abatement through gypsum amendment 
In our model, total phosphorus load per hectare includes the DRP load and the bioavailable fraction of the PP 
load. Following Uusitalo and Jansson (2002), the annual DRP load (kg ha-1) from crop production is specified as a 
linear function of the STP level:

                                           ( ) 1 2–  DRP DRP
DRPL s sα α= .				                                                     (10)

The PP runoff potential of the sandy clay soils in southern Finland varies mainly according to field slope (Puustin-
en et al. 1994). While the topography of the land in production is taken as given here, we construct the PP loss 
component in a way that facilitates parameterizing and evaluating the model for different field slopes. In line with 
the universal soil loss equation (Wischmeier and Smith 1978), the annual PP loss (kg ha-1) is specified as a quad-
ratic function of field slope: 

                                           ( ) ( )2
1 2 3
PP PP PP

PPL bγ α γ α γ α= + + .			                                                    (11)

Only a proportion of PP contributes to the bioavailable phosphorus load; the multiplier b denotes this propor-
tion.Gypsum reduces the loads of DRP and PP by proportions denoted by DRPT  and PPT . Recall also that at  indi-
cates the share of field surface treated with gypsum. From equations (10)-(11), the total bioavailable phosphorus 
load is given by

                                          ( ) ( )( ) ( )( )2
1 2 1 2 3, 1 –  1DRP DRP PP PP PP

P DRP PPL s a aT s b aTα α α γ α γ α= − + − + + .  	                  (12)

The  parameter  est imates  1
DRPα =  0 .0567  and  2

DRPα =  0 .0405  for  equat ion  (12)  were  ob-
tained by multiplying the estimates of DP concentration in mg l-1 in Uusitalo and Jansson (2002) by 
an estimated runoff volume of 2700000 l ha-1 (Ekholm et al. 2005) and converting the units to kg  
ha-1. The data in Uusitalo et al. (2007a) produce parameter estimates of 1 0.035PPα = , 2 0.12PPα =  and 3 0.37PPα =  
for equation (12). The bioavailability coefficient 0.16b =  was obtained from Ekholm et al. (2005). Finally, re-
sults on the impact of gypsum amendment on phosphorus loads in Ekholm et al. (2012) yield parameter values 

0.29DRPT =  and 0.57PPT = .

Prices and costs
All prices and costs have been deflated to year 2005. Product price p was computed as a weighted average of feed 
and malting barley prices in the period 2002–2009. The data for prices and areas in feed and malting barley pro-
duction were obtained from the Information Center of the Ministry of Agriculture. The phosphorus fertilizer price 
w was computed from a price series for 2002–2009, obtained from Yara Finland. The resulting product and ferti-
lizer prices are 0.11 € kg-1 and 1.56 € kg-1, respectively. The operational costs, r, include seeds, nitrogen and potas-
sium fertilization, herbicides and pesticides, labor, and operational costs of machinery, all set at the expected per 
ha use for barley production in southern Finland. The costs were compiled from the Pro Agria agricultural advisory 
center’s Tuottopehtori on-line farm management tool and equal 354 € ha-1. Finally, the discount rate was set at 5%. 

The unit costs of gypsum application, g, consist of the product price, freight, and application. It is estimated that 
applying 4.1 tons of gypsum per hectare once in every three years suffices to achieve the full phosphorus load re-
duction effect (Ekholm et al. 2012). The costs components are as follows: product price 18.15 € ton-1, which con-
sist of the costs of cleaning the gypsum produced as a by-product of phosphorus fertilizers such that it can safely 
be applied to fields; average freight from the production site in Siilinjärvi to southern Finland (Uusimaa province) 
29.7 € ton-1 6; and application 5.5 € ton-1 (personal communication, Reetta Palva, Finnish Work Efficiency Insti-
tute). Under the assumption of a 4.1 tons ha-1 application rate once in every three years, the annualized costs of 
gypsum amendment are 73 € ha-1. 

4 The transition function presented by Ekholm et al. (2005) depicts changes in STP with a time step of 10-15 years with a constant 
phosphorus surplus over the period. Using a one-year time step predicts STP values in the long term that differ slightly from those predicted 
by the Ekholm et al. (2005) equation. For initial STP levels ranging from 2 to 40 mg l-1 and P surpluses from -5 to 25 kg ha-1 y-1, the 
differences in STP values for year 30 predicted by equation (9) with a constant phosphorus surplus and one- and  ten-year time steps were 
0 to 8%.
5 The phosphorus concentration data in Saarela et al. (1995) were measured from dry matter. Their data were made commensurate with 
storage weight yield prior to the estimation.
6  The product price and freight costs are adopted from an auction field trial conducted in Nurmijärvi in 2010. 



A G R I C U L T U R A L  A N D  F O O D  S C I E N C E
A. Iho & M. Laukkanen (2012) 21: 307–324

314

Damage from phosphorus loading

The damage from phosphorus loading relates to degraded water quality in the body of water receiving the phos-
phorus loads. The empirical model is parameterized for production conditions in southern Finland, Uusimaa and 
Varsinais-Suomi provinces bordering the Baltic Sea. Rivers from this area transport phosphorus into the Gulf of 
Finland and the Archipelago Sea. In coastal regions such as our study region, with a high proportion of agricultural 
land and a low lake percentage, retention in river channels is minor and most of the nutrient loading from agri-
cultural areas enters coastal waters (Rekolainen et al. 1995).7 The retention rate for phosphorus in the study area 
was determined from an empirical regression model that predicts nutrient fluxes with field and lake percentages 
as explanatory factors (see Rankinen et al. 2010).8 The resulting phosphorus retention rate is 15%. Thus, approxi-
mately 85% of the phosphorus load from the study area finds its way into the Gulf of Finland or the Archipelago Sea.  

Determining the economic feasibility of gypsum amendment requires expressing the benefits of reduced phospho-
rus loading in monetary terms. Improved water quality is a non-market good – there are no market transactions 
that could be used to determine its value. Instead, the value has to be determined using non-market valuation 
methods developed in economics. In the case of the Gulf of Finland and the Archipelago Sea, measuring the non-
market benefits of reduced phosphorus loading is complicated by the fact that surface water quality degradation 
is governed by the joint presence of nitrogen and phosphorus (see e.g. Tamminen and Andersen 2007). Conse-
quently, water quality improvements are attributable to the combined effect of changes in nitrogen and phospho-
rus loads entering the water ecosystem. 

Kosenius (2010) has estimated the benefits of improved water quality in the Gulf of Finland and the Archipelago 
Sea. Her valuation study built on water quality attributes forecast by Baltic Sea ecosystem models for combined 
phosphorus and nitrogen load reduction scenarios (reported in Pitkänen et al. 2007). As water quality improve-
ments relate to the combined effect of phosphorus and nitrogen load reductions, a composite measure of nitrogen 
and phosphorus loads is needed for connecting Kosenius’ willingness to pay results to reduced nutrient loading. 
We use the sum of phosphorus and nitrogen as such a combined measure. That is, we assume that environmental 
benefits arise from reductions in a per year composite nutrient load LNP, t , defined as

                                                        LNP, t = LP, t + LN, t ,                                                                                                                      (13)

where LP, t is the per year phosphorus load and LN, t the per year nitrogen load. This index is introduced to provide 
an overall measurement of nutrient load reductions, and we acknowledge that there is ultimately no way of meas-
uring the imperfections of the index against reality.

The scenario in Kosenius (2010) relevant to this study reduced Finland’s loads to the Gulf of Finland and the Finn-
ish Archipelago Sea, for phosphorus by 525 tons per year and for nitrogen by 7986 tons per year relative to the 
1997–2002 levels.9 The study accounted for time lags in obtaining the environmental benefits of reduced nutrient 
loading by considering a 20 year time frame: Respondents were told that the load reductions would be in place for 
20 years, after which water quality attributes would have improved in accordance with the long-term ecosystem 
model forecasts reported in Pitkänen et al. (2007). The Finnish population’s per year willingness to pay for the load 
reductions provides a measure of the benefits associated with reducing nutrient loads. The estimates obtained by 
Kosenius (2010) range from 652 million euros per year for a multinomial logit model to 945 million euros per year 
for a random parameters logit model.10 

We computed a constant marginal benefit of composite nutrient load reduction by dividing the national benefit, 
652 or 945 million euros, by the nutrient load reduction underlying the valuation scenario, measured as a com-
posite nutrient load reduction of 525 tons of phosphorus plus 7986 tons of nitrogen per year. As phosphorus and 
nitrogen have equal weights in our composite nutrient load measure, the constant marginal benefit of reducing 
phosphorus loading is equal to that of reducing composite nutrient loading. Finally, the load reduction scenario in 

7  Retention refers to the discrepancy between the measured nutrient transport and the estimated total emission of nutrients due to e.g. 
biological uptake and sedimentation of nutrients.  
8 We thank Petri Ekholm, Finnish Environment Institute, for assessing the retention rate from the regression model. The lake and field 
percentages for the study area were obtained from the Corine 2006 Land Cover raster data for Finland. 
9 The other scenarios concerned intensified wastewater treatment in Russia and reductions in Polish loads to the Baltic Proper. 
10  Kosenius considered altogether three model specifications: a multinomial logit model, a random parameters logit model, and a latent 
class model. We do not consider the willingness to pay estimates from the latent class model in our analysis as they were not weighted for 
population representativeness.  
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the valuation study concerns total nutrients whereas our phosphorus load functions predict bioavailable phos-
phorus loads. We adjust the marginal benefit measure to correspond to bioavailable phosphorus by dividing by 
the average phosphorus bioavailability coefficient 0.43 for loads entering the Baltic Sea (computed from Pitkänen 
et al. 2007)11. Furthermore, due to retention not all but some 85% of the agricultural phosphorus load enters the 
sea.  To get a measure for the marginal benefit of reducing phosphorus loading from agricultural areas, we multi-
ply the marginal benefit estimate for reducing phosphorus loading reaching the sea by 0.85. 

We obtain two distinct estimates for the constant marginal benefit of reducing agricultural phosphorus loading:  
151 € kg-1 when using results from Kosenius’ multinomial logit model, and 219 € kg-1 when using results from the 
random parameters logit model (both in 2005 prices). The  95% confidence intervals are 139–163 € kg-1 for multi-
nomial logit and 207–232 € kg-1 for random parameters logit. Under the assumption of linear damage function, the 
marginal damage from agricultural phosphorus loading, denoted by m in our model, equals the marginal benefit 
of reduced agricultural phosphorus loading. As it is not possible to pin the marginal benefit measure down in an 
unambiguous way, we analyze the feasibility of gypsum amendment for values of m in the range 139–232 € kg-1. 

Solution method
To determine the optimal phosphorus control policies over time, the dynamic program in (3) was solved numeri-
cally using the collocation method. This technique involves writing the value function approximant as a linear com-
bination of n known basis functions φ1, φ2, …, φn  whose coefficients c1, c2, …, cn  are determined by the equation

                                                                                                                                                                                                 (14)

The coefficients c1, c2, …, cn  are defined by requiring the value function approximant to satisfy the Bellman equa-
tion (3) at a finite set of collocation nodes. The solution was implemented using the CompEcon Toolbox for Mat-
lab.12  The solution produces policy functions for x(s)  and a(s) that provide a mapping from the current STP level 
to the optimal fertilization rate and gypsum treatment decision.

Results
Economic feasibility of gypsum amendment varies across field slopes, STP levels and 

the estimated damage from phosphorus loading 
Whether or not gypsum amendment is an economically feasible phosphorus load mitigation measure is deter-
mined by whether the environmental benefits, in terms of phosphorus load reductions evaluated in monetary 
terms, exceed the costs. The phosphorus load reductions achieved by gypsum amendment in turn depend on the 
phosphorus load potential of the field, which in the Finnish conditions is determined largely by the field STP level 
and slope.13 Figure 1 displays the results for the feasibility of gypsum amendment for plausible values of marginal 
damage from phosphorus loading (equal to marginal benefit of phosphorus load reduction) and for comprehensive 
ranges of field STP levels and slopes. Field STP levels in the study area vary markedly. In Varsinais-Suomi province 
approximately 25% of field area has STP values at or below 10 mg l-1, and 25% of field area STP values at or above 
22 mg l-1 ; in Uusimaa province 25% of field area has STP values at or below 7 mg l-1, and 25% of field area STP val-
ues at or above 13 mg l-1 (Uusitalo et al. 2007b).14 The range from 5 to 26 mg l-1 displayed in Figure 1 suffices to 
report the thresholds at which gypsum amendment becomes economically feasible for relevant field slopes. The 
field slope range from 0 to 7 % is comprehensive for Finland and comprises field slopes found in the study area.15 

11 Notice that the average bioavailability coefficient 0.43 here refers to the average for all phosphorus loads entering the Baltic Sea; this 
measure is different from the average bioavailability coefficient for PP, which as indicated above is set equal to 0.16.
12 The Matlab code is available from the authors upon request. The CompEcon Toolbox is a library of Matlab functions, developed to 
accompany Miranda and Fackler (2002), for numerically solving problems in economics and finance. The library is downloadable at http://
www4.ncsu.edu/~pfackler/compecon/toolbox.html.
13 For identical soil type and structure, farming practices, rainfall, etc, field slope largely determines the load potential for particulate 
phosphorus (Wischmeier and Smith 1978, Puustinen et al. 2010). 
14 Uusitalo et al. (2007b) provide results for Uusimaa and for Southwest Finland. As defined in Uusitalo et al. (2007b) Southwest Finland 
differs from Varsinais-Suomi province in that it includes the island of Ahvenanmaa. 
15 The average slope is 0-1% for some 57% of parcels in Finland; 1-3% for 26% of parcels; and greater than 7% for 3% of parcels (Puustinen 
et al. 1994).
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1 Results 

2 Economic feasibility of gypsum amendment varies across field slopes, STP levels and the 

estimated damage from phosphorus loading  

Whether or not gypsum amendment is an economically feasible phosphorus load mitigation 

measure is determined by whether the environmental benefits, in terms of phosphorus load 

reductions evaluated in monetary terms, exceed the costs. The phosphorus load reductions achieved 

by gypsum amendment in turn depend on the phosphorus load potential of the field, which in the 

Finnish conditions is determined largely by the field STP level and slope.13 Figure 1 displays the 

results for the feasibility of gypsum amendment for plausible values of marginal damage from 

phosphorus loading (equal to marginal benefit of phosphorus load reduction) and for comprehensive 

ranges of field STP levels and slopes. Field STP levels in the study area vary markedly. In 

Varsinais-Suomi province approximately 25% of field area has STP values at or below 10 mg l-1,

and 25% of field area STP values at or above 22 mg l-1 ; in Uusimaa province 25% of field area has 

STP values at or below 7 mg l-1, and 25% of field area STP values at or above 13 mg l-1 (Uusitalo et 

al. 2007b).14 The range from 5 to 26 mg l-1 displayed in Figure 1 suffices to report the thresholds at 

which gypsum amendment becomes economically feasible for relevant field slopes. The field slope 

range from 0 to 7 % is comprehensive for Finland and comprises field slopes found in the study 

area.15

Fig. 1. Economic feasibility of gypsum application for plausible values of marginal damage and 

various field STP levels and slopes. 

Slope 
(%)

7 163 151 139
6 219    207
5 232
4
3
2 139
1
0 232  219  207 163 151

STP (mg l-1) 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

13 For identical soil type and structure, farming practices, rainfall, etc, field slope largely determines the load potential 
for particulate phosphorus (Wischmeier and Smith 1978, Puustinen et al. 2010).  
14 Uusitalo et al. (2007b) provide results for Uusimaa and for Southwest Finland. As defined in Uusitalo et al. (2007b) 
Southwest Finland differs from Varsinais-Suomi province in that it includes the island of Ahvenanmaa.  
15 The average slope is 0-1% for some 57% of parcels in Finland; 1-3% for 26% of parcels; and greater than 7% for 3% 
of parcels (Puustinen et al. 1994). 

Fig. 1. Economic feasibility of gypsum application for plausible values of marginal damage and various field STP levels and slopes.

Figure 1 depicts threshold STP and slope combinations for six different marginal damage values.  Above and to 
the right of each line in the STP-slope space, gypsum amendment would provide an economically viable abate-
ment option for the marginal damage value labeling the line. The thick lines represent the two marginal damage 
point estimates, 151 € kg-1 and 219 € kg-1; thin lines  correspond to the 95% confidence intervals. Each line in Fig-
ure 1 depicts a combination of field slope and STP level pairs at which gypsum application becomes economically 
feasible for a given marginal damage parameter. The level of marginal damage is obviously important in deter-
mining the economic feasibility of gypsum amendment. Figure 1 demonstrates, for instance, that if the marginal 
damage is 151 € kg-1, gypsum amendment provides an economically viable abatement option for fields with an 
STP level exceeding 29 mg l-1, regardless of field slope. Even on a level field with 0% slope, it would be optimal to 
apply gypsum if the STP level were 29 mg l-1or higher. If the slope were 4%, gypsum amendment would be viable 
for field parcels with STP 24 mg l-1 or above; and for 7% slope for parcels with 14 mg l-1 and above. The threshold 
for the feasibility of gypsum amendment decreases with field slope. Overall, the results in Figure 1 indicate that 
gypsum amendment as a phosphorus abatement measure is best suited for environmentally sensitive conditions, 
where either field erosion potential is high due to a steep field slope, or DRP load potential is high due to an el-
evated STP level, or both. 

It should be noted, however, that gypsum amendment does not replace depletion of high phosphorus reserves as 
a means to reduce phosphorus loading in the long term. The results in Figure 1 only indicate that gypsum amend-
ment should be adopted as an immediate abatement measure where the current STP level is relatively high, while 
the overall results from the optimization model show that the long-term optimal policy also calls for bringing the 
STP level down through adjusting fertilization levels. 

Figure 2 illustrates the optimal long term policy that also controls the STP level through adjusting the fertilizer ap-
plication rate.  Here, the field slope is set at 2%, which represents the average conditions in Finland. The initial STP 
level is set at 50 mg l-1, representing soils precariously rich in phosphorus. The marginal damage from phosphorus 
loading is set at 151 € kg-1, corresponding to the more conservative point estimate derived based on Kosenius’ 
(2010) results. Here, the optimal phosphorus load mitigation policy would call for initially very low fertilizer appli-
cation rates in conjunction with gypsum amendment. Once the STP level has been brought down 26 mg l-1, gyp-
sum amendment is optimally given up, which is in about 20 years. Depletion of the soil phosphorus level through 
reduced fertilization continues until the optimal steady state level of 4.9 mg l-1 is reached. The time needed for 
depleting the soil phosphorus level close to its optimal steady state level is half a century in this case. Gypsum 
amendment will be used to curtail phosphorus losses over the first twenty years. 

The value of adopting gypsum amendment as a phosphorus load reduction measure
In dynamic programming, the value function V (s) describes the best possible value of the objective, given the STP 
level s. One way to illustrate the value of gypsum application is to compare the value functions associated with 
two different sets of choice variables: (1) one in which the decision maker can control phosphorus loading only 
through adjusting annual phosphorus fertilization levels to crop need and the prevailing STP level, and (2) one in 
which the decision maker can also choose whether or not to apply gypsum. A value function maps the sum of the 
discounted net benefits generated by an optimal policy to the current STP level. That is, given that the current 
STP level is s, if optimal policies were followed from the present period to infinity, the value function V (s)  would 
indicate the value of the stream of discounted net benefits achieved from this period onwards. Due to discount-
ing this value is a finite number.  
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               Fig. 2. Gypsum application and soil phosphorus depletion. 

Figure 3 presents the two value functions, again for a field with a 2% slope and with the marginal damage from 
phosphorus loading set at 151 € kg-1. Figure 1 indicated that for a 2% slope applying gypsum is optimal whenever 
the current STP level is 27 mg l-1 or above. The steady state, or the optimal long-term equilibrium STP level for a 
field with 2% slope would be 4.9 mg l-1. Based on the 27 mg l-1 threshold and 4.9 mg l-1 steady state, we can con-
clude that the optimal policies are identical for STP levels below 27 mg l-1 : In each case, the optimal policy will 
steer the STP level towards the optimal steady state value of 4.9 mg l-1. As gypsum application is not optimal below 
27 mg l-1, for STP values below this threshold the values of the two policies coincide. In other words, there is no 
value to have the option of gypsum amendment if the optimal long-term policy will never use the option. Figure 
3 illustrates this effect. The value functions pertaining to the choice sets (1) and (2) are identical up to the value 
of 27 mg l-1. Beyond the 27 mg l-1 STP threshold the value functions diverge; the differences in the value functions 
are clearly visible for STP levels beyond 30 mg l-1.  At the STP level of 40 mg l-1 the difference is already substantial. 
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                   Fig. 3. Value functions for optimal policies with or without gypsum
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There is a clear interpretation for the difference in the two value functions: it is the value of having the option to 
use gypsum. For fields with high STP values it would be socially valuable to be able to cut down the phosphorus 
loads by applying gypsum. However, gypsum would not be applied permanently in the economically optimal so-
lution. Instead, the economically optimal solution would also gradually deplete the STP reserve through adjusting 
fertilizer application. Once the STP level would be reduced to below 27 mg l-1, it would be optimal to cease apply-
ing gypsum. All this is accounted for in the value function.

The value function obtains negative values for low and high STP levels. Here, the value function depicts the value 
of grain production to the society on the whole. It captures both the profit from crop production and the environ-
mental damage from phosphorus loading, in the absence of land-area based government payments to farmers. 
Finland’s climate is harsh and average grain yields reach only about half of the levels observed in more southern 
European countries. Consequently, government payments form a substantial part of farm income. As our analysis 
focuses on the intensive margin decisions of fertilizer and gypsum application, we do not consider government 
payments to farmers. The negative values in Figure 3 indicate that from the point of view of the society, grain farm-
ing would not be profitable at very low STP levels, due to low yields, or at very high STP levels, due to significant 
environmental damage offsetting the profits from grain production. 

The economically optimal mix of phosphorus mitigation measures: gypsum 
amendment, vegetative filter strips and adjustment of fertilization to crop need

We next examine how gypsum application interacts with another key phosphorus mitigation measure, vegetative 
filter strips, in an optimal policy combination. We determine the optimal filter strip width in conjunction with the 
optimal gypsum amendment decision (the dynamic programming solution is presented in the Appendix). The sci-
entific motivation for considering vegetative filter strips (VFS) as erosion control measure lies in Finland’s geog-
raphy, which is characterized by exceptionally numerous lakes. Inland lakes cover about 10% of the total surface, 
and drainage waters from about 87% of agricultural land are led to lakes or rivers (Puustinen et al. 1994). Moreo-
ver, runoff volumes can be marked, as annual precipitation exceeds annual evaporation and the climate is char-
acterized by irregular rains caused by rapid changes in the weather. These features make vegetative filter strips 
an important measure to mitigate phosphorus loading through eroded material contained in field runoff. We also 
include the optimal adjustment of fertilizer application rates in the set of phosphorus mitigation measures. The 
retaining of particulate phosphorus by vegetative filter strips is adopted from Lankoski et al. (2006) who calibrate 
their abatement function using results from Uusi-Kämppä and Kilpinen (2000). The annualized costs are as in Iho 
and Laukkanen (2012).

Figure 4 depicts the optimal interaction of adjusting phosphorus fertilization, VFSs and gypsum amendment 
for an averagely sloped field parcel (2% slope) and with the marginal damage from phosphorus loading set 
at 151 € kg-1. The lefthand panel displays the optimal fertilization rate as a function of the current STP level. 

 For soil phosphorus levels below the steady state STP 4.9 mg l-1, the annual phosphorus fertilization rate is high, 
up to 42 kg ha-1, in order to quickly build up the STP. Once the steady state STP level is approached, annual ferti-
lization rate quickly falls towards the steady state value.  Similarly, for elevated STP levels, above 15 mg l-1, ferti-
lization is practically ceased to allow the STP reserve to be depleted towards the steady state. The middle panel 
displays the optimal VFS policy. It is apparent in the figure that the VFS costs are driven by the opportunity cost 
of land, which, in turn, is linked to the prevailing STP level: The higher the STP, the more valuable the land (other 
things equal), and the more costly it is to allocate it away from production. Therefore, we observe narrower op-
timal VFS for higher STP levels. A crucial factor driving this result is that VFSs do not abate dissolved phosphorus, 
and that the losses of particulate phosphorus are not related to STP levels in the present model. These effects de-
termine the curvature seen in the middle panel. Overall, the VFS is very narrow for the moderately sloped field. 
When interpreting this result one should bear in mind that the present model only accounts for the effect of VFS 
on phosphorus loading. Accounting for the impacts of VFS on nitrogen loads and biodiversity would increase the 
optimal VFS width. Finally, the righthand panel displays the optimal gypsum application policy as a function of 
STP level. Comparison of the middle and righthand panels shows how the optimal VFS and gypsum amendment 
policies are connected: As gypsum amendment becomes part of the optimal policy mix, the optimal filter strip 
width in turn becomes narrower, as indicated by the discrete jump in the optimal filter strip width at the STP level 
of about 27 mg l-1. That is, there is a substitution effect in the optimal policy mix: applying gypsum enables allo-
cating more land to production. 
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        Fig. 4. Gypsum application as a part of optimal policy mix for a field parcel with 2% slope.

Figure 4 also shows that the optimal fertilization rate is not affected by gypsum application. That is, optimally ad-
justing fertilization based on the current STP level remains a crucial element in optimal agri-environmental policy 
design, whether or not gypsum amendment is included in the policy mix. Excessively high STP levels should be 
depleted as fast as possible, in practice without any phosphorus fertilization, regardless of the option to cut down 
phosphorus loads through gypsum amendment. Phosphorus fertilization becomes economically justified, from 
the point of view of the society on the whole, only after reaching an STP level that is fairly close to the optimal 
steady state value – fertilization is notably above zero only for STP levels below 15 mg l-1.  

Comparison to Finland’s water protection targets
Among the model parameters the marginal damage from phosphorus loading is the most difficult one to pin down 
in an unambiguous way. Several valuation studies have addressed the value of water quality improvements in the 
Baltic Sea region (e.g. Söderqvist 1996, 1998, Markowska and Zylicz 1999, Kosenius 2010, Vesterinen et al. 2010). 
In deriving our damage estimate we used the valuation results that in our opinion could be linked to phosphorus 
load reductions in the most transparent way. However, other choices could also have been motivated. One way 
to put the marginal damage estimates employed in our analysis to context is to examine what kind of an over-
all agricultural water protection target the damage estimate would imply. To this end, we compared the optimal 
outcome produced by our more conservative marginal damage estimate, 151 € kg-1, and Finland’s water protec-
tion policy target. We parameterized the STP level at 14.9 mg l-1, the average for our study region, the Uusimaa 
and Varsinais-Suomi provinces, in the period 2001–2005 (data from Viljavuuspalvelu Oy).16  Unfortunately no data 
specific to our study region are available for field slope, and we therefore set the slope at 2 %, the average for 
Finland  (Puustinen et al. 1994). We think that this is a reasonably good approximation in that the topography of 
agricultural land in Finland does not vary much across regions. We then computed the phosphorus load reduction 
that the optimal policy would produce in the first ten years. Following the optimal phosphorus abatement policy, 
when starting from year 2005, would provide a 25% reduction in the annual phosphorus load by year 2015. Fin-
land’s Water Protection Policy Outlines to Year 2015 in turn state that Finland’s aim is to reduce agricultural nu-
trient loading by 30% from the average level in 2001-2005 by year 2015. As our model parameterization yields 
a 25% reduction in average conditions in the same time frame, the marginal damage estimate employed in the 
analysis can be interpreted to capture the preferences underlying the Water Protection Policy Outlines quite well.17 

16 Viljavuuspalvelu Oy (Soil Testing Service Ltd. in English) is a commercial soil test laboratory and the market leader in soil testing in Finland. 
Soil testing is required for farms participating in the Finnish agri-environmental program. As over 90% of Finnish farms participate in the 
program, the soil test data provided by Viljavuuspalvelu Oy provide a reasonable coverage of Finnish agricultural land.   
17 Using the alternative marginal damage estimate, 219 € kg-1, the reduction would have been only slightly higher. The policy paths are 
nearly identical for the first ten years in both cases.    
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Conclusions and policy implications

An interesting feature of gypsum amendment as a way to reduce phosphorus loads from agricultural land is that 
it abates both dissolved and particulate phosphorus. Furthermore, as a measure it is technically simple, it does 
not interfere with crop yield (Kari Ylivainio, MTT Agrifood Research Finland, personal communication), and it is 
familiar to farmers in that the machinery and application method are the same as for lime amendment. However, 
while gypsum amendment does not interfere with crop yield, it does bear a cost, comprising of the costs of the 
product itself, freight, and application. This study assessed the economic feasibility of gypsum amendment as a 
water protection measure from the point of view of the society on the whole. The results indicate that when eco-
nomic factors are taken into consideration, gypsum amendment as a water protection measure is best suited for 
environmentally sensitive conditions, with above average field slope and STP level. The optimal use of phospho-
rus fertilization over time and the depletion of high soil phosphorus reserves also remain important phosphorus 
load mitigation measures, whether or not gypsum amendment is adopted. 

The environmental benefits of gypsum amendment are a public good enjoyed by the society on the whole, but 
it will not be at an individual farmer’s interest to bear the cost of gypsum amendment without incentives cre-
ated through agri-environmental policy. Homogeneity of the costs of gypsum amendment has an interesting im-
plication for policy design: because the costs are identical across farms, optimal incentives are identical as well. 
An optimal subsidy level that would encourage farms to adopt gypsum amendment would be easy to determine 
– the optimal subsidy would be set marginally above the cost of gypsum amendment. In theory, all farms would 
then be willing to adopt the measure. However, the optimization analysis indicates that the economic feasibility 
of gypsum amendment from the point of view of the society on the whole depends on the marginal benefit of 
load reductions as well as on field STP level and erosion susceptibility. How to efficiently allocate the measure to 
fields and farms should then also be addressed. In the case of our study area, retention is minor and most of the 
agricultural phosphorus loading finds its way into the Gulf of Finland or the Archipelago Sea. Uniform marginal 
benefit of load reductions in the study region thus provides a reasonable approximation. If field slopes and STP-
levels were known to policy administrators, allocation would be straightforward. The thresholds in Figure 1 could 
be used to determine eligibility for the subsidy: All field parcels characterized by a slope and STP level above the 
threshold levels would be eligible for the subsidy, and would adopt the measure. However, acquiring the required 
information on field slope and STP level would also bear a cost, which we have not accounted for in the present 
analysis. Furthermore, where the retention rates or marginal benefits of load reductions in the receiving body of 
water differ, policy administrators would have to acquire location-specific information on retention and marginal 
benefits as well. 

A concern to be born in mind would be the pricing of gypsum. Here, we have assumed gypsum to be priced at 
the marginal cost of production. However, gypsum is produced as a by-product of phosphorus fertilizer, and not 
all reserves provide gypsum that would be suitable for field gypsum amendment. Transporting gypsum over long 
distances could also prove prohibitively costly. Thus, the production side could potentially exhibit market power, 
which should be taken into account if designing a support scheme to encourage gypsum amendment as a water 
protection measure.   
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Appendix.  Optimal vegetative filter strip width, gypsum amendment and fertilizer application 
decisions.
We use the same empirical specification of the impacts of vegetative filter strips (VFS) on PP load as Iho and Lauk-
kanen (2012). Below, we describe the empirical specification only briefly; for a more detailed discussion and refer-
ences, we refer the reader to Iho and Laukkanen (2012). First, we note that VFSs filter eroded materials from runoff 
and set erodible land away from production; that they do not affect DRP; no P loss occurs from land under VFS; and 
VFSs retain PP from surface runoff only. Furthermore, for simplicity, we abstract away from the impact of VFS on 
the development of the average STP of the field parcel; thus, the state transition function remains 1 ( , )t t ts s x+ = Γ .18

Including VFS in the model introduces a third choice variable, here the VFS width, tv . As we consider a square 
shaped parcel of one hectare size, the unit used for VFS width is hectometer (100 meters), and VFS width is con-
strained by 0 1tv≤ ≤ . The VFS width coincides with the share of the parcel allocated to the VFS. Vegetative filter 
strips remove a proportion of the field parcel from production and therefore affect per hectare profits from pro-
duction, which now are [ ]{ }( )( , ) 1t t t t tpY s x wx r ga v− − − − . As VFS have been shown to reduce PP load while no 
significant impact has been found on DRP load, tv  enters the expression for PP load, which now reads ( )PP tL v . 
Summing up, with VFS included in the model, the per-period, per-hectare social net return from crop production is 

                                             
( ) [ ]{ } ( )

( )
, , , ( , ) (1 )

                        (1 ) ( ) (1 ) (1 )
t t t t t t t t t t

t DRP DRP t t PP PP t t
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The Bellman equation corresponding to equation (3) now reads 
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Acknowledging the constraints 0 1ta≤ ≤ , 0 tx≤  and 0 1tv≤ ≤ , the first order conditions to the problem are
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In addition to (A3), ta , tx , tv , atµ , xtµ  and vtµ  have to satisfy the complementarity conditions 
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Consider first the optimal share of the field parcel to be treated with gypsum, ta . The per period net return 
( ), , ,t t t ts x a vΠ  remains linear in ta , and the marginal impact of ta  on ( ), , ,t t t ts x a vΠ will be either positive, 

negative, or zero for all ta : either 

(i) 	 [ ]( )( )( ) 1 0a DRP DRP t PP PP tg m T L s T L vΠ = − + + − > , 

(ii)	 [ ]( )( )( ) 1 0a DRP DRP t PP PP tg m T L s T L vΠ = − + + − < , or 

(iii)	 [ ]( )( )( ) 1 0a DRP DRP t PP PP tg m T L s T L vΠ = − + + − =  for all ta . 

As before, the optimal ta  will be a boundary one. Furthermore, we see that tv  has no impact on the optimal 
choice of ta (as long as the optimal tv  is less than 1). 

18  Iho and Laukkanen (2012) took this effect into account. Quantitatively the impact of VFS on the average STP level of the field parcel was 
minor.
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Consider next the optimal fertilization rate, tx . The optimal choice of tx , for a given soil phosphorus level ts , is 
determined by the first-order condition 
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The first order condition for VFS becomes:
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Here, ( )v tC v and , ( )PP v tL v  are the derivatives of the VSF cost and PP load with respect to tv . 

The envelope theorem applied to the same problem implies

                                     ( ) [ ]( ) ( ) ( ), 1( , ) 1 (1 ) ( ) 1 ( , )t s t t t t DRP DRP s t t t s t ts pY s x v m a T L s v s s xλ βλ += − − − − + Γ .                  (A7)

We next describe the empirical effect of VFS on PP loss. We interpret the last term in equation (11) as PP load in 
drainage, which should be independent of field slope. Accordingly, the bioavailable PP loss via surface runoff is 
given by ( ) ( )2

1 2
PP PP

PPSurfaceL bγ α γ α γ= +  and PP load via drainage by 3
PP

PPDrainageL α= .

Following Lankoski et al. (2006), the retaining of PP by filter strips is described by the function

                                       ( ) 0.3
PPSurfaceR v v L= .   				                                                                      (A8)

The total bioavailable PP loss is then given by

	                        ( ) ( )( ) ( )( ) 1 1PP PPSurfaceL v b v R v L γ= − − .  	
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