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The Control of Nonpoint Pollution when Damages are

Heter ogeneous

Abstract

The expansion of intensive agriculture in Spainirdurecent decades has created
substantial ambient pollution loads of nutrientsl gresticides in streams and river
courses. This pollution degrades water quality al@inages aquatic ecosystems.
Because the pollution emissions from agricultue r@onpoint, it is almost impossible
(or very costly) to identify the responsible agetite location of sources, and the
amount of emissions. This paper analyzes the problesaline percolation from farms
into water bodies using an approach that takes awtoount the heterogeneity of
biophysical processes and farm soils. A commonmapsan in the nonpoint pollution
literature is that the function of marginal damafjem pollution is unique across farms
and soils. This implies a unique optimal tax rate & unique optimal pollution
threshold) for all agents. The heterogeneity betwieems implies that the pollution
damage functions depend on biophysical charadtsjsa very likely situation in
nonpoint pollution where transport and fate proessare involved. Therefore, the
implementation of a unique tax rate (or pollutiomeshold) for all agents generates
significant welfare losses. This study highlightse timportance of taking into
consideration the heterogeneity among farms inrdaddesign better pollution policies.
Results show that no regulation could be a predeoption over regulation with a
unique pollution tax (or threshold) when agentstetrogeneous.

Keywords. nonpoint pollution, heterogeneous farms, pollutidamage functions,
uniform and non-uniform pollution taxes and thrddko
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Introduction

Protecting water resources is an important objectf environmental policies in all
countries, especially in arid and semiarid regiohshe world. The quality of water
resources is a significant issue in European enmental policies.

Agriculture is an important source of nonpoint potn, with nutrient and pesticide
emission loads as major components of water qudétyradation. Nonpoint pollution
from agriculture is a negative externality resgtin damages to natural ecosystems that
reduce the services from the environment and camsdly social welfare. The main
problem in addressing nonpoint pollution is theklad information and knowledge
about the responsible agents, their precise latatind the amount of pollutants at the
source. Ambient pollution is easily measurable, tha transport and fate processes
linking source pollution and ambient pollution anestly unknown in all countries. The
emissions at the source cannot be observed acgubstieause the costs of measuring
individual plots are prohibitive. Other featuresagfricultural nonpoint pollution are the
high number of pollutants, the complex mechanisnistransport and fate, the
asymmetric information among the agents involvesl,well as the stochastic and
unknown elements, such as climate and other biagdlysharacteristics of basins.
Consequently, the design and implementation of awripollution control measures is
a very complicated task.

A type of agricultural pollution is salinity cominigom irrigated crop production
activities. Salinization of cultivation fields oasuwhen salts increase in the root zone,
because soils are affected by salinity and croplambt well managed and improper
irrigation elements are used (e.g. irrigation va#line water). Salinity is an important
problem, particularly widespread in arid or sentiadreas where crop production
requires irrigation schemes (Tedeschi et al. 20@hji 1990). At least 20 percent of all
irrigated land is salt-affected, with some estiradieing as high as 50 percent (Pitman
et al. 2002). The use of large quantities of warenrrigated agriculture generates
percolation and runoff which drag salinity from tsdkeposits. This salinity pollutes
water courses and other lands and creates cornsidetsamages to the natural
environment. Additionally, high levels of salinigye a limiting factor in the production
of several crops. Most crops are sensitive to Bighsalinity concentrations, reducing
crops yield or even making production infeasible.
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This study focus on the problem of water qualitgrdelation from salinity emission
loads in a watershed located in the Ebro basinifppa substantial acreage of land in
the Ebro basin is affected by salinity, estimatecdraund 310,000 ha (Alberto et al.
1986). The Ebro basin is a semiarid area with loecipitations (400 mm/year) and
high evapotranspiration during the warm seasona@®e of the significant salinity in
the area and the semiarid weather, saline leaclsingn important environmental
problem in the Ebro basin (Navas et al. 1995). dénelopment of irrigated agriculture
in the basin has vastly expanded the irrigatioarreflows and the drag of salts, which
degrade water quality in the Ebro basin water aiesnd damage aquatic ecosystems.

The study develops a model with heterogeneous faiedicated to irrigated
agriculture. Farms are different depending on thgation technology, crops, and soils.
The main consequence of the heterogeneity betwaen Fands is the existence of
different pollution damage functions by farm. Besadarms have different types of
soils containing diverse salinity levels, waterqmation from irrigation drags different
amounts of salts depending on the type of soil edshTherefore percolation is
responsible for the ambient salinity pollution imwhstream water bodies.

In this study, three pollution emission functiong aefined for each of the three
types of soils identified by salinity (saline, moake, and non saline), with the map of
soils showing their spatial distribution. Becaudetle existence of three pollution
damage functions, different ambient-differentiat@dllution taxes (or pollution
standards) have to be implemented to abate pallainal achieve efficiency. The results
from the analysis show that a uniform pollution fmoduces an important loss in the
social welfare. Forcing a unique tax could be ewense than doing nothing, because
our results show that the welfare outcome form dotm tax could be below the
welfare under no regulation. The purpose of thelysia to highlight the inefficiencies
of applying uniform pollution instruments when @ifént damage functions are
identified.

The paper is organized as follows: section 2 exentheoretical nonpoint pollution
model common in the literature, and highlights timeportance of taking into
consideration non-uniform tax rates in a context different damage pollution
functions. Section 3 describes the empirical modedsenting the study area and the
bioeconomic model. Section 4 presents the resilihe analysis under alternative

policy scenarios. Finally, section 5 concludes i main findings and implications.
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The control of nonpoint pollution: theoretical model

Following the methodological approach on nonpoialiytion by Segerson and Wu
(2006), the present study analyzes how pollutioticies change when there are
different pollution damage functions instead of rdique damage function. Different
pollution damage functions arise because the uyidgrlbiophysical processes make
farms heterogeneous, with each class of farm hatieig own damage function. Under
different pollution damage functions for heterogmme farms, the optimal pollution
level and shadow price of pollution is different fach class of farm. However, the
usual proposition in the literature calls for a que tax rate, which may lead to
substantial welfare losses when multiple damagetioms are ignored.

Segerson and Wu propose that the regulator mattesa of imposing in the future
an ambient tax as a mechanism to enforce a patltiiceshold in the current period. If
the threshold is exceeded in any past period, thenambient tax is implemented
forever. Their results highlight how this combiatiof voluntary compliance in the
current period, and the threat of an ambient tathenfuture is more effective than a
pure ambient-tax.

The model considers farmers generating pollution in a water body. E&imeri
can use abatement practices= (a;q,4a;,, --,ain). Each farmer has different
characteristics (solil, costs, skills, etc) whick denoted by the parametgr Expected
ambient pollution is defined asand depends on the abatement practices and farmers
characteristicsx = x(a4, a,, ..., a,; 64,05, ...6,). The cost of abatement to farmers
depends on abatement practices and farm charaictefis= (a;, 6;).

The social planner decides the threshold of paliuthat cannot be exceeded, which

is x* (with x* <x(0,...,0; 64, ...,6,)). The optimization problem is given by the

expression:
Min Z?zl C(ai, 01)
s.t. x(ay, .., 0p; 64,...,60,) <x° and a; =20 i=1,.,nj=1,..,m (D

The first order condition of this problem is givieyx

C o0 X s 2
aaij X aaij_ ()

where A*(x%,0) is the optimal value of the lagrangian. Therefore
C* =C(a;(6y,...,0,,x°),6,).
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With this information, the regulator wants farmeis achieve the threshold
voluntarily. If the threshold is not meet, the rlegar imposes a mandatory policy using
a linear tax on ambient pollution. The tax payni&htis given by the expression:

0 if x(a’,0) <x°
Th {Ti - [x(at,0) —x] if x(a’,0) > x5 (3)

whereaV represents the abatement practices vector wherefarchoose voluntarily not
to exceed the threshold(@’, 9) < x°), anda® is the abatement vector when farmers
do not meet the threshola(@t, ) > x°). The tax is imposed in all subsequent, where
parameter; is the ambient tax rate on farmerandx is a “cuttoff level” of pollution

(x < x®).

If 7; = 2*(x5,0) = 1%, thena® = (aj, ..., a}) is the unique Nash equilibrium for the
tax subgame. Therefore, the regulator can induseramimizing abatement decisions
by threatening with imposing an ambient tax on eacmer equal ta*. The optimal
tax is uniform for all farmers, even though the tab#ent levels and contributions of
farmers can differ. This is because the tax raggjisal to the shadow price of pollution.

Segerson and Wu analyze the social benefits ofnglesifarmer meeting the

threshold voluntarily and not paying the tax in theure, and then with multiple
polluters. In the case of a single polluter, res@how that wherx < x*° —rT—C: the

regulator can induce voluntary compliance in altiges® When there are multiple
polluters, free-riding behavior can emerge becdlisecosts of abatement are different
(C;). The pollution threshold can be meet voluntabily not at minimum cost, because
C; varies by farmer and free-riding behaviour appears

Even with this free-riding effect, all farmers wduprefer to meet the threshold
voluntarily but with an inefficient abatement alkldion. Zero abatement is also a Nash
equilibrium but dominated by voluntary complianddne above results correspond to
the case of a non retroactive tax, where farmeyd@aver starting in the year after the
threshold is exceeded. Imposing a retroactive wdnere farmers pay also for the year
they have exceeded the threshold, eliminates fd#egr and zero abatement. The
advantage of a voluntary and threat instrumenhat the regulator does not have to
incur in information costs associated with the iaxgrder to gather information on the

characteristics of farmei®. The main conclusion of this analysis is that riagulator

! parameter is the interest rate.
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can induce cost-minimizing abatement without inicgrin farm specific information
Ccosts.

The optimal cost of abatement is different by fannthe case of multiple polluters,
because costs depend on the individual abatemetdrvand on farm characteristics,
C; = (a;, 0;). But even for multiple farmers, a key assumpt®that there is only one
pollution damage function. When the pollution damdgnction is unique, the shadow
price of pollution (or the tax rate) is the samedt farmers,t; = 1" (x,, ) = t*. With
this unique tax rate, farmers achieve the Nashlibgum which is the optimal
abatement levela® = (aj, ...,a;). The assumption of a unique pollution damage
function is a key hypothesis made by Segerson and ilVthe demonstrations
supporting their findings.

The purpose of this study is to analyze the caséliféérent pollution damage
functions, with their corresponding shadow pricépallution which are the tax rates. A
common assumption in the literature is that padlutdamage functions are unique for
all agents. This implies a single optimal pollutiavel where marginal benefits and
damages from pollution are equal, and there isnglesioptimal shadow price of
pollution for all farms.

The underlying biophysical processes are quitdylike make farms heterogeneous
with respect to damages caused by their pollutbads$. These damages from pollution
are different because of the heterogeneity of faretated to soils, technologies and
other spatial features (Kolstad 2060fFigure 1 shows the welfare losses of using a
uniform tax rate, when in fact there are differpallution damage functions by class of
heterogeneous farm, and different shadow pricepodifition. The figure shows for
every class of heterogeneous farm the optimal pofitemissions (€, & and g '), and
the optimal shadow prices of pollution (tt,” and ¢ ) which are the Pigouvian tax rates.
The implementation of a unique tax ratdar all farms implies losses in social welfare,
measured by the shared areas of figute 1.

The analysis presented here introduces specifi@darfunctions for each class of
farm. Farms are heterogeneous because of the tyyodl avhich can be saline, moderate

saline, or non saline. Percolation from each faathé polluting variable. Percolation

2 See chapter 9 “Emissions fees and marketable f8rmi

% Kolstald (2000) states in page 160: “The loss fammiform fee depends on the nature of the margina
cost and damage functions. The steeper the margisalfunctions and the flatter the marginal damage
the smaller the deadweight loss”.
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Figure 1. Welfare losses of ignoring the different pollutidamage functions.

A

\\ MD e g

/' ALlpe g
\\
o M iea
. e
. // - MDyey
. . / /
0, : e y
A e s
ta ; e
. L /
T
&) i I
S A : :
e ///;' // ‘ \\
/ ! ;
1 / H
yd P \\
g /)-E/ é | \\
e ME e
e, e e ey I)'c-:_]luric-u

Note: MD,, MD, and MD; are the pollution marginal damages from farmslag€ 1, 2 and 3. MB is the
marginal benefit of pollution.t, t,” and § are the optimal shadow prices of pollution to sedias tax
rates for farms of class 1, 2 and 3ig the uniform pollution tax when heterogeneitydafmages is
ignored. ¢, & and g are optimal pollution levels for farms of class2land 3, while ‘eis the uniform
pollution level when heterogeneity is ignored.

goes through saline soils driving the transport &atd processes of salinity towards
water courses, causing damages to ecosystems aothéo human activities. The
damage function from percolation of each classaaifis different and depends on the
type of soil.

The objective function is given by equation 1, vehdifferent pollution functions

give rise to different pollution thresholds. Thenimization problem becomes:

nil n2 n3
Min z Cs(ag, 0s) + Z Con (A, Oni) + Z Cn(ani, Ony)

si=1 mi=1 ni=1
site xs(Agqy e, Any; Osyy ey Osny) < X§
Xm (Amts o) Amnz; Omis o) Omnz) < Xy
Xn(Any e s Annz; Onts s Onnz) < X5
and ag, A, An; = 0 n=n;+n,+n;g (4
wheren is the total number of farmers in the model. Thb-mdexess, m, andn
represent the type of soils: saline, moderate saland non saline respectively.

Cs(agi, 0s;), is the abatement vector of farms with saline, sGjl(a,,;, 0m;) 1S the
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abatement vector of farms with moderate saling soiliC, (a,;, 6,;) is the abatement
vector of farms with non saline sojds(asl, ey Qsnys Os1, ...,Hsnl) is the total pollution
from farms in saline soils;,, (a1, -, Gmn,; Omas - Omn,) 1S the total pollution from
farms in moderate saline soils, and(a,1, ..., Ann,; On1, -, Onn,) is the total pollution
from farms in non saline soilss is the pollution threshold for farms in salinelsot;,
is the pollution threshold for farms in moderatéingasoils, andx; is the pollution
threshold for farms in non saline soils.

There are three separate threshold restrictionausecthe pollution (percolation)
from each group of farms is different; so the opfirquantities of pollution are also
different. The first order conditions of equationyitld three Lagrangian multipliers,
which are the three pollution tax rates sought bg tegulator. These tax rates
correspond to each type of soil (saline, modenateran-saline).

The first order conditions of problem 4 are given b

aC(asi, HSL-) s < d0x )
S — * . >
1 da, + A5(x3,0) da.) > 0 (5)
aC(ami,Hmi) s ( dx )
b T2 * . >
2 3a,. + A (x5, 0) g = 0 (6)
aC(ani' Hni) s < 0x )
__ mnb "ntJ * . >
3G (0 (5,-) 2 0 )

The Lagrangian multipliers of equations 5, 6 andiré the shadow prices of
pollution for farms in each type of soilly(xs, 8) saline,A;,(x;,, 0) moderate saline,
andA;, (x5, 6) non saline. These Lagrangian multipliers are thtén@al tax rates for the
class of farms by type of soil. Compared with thedel by Segerson and Wu, there are
three first order conditions, instead of one candi{equation 2), with three multipliers.

Methodologically, the model of Segerson and Wu mines the costs of abatement
undertaken by farms. Kampas and White (2004) sh@w tb minimize the abatment
costs is equivalent to maximize the social welfdiee abatement costs of farms are the
difference between the unrestricted profit of faraml the restricted profit of farms

under pollution regulation:
n n

i ct =) mape) — ) mf(42) ®

i=1 =1
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wherem;(q;, e;) is the unrestricted profit of thé" farm as a function of outpygt and
pollution e;, while tf(q;,&,) is the restricted profit of th&" farm with a pollution

constraint,. The restricted profits are the solution of thikokeing problem:

n

Max Z m;(q;, e;)
q.e

=1

n n
s. t. G(Z%,Z@d)SE (9)
=1 i=1

Solving problem 9 is equivalent to minimizing tloéall costs of abatement (problem

1). The formulation of Kampas and White is the dafahe Segerson and Wu problem.

The control of nonpoint pollution: empirical model
Study area

The empirical analysis is tested on the Flumen-Moo® area, which is a sub-basin
of the Ebro river basin in Spain. The Flumen bastludes a total of 32 municipal
districts. The basin covers 77,800 ha, part locatethe Monegros irrigation district
(35,300 ha) and part located in the Flumen irr@yatiistrict (32,500). The total acreage
dedicated to irrigated agriculture is around 47,880

The area is characterized by a semi-arid climath sgarcity in precipitations, and
irrigation is required for agricultural productiorifThe most common irrigation
technology in Flumen is flood covering around 30,0@, whereas sprinkler technology
is used in around 17,000 hi&Vater resources in this area include the rivete@él the
Sotonera dam, and the Flumen and Monegros canadsmBin crops are corn, alfalfa,
wheat, and barley.The acreage of corn is 13,000 ha, alfalfa covér8aD ha, wheat
7,000 ha, and barley 5,600 ha.

An important feature of the Flumen basin is thes@xice of salinity because of the
geological formation of soils of the area. MemaO&0has classified soils by their
salinity levels. Figure 1 shows the distribution sdlinity in the Flumen basfh.
Approximately 13,800 ha of soils have serious potd of salinity, 13,000 ha have
moderate saline soils, and 11,300 ha are non salis. The definition of each

category of soils is given in Table 1.

* Drip irrigation is not considered because theafdtis technology is marginal in the study area.
® Statistical data about crop acreage are availatBobierno de Aragén (2007).
® Using information from Nogués et al. (1999) andyNés (2000).

9
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Figure 1. Salinity map of Aragon.
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Bioeconomic model

The heterogeneous farms are defined by combiniagyie of crop (corn, wheat,
alfalfa, and barley), the irrigation system (floadd sprinkler), and the type of sail
(saline, moderate, and non saline). Crop producfiomctions are specified with
different functional forms in the literature. Theam functional forms are polynomial,
Von Liebig, and Mitscherlich-Baule (Frank et al909. The Von Liebig specification is
consistent with the idea that crops respond lige@arlthe most limiting input, and this
specification displays a zero elasticity of sulbgitin among inputs and also a growth
plateau beyond the application threshold. UndeiMhscherlich-Baule specification,

10
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Table 1. Types of soil by saline level

Soil type Electrical conductivity Soil depth
(CEe, dS/m) (ps, cm)

Saline soil >8 120-80

Moderate saline soill 2-6 80-60
Non-saline soil <2 60-40

there are substitution among inputs and a growditepl beyond the input threshold.
The problem with this specification is that there aroblems of convergence in the
estimation of parameters.

The polynomial functional form displays substitatiamong inputs and a maximum
yield level, but does not have the property of andh plateau. The properties and easy
of estimation of the polynomial specification expléhat it is the usual choice for crop
production functions, in particular the quadratpedfication. In this study, the crop
production function is defined with a quadratic@peation:
fes(Xi) = Qs + Bes X + 8es * X} (10)
wherex; is the water used by each fainfwherei = 1, ..., n), the sub-indexes ands
indicate that the crop production parameters dementhe type of crop and irrigation
system respectively. Table 2 shows the estimatemhpeters for the different crops.

The parameters of production functions have beedouleded from previous
estimations by Uku (2003). These estimation havenbealculated with EPIC
(Environment Policy Integrated Climate) a crop giovsimulation package. EPIC
simulates the relationships between crop growth athbles such as soil, weather,

water use, nutrients and crop management. The nhaddbeen calibrated to represent

Table 2. Production functions by crop and irrigation teclogy

Flood

Coefficient Corn Alfalfa Wheat Barley
g -5.64 -2.36 -1.42 -2.36
B.i 3.0610° 2.9010° 3.0210° 3.2310°
S -1.4210 -1.2910" -3.2010" -4.0210"

Adjusted R 0,92 0,93 0,89 0,85

Sprinkler

Coefficient Corn Alfalfa Wheat Barley
ag -8 -0.52 1.9 0.31
B.; 5.1410° 4.0910° 2.7310° 2.9710°
S, -3.0310" -2.5610" -3.5710" -4.6110"

Adjusted R 0,97 0,90 0,81 0,80

11
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the crop production functions in the study areadifdnally, the results of the

estimations have been tested with surveys disattt farmers and also by checking
these results with field experiments. The productionctions depend on the inputs
water use and nitrogen. The parameters of the ptmoiufunctions have been re-
estimated taking into account the results by Uku.

For each crop, the production functions are concaneé depend only on the
irrigation water input in a deterministic mannearfers are price takers, and their crop
production activities generate an individual podat at the source which is not
observable. Therefore, control measures can onlgased on the observable ambient
pollution, which is the sum of the individual pdlln loads. Farmers behave rationally
between them, adapting their individual produciioresponse to measures taken by the
regulatory agency. The negative externality geeedrdity the production activities of
farmers is damaging the environment, but has rectdimpact on farmers.

Salinity arises in water bodies because the legcbfnsaline substances from the
soil and sub-soil; this leaching of salts is driveostly by water returns from irrigated
agriculture. Percolation is the filtering of watdrough the soil since part of the
irrigation water is not taken by the plant and mesuto the environment. This
percolation goes through the salinity in the saiigl is responsible of salinity into water
bodies.

Percolation is defined as the product of irrigatwater by one minus irrigation
efficiency:
pe(x) = (1 —ef) x; (11)
wherex; is the input water andf is the efficiency of the irrigation system: 0.%% i
sprinkle irrigation, and 0.55 in flood irrigation.

Under no regulation, farmers maximize their privatefits without taking into
account that their activities generate environnedi@nmages, so farmers do not
internalize the social costs of their activity. Tn®blem for each individual crop in the
farm without regulation can be stated aux m; = p, - (Qcs + Bes * Xi + 85 * X7) —

Py " Xx; + s, — F.. The municipal district is considered the decisiont, and therefore
the optimization problem is run for each municigatrict. The results obtained from
each municipal district are aggregated for thererfilumen basin. The optimization

problem without regulation is given:

12
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Max 1= ZZZ@C Qs + Bes i+ s - X2) = Py i+ 5¢ = F) (12)

i=1c=1s=

where the index indicates crop (witlt = 1, ...,4) and the index indicates irrigation
system (withs = 1, 2). p,.. is the price of the crop, is the water prices, is the amount
of subsidy, and, are fixed costs of production that depends ortytpe of crop.

The ‘first-best’ scenario is obtained when farmarernalize the environmental
damage of their activity. Methodologically, the rfaxlation of this problem consists in
the maximization of farmers’ private profits sulijéo not exceeding a threshold of
percolation. Percolation is the polluting variabled the threshold is established by the
regulator.

The optimization problem under regulation is gisn

n k v
Max HR=ZZZ(?’C'(acs+.8cs'xi+6cs'xi2)_px'xi+sc_Fc)

i=1c=1s=1

+ ZZZ(pC (aCS+ﬁCS x]+6CS xz) px xj +SC )

j=1c=1s=

+ z Z Z(pc (acs + .Bcs Xn + 5cs xh) Px " Xn + S¢ — )

=1c=1s=

nq

s.t. Z(l—ef)-xiSﬁs
i=1
np
Z(l_ef)'xj =< Pénm
j=1

D =ef) x < pe, (13)
h=1

where ef; is efficiency of sprinkler irrigation aneéf; is the efficiency of flood
irrigation. pes, pe,,, andpe, are the thresholds of percolation for saline, maite
saline and non saline soils respectivVelhe sub-index indicates farms with saline soil

(wherei =1, ...,n,), the sub-indexy shows farms with moderate saline soil (where

" These values of percolation are the total perimoiaor each type of soil (saline, moderate, and no
saline). As indicated the optimization problemus for every municipal district, which is considérthe
decision unit. The number of municipal districtstie Flumen basin that have been considered is 24.
Thereafter, the solutions obtained by municipalriiss are aggregated at basin level.

13
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j=1,..,n,), andh are farms with non saline soils (with= 1, ...,n3). n is the total
number of farms considered, where= n, + n, + ns.

To decrease environmental damages, the amountradlpgon over saline soils has
been reduced by 35 percent with respect to theesumituation without regulation
(baseline). In the case of moderate saline soith W@wer concentration of salts, the
percolation has been reduced by 25 percent ofdkelime. For non saline soils having
low salt contents, the reduction in percolationust 5 percent of the baseline. These
reductions in percolation imply that the threshofds the entire Flumen basin are:
pe, = 23.1 Mm®, pe,, = 25.8 Mm°, and pe,, = 28.1 Mm°. The shadow prices of
percolation are the values of the Lagrangian miwtip from the first order conditions
of problem 13. These shadow prices dte= 0.390 €/n?, A%, = 0.283 €/, and
A5 = 0.057€/m".

The thresholds for percolation have been definesedan information on salinity
loads. Salinity loads are calculated using the HMafi (1986) formula, modified by
Quilez (1998). Quilez equation relates initial s&)i in the soil with final salinity:

a-epx,
ps

s = {CE ICE- ! l} 640107 [(1 — ef) - x]. Wheres is salinity load,CE is

final salt concentration in the soifE, is initial salt concentration in the sod] is
leaching fraction,pr is percolation, angs is soil depth. This equation is used to
generate data on salinity loads from percolatidre Gost of the environmental damages
from salinity loads are approximated by the co$isxtracting the salts from water. The
costs of extracting salts from water are estimate@l05 €/kd’. This information is used
to figure out the salinity load reductions in edgpe of soil. These percentages of
reductions in percolation (35%, 25% and 5%) atthm desired reductions of salinity
loads? The percentages of reduction in percolation agelus define the thresholds of
percolation by type of soilpg;, pe,,, andpe,), which are used in the optimization
problem 13.

Following Kampas and White (2004), the costs oftafn@nt are given b§ = I1—

I1%. The social welfare is defined by the private jirof farm production activities

8 Information provided by CIRCE (Center of EnergysRarch) that estimates this cost at around 0.036
€/kg, based on a cost of desalination of 0.03C°&frd on salinity loads of 1.2 kg?nThis value of 0.036
€/kg has been increased to 0.050 €/kg as a resnltr@ases in energy prices during recent years.

° Because percolation drives salinity, the percezgagf reduction in percolation will achieve the icks
reductions in salinity loads.

14
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minus the environmental damag8y =11 — 1" - e, wherel" is the shadow price of
pollution ande is pollution.

The parameters of output and input prices are: paoe 193 €/t, wheat price 223
€/t, alfalfa price 92 €/t, barley price 185 €/tdamater price 0.03 €/f(Government of
Aragon 2007). The fix costs are: corn 1,259 €/hbeat 930 €/ha, alfalfa 1,122 €/ha,
and barley 900 €/ha. The subsidies are 100 €/hg 606r€/ha wheat, 10 €/ha alfalfa, and
60 €/ha barley (MARM 2007).

Analysis of results

Several scenarios are run to compare the currdoati®in or baseline, with
regulatory scenarios to control pollution. The dagjon scenarios are examined under
two alternatives, considering or not considering heterogeneity of farm soils. The
scenarios present the results on private profisdemuse, percolation and social welfare.

Under regulation considering the heterogeneouss,stlile regulator sets three
pollution thresholds, one for each type of soild dhe control measure is a different
pollution tax for every soil. This non uniform pation tax is the ‘first-best’ measure.
Under regulation without considering the heterogeisesoils, the regulator sets up a
unique pollution threshold disregarding soil typasd the control measure is a uniform
pollution tax which is a ‘second-best’ measure. Dlaseline and regulation scenarios
have been run with the GAMS optimization packagmgithe CONOPT solver.

The results are presented for the whole Flumembasie optimization problem is
run for every municipal district, and the result® aggregated at basin level. The
production activities include the four main crops the area, the two irrigation
technologies, and the three solil types.

Table 3 compares the results between the basel@masgo and the regulation under
heterogeneity, which involve the ‘first-best’ pdlin control measure. Under the
baseline scenario, there is no regulation and fesrde not internalize the pollution
damages of their production activities. Under thgutation with heterogeneity, farmers
internalize the negative externality of their protion activities and reduce their
percolation to abide by the three pollution thrégad’

1 The reduction in percolation is 35 percent in famith saline soils, 25 percent in farms with mader
saline soils, and 5 percent in farms with non sadiails.
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Table 3. Results under no regulation and regulation witielttgieneous soils.

Basdline
Water use (Mn) 502.6
Percolation (Mm) 99.5
Farmers private profits (million €) 31.9
Social welfare (million €) 24.5
Regulation with heter ogeneity

Water use (Mn) 411.7
Percolation (Mm) 77.0
Farmers private profits (million €) 28.2
Social welfare (million €) 27.7

Water use, percolation, and crop production aradriginder no regulation, because
farmers are not internalizing the pollution damagetheir activities. The reduction in
the water use between the baseline and the ‘fast-lzontrol policy is 91 Mr}) with a
fall of 22.5 MnT in percolation. Private profits under the baselime 31.90 million
euros and they fall to 27.71 million euros undex first-best’. The increase in social
welfare in the ‘first-best’ compared with the baselis 3.09 million euros. This
increase in the social welfare seems to justifyithervention of the basin authority in
order to induce farmers to abate pollution.

The next step is to find if welfare differences vioe¢n considering or not
heterogeneity are large enough to justify the dseoo-uniform instruments, instead of
a uniform one. Table 4 presents the aggregatedtsdeuthe whole Flumen basin when
a unique threshold is implemented for all typessoils. The level of this unique
threshold has been set first at 35 percent potiutemluction, and then at 25 and at 5
percent:' Table 4 shows the welfare impacts of choosingptiréicular unique pollution
threshold. The better option is choosing a threktibht reduces percolation by 25
percent, because welfare is not too far from ttet liest welfare outcome of table 3.

The comparison of the three homogeneous threskblulss that the worst option is
the threshold reducing percolation by 35 perceath bin terms of social welfare and
private profit of farmers. The reduction of 35 partcorresponds to farmers with saline
soils and very high pollution emissions. If thigmireduction is applied to every other
type of soil, the inefficiencies of the policy maes become very important with
significant welfare losses. The losses in welfam ot so high if the homogeneous

threshold is a reduction of 5 percent, which cqroesls to non saline soils.

1 This exercise is a sensitivity analysis that shthesimpact of choosing the unique threshold level.
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Table 4. Results under regulation with homogeneity (3 umifoéhresholds).

Threshold with 35 percent reduction for all farms
Water use (hr)) 358.6
Percolation (hm 64.7
Farmers private profits (million €) 25.0
Social welfare (million €) 23.5

Threshold with 25 percent reduction for all farms
Water use (hr)) 401.1
Percolation (hm 74.7
Farmers private profits (million €) 28.3
Social welfare (million €) 26.6

Threshold with 5 percent reduction for all farms.
Water use (hri) 483.4
Percolation (hm 94.6
Farmers private profits (million €) 31.7
Social welfare (million €) 25.6

These results demonstrate that when there argafhtfdamage pollution functions,
and the authority ignores this heterogeneity andsiciers only a unique tax or
threshold, the loss in social welfare can be vagnicant. Simplifying multiple
damage pollution functions to only one function g choosing a unique pollution tax
rate or pollution threshold, and selection of thi®shold by the regulation authority has
important consequences in welfare terms.

There are considerable variation of social welfareomparing the results of tables
3 and 4. A unique tax rate (or unique thresholdcgdreduces quite significantly social
welfare. By using the pollution tax rate of salgwls in the whole basim{ = 0.390 or
ve, = 35 %), social welfare decreases by 17 percent witheetsjo the ‘first-best’. But
comparing this with the social welfare under thesdbae scenario, the results
demonstrate that regulation in this case is wdns@ nho regulation. When the unique
tax rate chosen is the moderate saline soil raie= 0.283 or pe,, = 25 %), the loss
of social welfare compared with the ‘first-best’ Gspercent. In this case, the social
welfare improves with respect to the baseline stermd no regulation. By choosing the
unique rate equal to that of non saline solls€ 0.0057 orpe,, = 5 %), the loss in the
social welfare with respect to the ‘first-best’ 10 percent. Again, there is an
improvement in the social welfare with respectaaegulation.

The tax payments under the different scenarios sti@vn in table 5. Under
regulation with heterogeneity, farmers are inte@sh reducing pollution because their

profits by abiding the pollution thresholds (28.8lion €) are above their profits by not
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Table 5. Tax payments and farmers profits under the reigmatcenarios (10€).

Complying Not complying
Type of regulation Farmers Tax Farmers
Profits payments| profits
Heterogeneous with three thresholds 28.2 8.1 23,8
Homogeneous with 35% reduction 25.0 13.6 18.3
Homogeneous with 25% reduction 28.3 7.0 24.9
Homogeneous with 5% reduction 31.7 0.3 31.6

abiding the pollution thresholds (23’8)Under regulation with homogeneity, farmers
are also interested in reducing pollution becabe# frofits by abiding the threshold
(25.0 million € for 35%, 28.3 million € for 25%, J1lmillion € for 5%) are above their
profits by not abiding the threshold (18.3 milli@nfor 35%, 24.9 million € for 25%,
31.6 million € for 5%)"> However, some farmers with highly profitable cropay have
higher profits by not complying than by complyiramd therefore they have incentives
to have a ‘free-rider’ behavior than those farmetth less profitable crops. This
guestion deserves further inquiry by using gamerthe

The presence of high transaction and administratbgts, and also the information
problem are factors that hinder the implementatdmon-uniform instruments. But
even though these factors call for uniform instratae the social planner needs to
weight carefully the tradeoff between getting aeaterbiophysical knowledge and
designing simple policy instruments. The instrunean be simple, but policy failure is
especially worrying when policy designers misuntierd the biophysical features, and

choose any simple but wrong measure that is pallyipalatable for decision makers.

Conclusions

Nonpoint pollution from agriculture is a negatiwaernality resulting into damages
to natural ecosystems. These damages degraderticeserovided by the environment
and consequently reduce social welfare. An imporw@nective of environmental
policies is to correct and control the pollutiomiplems by forcing agents to internalize

the social damages they generate.

12 Under regulation with heterogeneity, the tax paymsef not complying are equal to the sum of the
shadow price of percolation multiplied by the ambuwf percolation for each type of soil:
0.390-12.45+0.283-8.59+0.05-1.48=8.13.

13 Under regulation with homogeneity, the tax payraaftnot complying are equal to the shadow price
of percolation multiplied by the amount of percaat For a 35% reduction the tax payments are
0.390-34.83=13.58. For a 25% reduction the taxngsys are 0.283-24.88=7.04. For a 5% reduction the
tax payments are 0.057-4.97=0.28.
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Agriculture is an important source of nonpoint pobn because of the large
emission loads of nutrients and pesticides thatcatesing water quality degradation.
The subsequent damages to natural ecosystems retwo®nmental services and
generate welfare losses. The main problem in adii@sionpoint pollution is the lack
of information and knowledge about the responsdments, the precise location of
sources, and the amount of pollutants at the souhkoebient pollution is easily
measurable, but the transport and fate processkisdi source pollution and ambient
pollution are mostly unknown.

This lack of information and knowledge leads touaitons of asymmetric
information where farmers can act strategicallye Thallenge for policy makers is to
design appropriate measures that are able to elcperation among farmers. The
question of designing the appropriate incentiveadioieve collective action by farmers
is crucial, since farmers are the agents respanfibltaking care of water resources.

Excessive irrigation levels in areas with saliptpblems causes large salinity loads
into rivers, which causes damages in aquatic et&sygs and other agents. The
theoretical approach is tested in the Flumen b@Niortheastern Spain), using an
empirical model that combines heterogeneous famitk, different soils, crops, and
irrigation technologies.

The main contribution of the paper is that whendhage different pollution damage
functions, heterogeneous pollution thresholds oHupon tax rates have to be
implemented in order to avoid welfare losses. Tpenal percolation level is not the
same for all farms, and depends on the locatiamespollution damages are quite
different by solil class.

The finding is illustrated empirically by definintree pollution thresholds for three
types of soils: saline, moderate saline, and ndimesaDifferent scenarios are run
analyzing the cases of no regulation, regulatioth wieterogeneous measures, and
regulation with homogeneous measures. The empinesiilts confirm that under
different pollution damage functions, the implenaiain of a uniform threshold or tax
rate to all farms generates policy inefficiencidhe model shows that in some
situations, and depending on the uniform thresbolthx rate chosen, the inefficiencies
can be so large that the absence of regulationdvioelpreferable to a homogeneous

policy that ignores biophysical processes.
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The presence of high transaction costs or infomnaproblems are factors that
hinder the implementation of non-uniform instrungerBut even though these factors
call for uniform instruments, the social planneed to weight carefully the tradeoff
between getting accurate biophysical knowledge at&igning simple policy
instruments. The instrument can be simple, butcpatannot ignore the existence of

heterogeneity between agents in order to desigriezit measures.
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