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Abstract

This paper studies the effects of environmental policy on the farmer's soil optimal
management. We consider a dynamic economic model of soil erosion where the intensity use
of inputs allows the farmer to control soil losses. Inputs use induces a pollution which is
accentuated by the soil fragility. We show, at the steady state, that environmental tax induces
a more conservative farmer behavior for soil, but in some cases it can exacerbate pollution.
These effects can be moderated when farmer introduces abatement activity.
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1 IntrodutionSoil erosion is a ritial issue for agriulture in developed ountries as well as in developingountries. Some empirial studies (for instane Papendik, et al., 1985 or Troeh et al.,1991) show that rop yields derease with soil depth in the long run. With a �xed amountof agriultural land, this diminution of agriulture yields is generally ompensated by aninreasing use of fertilizers, whih involves pollution of surfae and ground water. Hene,any environmental poliy that aims at reduing pollution emissions may be required totake into aount the e�et of soil erosion. This paper fouses on these two featuresby onsidering an optimal farm management model and by examining the relationshipsbetween rop produtivity, input use, pollution �ows and the soil harateristis1. It thusdesribes the optimal farmer's behavior and disusses about the e�ets of an unit tax asenvironmental poliy.The problem of soil degradation is inherently a dynami one, involving both tempo-ral and intertemporal trade-o�s, as in standard resoure management models. However,the main di�erene with other renewable resoures lies in the intrinsi dynamis of soil.Natural regeneration of soil is onsidered as �xed and insigni�ant with respet to thetime horizon of human's life and soil erosion is a natural degradation proess whih isdrastially ampli�ed by intensi�ed agriulture ativity. Conversely, the rate of soil loss,harateristis of the soil pro�le, limate and rop grown deide how muh soil erosionlowers the produtivity of land (see MConnell, 1983, Saliba, 1985, Barbier, 1990, Grep-perud, 1997 or Goetz, 1998 for further details on soil dynamis).However, soil erosion is not only a problem of resoure degradation, it also ausesnegative externalities like sedimentation or water pollution. Water pollution (surfaeand ground water) is a quite omplex proess sine it involves both point and non-pointsoure pollutions. The di�erene between them is not so apparent sine all pollutantsare emitted at a disrete point and are gradually dispersed to varying degrees as theyare spread through the environment. From a poliy point of view, the ruial distintionbetween point and di�use soures relies on their ease of identi�ation and suseptibilityto monitoring. Exept Loehman and Randhir (1999) and Hediger (2003), there is nopaper whih integrates optimal soil onservation and pollution externality. But neitherof them studies expliitly the e�ets of the environmental poliy on the asymptoti soilmanagement. Here, we �ll into this gap by developing a model of intertemporal e�ienyof soil management with a point pollution and an environmental tax.1The soil harateristis inludes the depth, the texture, the fertility as well as other quality indiatorsof soil. This generi term works as the farmer's apital stok.1



The remainder of the paper is organized as follows. The model is laid out in setion2. In setion 3, the optimal onditions are derived and the dynamis of the model isanalyzed. The environmental poliy e�ets on soil management are examined in setion4. This setion also onsiders the ase of abatement expenditures whih aims at reduingdiret emissions. Finally, Setion 5, summarizes the main �ndings.2 The modelThe model setup is provided by the standard approah of Goetz et al. (2000) and Hediger(2003). Let ut be an index of inputs (the ultivation intensity), zt, the overall soil depthand yt, the physial yield of rop per hetare at date t. The agriultural produtionfuntion is given by:
yt = f(ut, zt), (1)where f is de�ned in suh a way that f(0, z) = f(u, 0) = 0, fu > 0, fz > 0, fuu < 0,

fzz < 0, fuz = fzu > 0 and [fuufzz−(fuz)
2] > 0. Dynamis of the soil depth zt is desribedby the following state equation:

żt = g − h (ut, zt) , z0 > 0 given, (2)where g is the pedogenesis rate, arbitrarily taken as onstant due to the length of geologialyles and h(u, z), the erosion funtion, whih haraterizes the magnitude of soil losses.Funtion h is suh that hu > 0, hz < 0, huu > 0, hzz > 0, hzzhuu − (hzu)
2 > 0 and

huz = hzu < 0. 2 We assume that the asymptoti Inada onditions hold for f and h.In addition to soil erosion, the agriultural ativity generates surfae and groundwater pollution. In territory where ativity is intensive, this has resulted in phosphorusaumulation in surfae runo� and soil erosion an aelerate the eutrophiation of surfaewater. Aording to Hediger (2003), pollution �ow et is de�ned by:
et = γh(ut, zt) + η(ut), (3)where γ > 0 is the (onstant) soil pollutant ontent, or the soil �xation rate and η(ut),the rate of surfae runo�, suh that η′ > 0 and η′′ > 0.The farmer is assumed to be prie taker. Its net inome at date t writes:

πt = ptf(ut, zt) − cut − τet, (4)where pt is the output prie, set equal to 1 without any loss of generality, c, the (onstant)marginal ost of input use and τ , the (onstant) unit taxation of any positive emission.2Comments and geologial meanings of these properties an be found in Troeh et al. (1991).2



3 Farmer's program and dynami analysisThe farmer's deision problem onsists in hoosing the input level that maximizes thesum of the instantaneous pro�t �ows (4), disounted at a rate equal to the interest rate
r > 0, subjet to (2) and (3). Denoting by λt the o-state variable, i.e. the shadow ostof soil, the stati and dynami optimal neessary onditions write3:

fu = c + λhu + τ [η′(u) + γhu], (5)
λ̇ = (r + hz)λ − fz + τγhz. (6)From (5), along any optimal trajetory, the marginal agriultural inome must beequal to the marginal ost of ultivation whih is threefold: (a) the marginal ost c ofusing u units of input, (b) the marginal ost of ultivation in terms of soil erosion, λhu,() the marginal ost of ultivation in terms of pollution taxation, τ [η′(u) + γhu]. In(6), (r + hz) reads as the marginal return rate of soil and it is assumed to be positive4.Then, (r + hz)λ is the marginal return of holding a unit of non-ultivated soil. The otherterm (fz − τγhz) is the marginal gain of using a unit of soil as input, i.e. the marginalprodutivity of soil redued by the marginal ost of soil in terms of pollution taxation.Then, urrent marginal rent of soil λ grows over time as long as it is more pro�table forfarmer to let the soil non-exploited rather than to ultivate it.The dynamis of the system an be represented within a (z, λ) diagram. Let D1 bethe lous of the (z, λ) points where ż = 0, formally D1 =

{

(z, λ) ∈ IR2
+∗

| ż = 0
}. For any

(z, λ) ∈ D1, h(u, z) = g so that z and u are onstant sine g is onstant and funtion his time independent. From (5), the equation of the D1-demaration urve and its slopewrite:
λ(z) |ż=0 =

fu(u, z) − c − τ [η′(u) + γhu(u, z)]

hu(u, z)
(7)

λ′(z) |ż=0 =
hufuz − [fu − c + τη′(u)]huz

(hu)2
. (8)where [fu − c + τη′(u)] is this part of the marginal pro�t that exludes the ontributionof erosion. From (5), this last term equals (λ + τγ)hu, whih is positive for any λ.Hene, the D1-demaration urve is inreasing in the (z, λ) plane and dynamis of z is3From now, the time argument is suppressed for notational onveniene.4The farmer an invest a marginal unit of soil at rate r on a �nanial market rather than use it asinput. This �harvesting� results in a diminution in the soil depth and in an inrease of erosion by hz.Then, the marginal return of soil is redued by the e�et of erosion and the net return rate of soil is

(r + hz), where r > 0 and hz < 0. Sine the erosion magnitude is very small ompared with the interestrate, we an assume (r + hz) > 0. 3



as follows: (a) z is onstant along the D1-urve, (b) z dereases for any (z, λ) belowthe D1-urve, () z inreases for any (z, λ) above the D1-urve. Similarly, de�ne D2,
D2 =

{

(z, λ) ∈ IR2
+∗

| λ̇ = 0
}. From (6) the equation of the D2-urve and its gradient are,respetively:

λ(z) |λ̇=0 =
fz(u, z) − τγhz(u, z)

r + hz(u, z)
(9)

λ′(z) |λ̇=0 =
(r + hz)fzz − (rγτ + fz)hzz

(r + hz)2
. (10)Sine (r + hz) is positive, then λ′(z) |λ̇=0 is negative so that the D2-urve is dereasing.The optimal dynamis of shadow prie is the following: (a) λ is onstant along the D2-demaration urve, (b) λ dereases for any (z, λ) below the D2-urve, () λ inreases forany (z, λ) above the D2-urve. [Figure 1 here℄The optimal dynamis of (z, λ) is depited by Figure 1, in whih E1 denotes the steady-state of the system. Formally, let (u∗
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∗
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1) be the the stationary values of (u, z, λ). Thistriplet is haraterized by the following system of equations5:
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1)] (13)Equation (11) means that optimal erosion must be balaned by pedogenesis to main-tain a onstant soil depth. Sine (12) equalizes the marginal return of holding a unit ofnon-ultivated soil (left hand side) and the marginal ontribution of soil in the farmer'spro�ts (right hand side) then, at the stationary equilibrium, the farmer is indi�erent toultivate soil or not suggesting a onstant marginal rent of soil. Similarly, from (13), themarginal bene�t in terms of soil onservation the farmer is expeted to earn by redu-ing its input use by one unit (left hand side) must be equal to the marginal pro�t he isexpeted to earn by inreasing its input use by one unit (right hand side).4 The environmental poliy e�et4.1 Disussion on τFirst, as from (7) and (8), λ(z) |ż=0 dereases and λ′(z) |ż=0 inreases with τ , a redutionof the unit tax results in an upward shift of the D1-demaration urve with a lower slope.5It is easy to see that (u∗
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) is proved to be a saddle point.4



Seond, from (9) and (10), λ(z) |λ̇=0 inreases and λ′(z) |λ̇=0 dereases with τ so that adiminishing tax involves a downward shift of the D2-demaration urve with a more steepslope. Suh moves are illustrated in Figure 2.[Figure 2 here℄The stationary point E2 refers to the optimal ontrol problem without any environ-mental poliy, i.e. when τ = 0. Its omparison with E1 reveals the positive e�et of thetaxation on the stationary soil depth: at the steady state, the environmental tax induesa more onservative farmer's behavior for soil management and the soil onservation in-reases as the environmental poliy beomes restriting for the farmer. This global e�etan be broken down as follows. From (2), erosion must be equal to pedogenesis at thesteady-state. If the stationary soil level inreases, then the stationary input use must alsoinrease in order to maintain erosion onstant. Hene, the environmental poliy results ina more onserved soil and an higher intensity of input use. At the stationary equilibrium,the farmer an partially ompensate the tax surharge by improving the agriultural yield.While the e�et on z is learly identi�ed, the e�et on e is ambiguous. To see that,di�erentiate totally the emission funtion:
∆e = η′ (u) ∆u + γ [hu∆u + hz∆z] . (14)Then the tax may prompt the farmer to diminish pollution emissions if and only if:

∆u

∆z
<

−γhz

η′ (u) + γhu

, (15)where −γhz and [η′ (u) + γhu] denote respetively the marginal (negative) ontribution ofsoil onservation and the marginal (positive) ontribution of input use in the emission ofpollution. Hene, the tax auses pollution to derease if the inrement of soil onservationdue to the tax is important enough to balane the inrement of pollution oming froman inrease in the input use. In other words, the environmental poliy ats for soilonservation as well as emission redution only if the indiret �soil e�et� overrides thediret �input e�et�.4.2 Disussion on γAs disussed in (15), the environmental e�et of emission taxation is proved to be am-biguous. In partiular, it depends on γ, whih an be seen as a fragility index of soil5



faed to pollution. In Figure 3, we deompose the global e�et of pollution to stress theontribution of soil erosion and the ontribution of diret pollution (surfae runo�) onsoil onservation. [Figure 3 here℄When the indiret e�et of soil erosion on pollution emissions is null, i.e. γ = 0, the
D1-demaration urve shifts upward and keeps the same slope whereas the D2-urve shiftsdownward and have a more steep slope6. We obtain a new steady-state whih is denotedby E3 in Figure 3. The less the emission funtion depends on soil erosion, i.e. the smaller is
γ, the more taxation ats as a regulator poliy of environmental externalities by reduingpollution emissions and the less this environmental poliy favors the soil onservation inthe long run.4.3 Pollution abatementLet us assume now that the farmer an invest into abatement tehnologies. He an hoosethe level vt of investment whih will have an abatement e�et on pollution oming onlyfrom the surfae runo�. We onsider that net pollution from surfae runo� at date t is
η(ut)/(1 + vt), where 1/(1 + vt) reads as a leaning up fator and vt as the abatementrate. The marginal ost of abatement b > 0 is onstant. Then, the instantaneous pro�tfuntion writes πt = f(ut, zt)−cut−bvt−τet and the pollution emission funtion beomes:

et =
η(ut)

1 + vt

+ γh(ut, zt). (16)Stati �rst order onditions of the new farmer's program are:
fu − c = λhu + τ

[

η′ (u)

(1 + v)
+ γhu

]

, (17)
τ

η (u)

(1 + v)2 = b. (18)Condition (17) has the same interpretation than (5). Condition (18) equalizes themarginal bene�t of abatement expenditures and the marginal ost of this abatement.Equivalently, (17) writes v = [τη (u) /b]1/2 − 1: the optimal abatement intensity is aninreasing funtion of the tax and the intensity of input use and a dereasing funtion ofits marginal ost of abatement b. Sine dynami optimal ondition (6) is unhanged, the6Although the assumption γ = 0 is not realisti, it is onsidered here for tehnial onvenienes sineit might determine the boundary of the solution spae in Figure 3.6



abatement poliy a�ets the dynamis of z and not the dynamis of λ. The equation ofthe D1 representative urve beomes:
λ (z)a |ż=0=

fu (u, z) − c − τ
[

η′(u)
1+v

+ γhu (u, z)
]

hu (u, z)
, (19)where subsript a means that abatement e�ort ats as a ontrol variable. After develop-ments and simpli�ations, we obtain:

λ (z)a |ż=0= λ (z) |ż=0 +
(

v

1 + v

)

τη′ (u)

hu

> λ (z) |ż=0, (20)where λ(z) |ż=0 is de�ned by (7). Hene, the e�et of abatement expenditures in additionto an environmental tax is the following: from the ase without pollution abatement, the
D1-demaration urve shifts upward whereas the D2-demaration urve shifts downward,as illustrated in Figure 4. Then, abatement expenditures involve a diminution of the sta-tionary onservation of soil. This e�et is proportional to v/ (1 + v) and soil onservationdereases as v inreases. [Figure 4 here℄The trade-o� between intensity ulture and soil onservation remains the same: inputuse inreases pollution emissions whereas soil onservation dereases them. Hene, theabatement expenditures and the environmental tax on pollution emissions have oppositee�ets. Abatement allows the farmer to redue its emissions if and only if the resultinge�et on pollution of a diminution in the input use overrides the e�et on pollution ofa diminution of the soil onservation. That an illustrated by di�erentiating totally theemission funtion:

∆e =

[

η′ (u)

(1 + v)
+ γhu

]

∆u −
η (u)

(1 + v)2 ∆v + γhz∆z, (21)where (1 + v) = [τη (u) /b]1/2 and ∆v = (τ/2b) [τη (u) /b]−1/2 η′ (u) ∆u. After simpli�a-tions, it omes:
∆e =





η′ (u)

2

(

τη′ (u)

b

)

−1/2

+ γhu



∆u + γhz∆z. (22)The �rst term of the right hand side of (22) is negative sine the term in braketsis positive and ∆u is negative in the ase of an inrease in abatement expenditures (seeFigure 4). The seond term is positive sine hz < 0 and ∆z < 0. As a result, abatementexpenditures ontributes in the diminution of pollution if and only if:
∆u

∆z
>

−γhz
[

η′(u)
2

(

τη′(u)
b

)

−1/2
+ γhu

] . (23)7



5 ConlusionThe study of environmental poliy e�ets in agriultural ontext an not be dissoiatedfrom optimal soil management. This is due to the ruial relationship between, �rst,observed pollution and seond, the weakening level of soil and the level of ultivation.By onsidering the pedologial harateristis of soil and environmental externalities, weshow that environmental tax indues two e�ets in the long run: (a) a more onservativefarmer's behavior in the soil management and (b) an inrease in the input use at thesteady-state. To ompensate the �sal fees, the farmer improves his agriultural yieldby preserving higher depth soil at the steady-state. This allows the farmer to use moreinput in the long run at the risk of inreasing pollution emissions. Therefore, these e�etsdepend on the ontribution of soil erosion into the �nal emission of pollutants. The smallerthis ontribution, the larger is the positive e�et of environmental poliy on pollution andthe smaller is the onservation of soil in the long run. Finally, the same mehanism anbe obtained with abatement expenditures. Then, the e�ieny of suh environmentalinstruments (tax and abatement) to redue pollution may be moderated by onsideringnot only the �ow of emissions, but also the dynamis of soil erosion.ReferenesBarbier E.B. (1990). The farm-level eonomis of soil onservation: The uplands of Java.Land Eonomis 66: 199-211.Barret S. (1991). Optimal soil onservation and the reform of agriultural priing poliies.Journal of Development Eonomis 36: 167-187.Clarke H. (1992). The supply of non-degraded agriultural land. Australian Journal ofAgriultural Eonomis 36: 31-56.Goetz R.U. (1998). Diversi�ation in agriultural prodution: A dynami model of opti-mal ropping to manage soil erosion. Amerian Journal of Agriultural Eonomis79: 341-356.Goetz R.U. and Zilberman D. (2000). The dynamis of spaial pollution: The aseof phosphorus runo� from agriultural land. Journal of Eonomi Dynami andControl 24: 143-163.Grepperud S. (1997). Soil onservation as an investment in land. Journal of DevelopmentEonomis 54: 455-467. 8
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Figure 1: Dynami optimal management of soil.

Figure 2: E�et of the environmental poliy on optimal dynamis.
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Figure 3: Soil erosion as pollution soure.

Figure 4: E�et of abatement tehnologies.11


