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Blame {or the poor performance of agriculmure in many low-income countries is belisved to He
parthy with policies which ke’eﬁ prices of both outputs angd inputs artificially low (World Bank,
1986}1 and partly with inadeguate soil conservation [see, e.g., USAID {1988) and Warford and
Ackermann (1933}]. Two important questions for policy are whether low ﬁrices encourage
farmers to deplete soil, and whether the suggested reforms will do much to reverse the trends
of stagnant or declining productivity by providing farmers with greater incentives to.consarve

soil,

Gray (1913} was perhaps the first economist to claim that higher output prices wonld
encourage soil conservation. More recently, Repetto {1987, p. 45) has argued that as a
consequence of keeping agriculfurzl output prices artificially low in developing countries

*_.retorns on isvestment in farmjand development and conservation are depressed.
Farmers are discouraged from levelling, terracing, draining, immigating, or otherwise
improving their land. The loss of land productivity through erosion, salinization, or
nutrient depletion is less costly relative to other values in the economy. In gencral,
depressing agriculiural prices depresses farmer incentives for so0il conservation."

superficially, Repetto’s claim might seem plausible. But Lipton (1987, p. 209} argues precisely

the opposite case:

"..as a rule, "the environment’ responds badly to the oormalty advised, and otherwise
often desirable, price reforms, Better farm prices now, if they work as intended, will
encourage "s0il mining’ for quick, big crops now....The cerrections that pricists advocate,
while generally justified, will not produce earthly or even environmental paradise, buot
will normally have damaging envirormentsl side-effects, requiring preventive or corrective
action by the state.” . '

* I am not aware of any empirical study which has attempted to establish a direct link betweean
price and soil conservation. However, research has shown that the aggregate production
impact n:_rf price policy chanpes In many low-income countries Is :alight.2 Bond (1983) estimated
the relationship between aggregate output and price for nine sub-Saharan conntries, and found
that in only two of these countries was the relationship significant. Perhaps just as important
is her Finding that the lnngurt_m response A price change is the same as, or mﬁt r_nuch
greater than, the short-run response. If scil conservation responds posiﬁﬁely (negatively) to
price increases one would expect the long-run elasticities to be significantly larger (smaller)
than the short-run elasticities. Of course the fact that they are not does not necessarily
mean that s0il consgrvaiion is unresponsive to price; many other factors are involved [see,
e.g., Streeten {1987)]. But the evidence at least suggests that reform of agricultural pricing
policiss will be inadeguate to the task of significantly raising agricultural cutput W sub-

Ssharan countrics,
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In thiz paper I attempt to sort out the opposing views on the relaptionship between price and
soil conservation. I consides two soil conservation problems: the contrel of soil erosion; and
the control, by natural means, of soil fertility. I begin by modifying McConnell's {1583)
model to characterize an optimai $0i} erosion controi program. I then show that changes in
either the output price or the input price may not aff ect the erosion conirol decision directly.
However, an-indirect effect is possible: if 501! conservation appears more attractive when more
of a non-soil input is used, then the price change may encourage s;:-il conservation by inducing
farmers to use more of the non—soil izput. The problem is that the price change may weli
encourage further erosion. The sign and magnitude of the indirect effect are matters for

empirical estimation,

The above model suggesis that unless additional non-soil inputs such as fertilizer are
emploved, the effact of a price rise on soil conservation may well be nil, But farmers in low-
income coutries often control soil fertility by natural means--especiaily by adjusting the tength
of fallow periods. Another important question for policy, thex, is whether a price rise will
encourage farmers to improve fertility by lengthening fallow periods. In Section 3 1 construct
a model! of optimal shifting cultivation, and show that price increases will have no effect on
501l fertility if oniy traditional production technigues are smployed.

Taken together, these results suggest that pricing policy reforms may have little effect. on soil
conservation-—-os perhaps even output; alternative polgiss will be required to encourage greater

erosion conirol and soil fertility maintenance.
1. The Optimal Control of Eresion

The control of erosion represents a classic problem: of balancing the immediate gains of an
action with the asspcieted Iong-term losses. Soil daﬁﬂi has 2 positive effect on output
because in desper soils there is more room for piant roots to take hold, and more nutrients
available for plant growth. But conservation of soil nearly always requires sacrifices in output
in the short run. Agricultural production can. Be increased in the near term by clearing and
cultivating on hillsides, But unless terraces are built, such gains will be shori-lived, for the
soil wili be quickly eroded away. Similarly, wind breaks, strip cruﬁping and coaservation
tillage can extend sail productivity in the fong ran, but only at the expense of foregone near—
term output. How should these gains and fosses be balanced?

Following McConnell (1983), let the dynamics of soil depth (S;) be described by

S =M-Ry, M>0, _ oD
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where M répresents naturally occuring additions to the topsoil and R is soil loss atiributable
to cyltivation. Spil forms naturally at rates of about 0.01-0.5 mum per vear (Myers, 1988). If
the soil is covered with natural vegetation, soil loss will occur at a rate of about 0.02-1 mm
per year. M here is taken to be the set rate of natural renewal. When the land is
c_ul[ivated, the net overalt rate of soil loss can be positive. When grassland is converted to
rew ¢rops, for example, eresion increases by a factor of 20-100; when a forest is converted,
this figure rises to 100-1.000 (Myers, 1988).

What determines soil loss? As recognized by the Universal Soil Loss Equation (Crosson and
Stout, 1983; Unger, [984), the emount of soil eroded by water depends on 2 pumber of factors.
Some of these, such as rainfall, are determined by nature. Others depend on the actions of
-farmﬂm. Alt else being egual, -the rate of 501l loss by water will be greater: (i) the steeper is
the slope of Iznd brought vader celtivation, (i) the smoother iz the tillage, and (iii} the
larger is the area planted with row crops such as corn instead of grasses. The rate of soil
loss by water also depends on whﬂﬂmr contoltr tillage, strip cropping on the coatour,
terrac:mg and conservation tillage are practiced, and on the extent and patire of <rop

rOtation.

A similar equation describes erozion by wind as a funciion of variables under the influence of
both nature and farmers (Unger, 1984). Afl else being equal, erosion by wind will b greater:
{i} the smoother 3% the so0il surface, (ii) the smzller is the amount of Iand shelferad by wind
breaks, and (iii) the smaller 35 the amount of Jand covered in vegetation.

Bath relations indicate that the rxie of soil loss is subject (o partial contrel by farmers. The
natire of the contrel is indirect farmers chooss a cultivation practice--that is, they decide
which crops (o plant, the crop rﬁtatioﬁ and pattern, the extent of ierracing, the amount of
land covered in vegetation, the ty;:e of tillage, etc.—--and a cortain amount of erosion reselts,

For gur.purposes, we might as well assume that farmers choose R, dirsctiy.

Provided we assume that a single ¢rap is produced and that 1abor supply s fixed, efficient
asriculitural output may be expressed as a fuaction of both soil depth and the rate of soil loss
attributable to cultivation. Denote this function F(R;S;). When ooly a single crop i
produced, choice of a cultivation practice in periad t will determine output in period t, givea
soil depth. If land i tsil-{en out of permanent vegetation, or if trees which shelter the fields
from wind are cut down, Ry will rise; and so too will current ouipet {(assuming that the
cleared land is put iato crop production), the extent of the rise being larger the deeper is the
soil, It is very likely that 2 point will be reached where additional seil and more intensive

farming practices have no effect on corrent ontput {Crosson and Stout, 1983), but to sharpen
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the results of the model I asswme that F is increasing, twice differentiable and strictly
concave. It also seems reasonable to assume F(0,5¢) = 0 and F(R,0) = ¢. The assumption
that agricultural output is zero when R is zero is just another way of saying that to grow
crops, somé land must be tilled.

Let the instantaneous social utitity function be given by W{C,}, where C; is per capita
consumption. Assume Ug > 0, Upse < 0, and limgs 5 UGy} = oo

In the low-income countries, agriculture accounts for a large share of aggregate outprat and
for virtually all output in rural areas. We might a5 well assume then that the aconomy s
purely an agricultural one. Letting p denote the fixed price of the output, Cy = pF{R .5
When discirssing society®s optimal program, p ¢an be taken to be the world price of the traded
crop at the eguilibrium exchange rate. [Te the farmer, p i8 the price paid by the parastatal
agency or the border price (less transportion costs) converted at the of ficial exchange rate.]
Mate that even though ail output is conspmed, Investment and disinvestment in the capital
stock {S}-_sril.l take place. Whenever Ry = M, there is disinvestment; whenever Ry < M there

15 investment,
Society’s problam 15 1o
m iy
max J UpF(R(,S)le™5t%t, 5> 0
{Re}

(2}

st. S =M - Ry, Sp > 0 given.

This Is a standard problemn of optimal control. In the steady state, soil depth is determined
by (see Appendix)

FR(M.S") = Fs(M,5")/s. &)

s 5 unigue? Liviatan and Samuelson (1%69) have shown that for problems of this type

nnigueness is not guaranteed Denote the rate of return on so0il by ofR.S) = Fg(R,S)/FR(E.S). _

In the steady state, R = M_ and the rate of return on soil depth becomes r{M 9). Unicqueness
is guaranteed if r{M,S) is monotonic. lefarantlat!ng we_obtain

rg = {Fgg - rFstfFR.

Strict concavity of F implies FpgFgg = FRSE,.I}ut it does got restrict the sign of Frg.
However, if Frg = 0, then wvniguess Is assurad. This s2ems to be a highly plauvsible
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. . LI .
assumption. More gensrally, wiquess of 5 will be guaranteed if we assume

lim Fg{M,S)/Fr(MS) > 65, lim Fg(MS)/Fr(M,S) < 5.
-0 o

Eq. (3) might be cdlled the Golden Rule of Soil Conservation, and it can be given an intuitive
mterpretation. At time t - 0, Bp 15 given as datum. Ry, humvef, is free 1o be chosen.
Consider the policy proposal set Ry = M for all t. In judging -this proposal, we ask what
effect will a smalil deviation from this policy have on secial welfare? Increase Ry by one unit
on the interval [0,e), € = 0, and then set By = M for 2ll t = €. As ¢ — 0, this deviation will
increase output in the short-ren by Fr(M,5g). However, it will also decrease output over the
long-run, the present value loss being Iﬂ”Fs[M,Sg}e"stdL If the marginal gain of erosion
exceads this loss, then set Ry > M. TIf the marpinal benefit of érqsion falls short of this loss,
then set Ry < M. Fhe economy is in equilibrium if and only if FR(M,8) = | ﬁDFS(M,S)e'&dt =
Fs(M.S)/5.

Assuming Sp # S'-‘, how should the optimum be reached? All our assumptions are not sufficient
to characterize the optimal conservation policy. To push the analysis further we will have to

specify a functional form for F. An obvicus candidate is the Cobb-Douglas function:
F(R.S) = ARYSP where @, A 0, and o + § < L. (4)

if F obeys (4), then the phase diagram for this problem will appear as in Figure 13 tis
easy {g verify that the Routh-Hurwitz (necessary and sufficiznt) conditions for neighborhood
stability are satisfied, and that the equilibrium [FM/(e8),M] is 2 saddle point.

The analysiz up to this point can be summarized by the following proposition.

Proposition 1. Under our assumptions, there exists a unigus steady state solution to probiem
{2} givén by eq, {3). If T safisfies {4). then the steady state seil depth is giver by s" =
B (e, Jr this case { provided w, the elasticity of the marginal social Hfiffry af consumption,
is @ positive constant) there is g unigue optimal approach path tending to the steady state,
and along this path both 5; and R are monotonic: ?St, -Rt <O¥t=0if 5p= S*; ard nSt, nRt
}UVIgﬂfng-:S‘.

We also have

Corollary 1. For problem (2), an unanticipated permanent increase in the output price wifl

have ne ef fect on optimal soil conservation.



This last result holds for any functional form for F, and is verified by noting that the Golden
Rule of Soif Conservation [eq. {3)] is independent of the output price. To draw our the
implications of the model, consider & permanent, unanticipated rise in the output price at date
T, and assurne that, prior to T, farmers had chosen & eunltivation practice whick balanced the
marginal benefits of soil conservation with the associsted marginal costs [that is, eq. {3) is
obeyved]. At date T, fermers reevaluate this decisien. They still seek to balance marginal
benefits and costs. The only question is whether the price rise tilts the balance in the favor
of more or less soil conservation. With the euiput price higher, the benefit of slightly
deviating from the equilibrinm policy by increasing eroston [the LHS of eq. (3)] increases by
the percentage rise in price. The benefit of adopting additional soil conservation measures--
the present value sum of future profits made possible by the sdditions to soil depth [the RHS
of eq. {3)]--also increases by the percentage rise in price. But if the percentzge change is
identical in both instances, then the merits of deviating from the original poticy in either
direction are exactly the same. Hence the farmer has no incentive to conserve additional
sail--or less. If the price rise Is to influence the fammer's soil conservation decision, then it
can do s¢ enly by influencing the farmer’s decision o employ nonsoi! inputs.

2. Mitigating Erosion-Induced Prodnctivity Losses

Farmers can do more than control ergsion; they can also seck to mitigate erosion-induced
productivity losses by substituting non-seil inpuis. Thig is usually accomplished by increasing
soil fertility—-that is, by adding fertilizer. Let N be the (variable} non-soil input, which can
be thought of as nitrogen fi ertilizer.?®  Write the agricultural production function as
QAR ¢,5¢,Ny), and assume Qg z 0, Onpy 20, a0d Q(R,5,0) >0 for R, 5> 5.7 Finally, assume
the price of the inpat is fixed at ppy. (Again, to soziety py will be the world price converted
at the equilibrivm exchange rate. To farmers, pyy may include a subsidy.) Society’s problem

then bhecomes

o0 \
RN Jo

5.L, Et =M - B, 5p = 0 given. - (5)

Ntlﬂ.

Assuming that it is optimal to employ some positive amount of the non-soil .inpu't, the

gquilibrium will be given by the solution fo




QrM.S',NT) = Qe s” NTys (6)
and
pr = pQpq(M,ST.NT). (7)

Note that the interpretation of {6} 1s entirely unaffected by the addition of the non-soil input.
The Golden Rule of Soil Conservation remains; in equilibriuni. the marginal benefit of soil
sanservation must egual the marpingl cost. The only change is that the equilibrivm now
consists of another upnknown znd another equation. The {atter i5 2 familiar equilibriom
condition for the employment of variable inpas, ami says that the walue of the masginal
product of the fon-soil input must egual the _price of the input.f

Note, too, that the optimal approach path to the equilibrivm seed no Ionger be monotonic,

even in the Cobb-Douglas case,

in gemeral, soil depth and the quantity of added nitrogen will be determined jointly in
equilibriom. However, depending on the functional specification of @, eq, (6} may remain a
fupnction of soil depth alone. This will certzinly be true if @ is Cobb-Douglas. However, it
will also be true if Q is & two-level production function with an wnrestricted constant
elasticity of substitution (CES8) between N and F{R,5), where the latter is ﬁtill held to be
‘Cobb-Douglas:

Q(R.8.N) = BHIFR.SC-1/9 ¢ 1-mnte-1)/oye/(e-1), (8)

where o = D is the CES and | > v > . 'The two-level form has a certain intmitive appeal.
For F may be thonght of as "utilized s0il services.” or the amount of 50il made ajvailable o
production, piven soil depth, by choice of a cultivation practice {feffectively, by chaice of R}.7r
Output is then seen to depend on how these soil services are combined with nitrogen.? In.
gither of- these cases, the steady state soil. depth ioward which the system should tend remains
s* = AM/{as).

Peoposition 2. Tf the rechnical rate of substitufion between the rate of erosion and soil depth
ir independent of the yse of non—soil inputs, a5 it will be if the production function is Cobhb-
Douglas or takes the form of eg. (8), then the optimal soil conservation decision will be
unaffected by changes in either the outpuf or the non-sofl input price. Quput may change
under these circumsiances, bt the change will be brought about by ad justments in the use of

non-sofl inpiets and not directly by ad Fusements in seil conservation.
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This is a powerful result. For notice that the socially optimal conservation rule will be the
private farmer's rule if we only substitute the social rate of pure time preference with the
farmer’s rate of discount.? Proposition 2 says, then, that a policy of lifting price controls on
agricultural outputs and inputs may have very little effect on ﬁggregate ouipur if the reason

for agriculture’s poor performance Is inadequate spil conservation.

Suppose soil depth is at its optimal stationary state at current prices but that there follows
an unanticipated, permanent increase in the output price. The rise in putput price will indnce
farmers to incresse their use of nonsoil inputs, and as a consequence output will rise. But
unless the addition of nitrogen raises the marginal benefit of conservation by mors {or less)
than the marginal cost, the effect of adding nitropen wiil not upset the balance that existed

before the price change; additional (less} soil conservation will not be forthcoming.

Te be more concrete, consider a very slight deviation from the original equilibrium. Suppose
R is increased for a very short period of time and then once sgain set equal to M, the
cnnse:;ue'nce being that soil depth is reduced permanently by one centimeter but that present
waloe pm_fits arg left unchanged compared with the original equilibrivm,. Now add zn extra
unit of fertilizer both to the farm in the original position and the farm that deviated slighthy
from this position. If as a consequence of adding the fertilizer the profits earned in both
instances rise by precisely the szme amount, then the price rise plainly would not affect the
soil conservation decision. If instead present value profits fall upon deviating from the
original position, then the price rise will induce additional s0il conservation; and if present
value profits rise, then additional erosion will be encouraged. The mechanism through whichk
charges in the outpul price influence soil conservation is not enhanced formlond value, as
Gray (1913} and Repetto (1987 ) argue, but the technical nature of the production precess.
Furthermore, what malters is noit the outpit price alone but the ratie of the cutpwt price to
the input price. If the policy reform involves raising both of tl'_.uese prices by the same
percentage, then the effect of the reform on both soil conservation and eutput will be nil.
This fast finding is important, for low agriceltural prices are often accompanpied by input
subsgidies. The relevance of Proposition 2 to policy hangs on the true functional form of the
agricultnral production function, and this is an empirical question.

Although the indirect effect of price changes oa soil conservation ¢ould go either way, some
evidence sugpgests that an increase In the output price will enconrage soil conservation.
Crosson and Stout (1983, p. 56) report: "The yield response to fertilizer on some heavily
eroded soils 15 smaller than on less eroded soils, suggesting that on these soils the response
of farmers to erosion may be to put on less fertifizer, not more”* In the context of our

diseusgion this implies that farmers may well respond to the application of more fertilizer
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{made economic by an increase in the output price, all else being equal) by conserving more

sl

All erosion conteol measures with the exception of conservatioa tillage reduce the quantity of
land in row crops, and hence the short-term profitability of the farming enterprise (Crosson
and Stout, 1983, pp. 67-68). Interspersing row crops with less-valued or zero-valued grasses
(strip-cropping), for example, protects the soil but reduces profits in the near-teroy,
Conservation tillage, 2 practice whereby crop residoe js laft on the soil surface, nead not
reduce the fraction of land in row crops but it wiil reduce current vields unless additional
herbicides are added to suppress the weed growih normally eliminated by tilling. If herbicides
are not available {as assumed in Ssction 1), then an ingrease in the outp.ut price will not alter
the farmer’s decision to adopt conservation tillage. But if herbicides are avaiiable, zn
increase in the output pnjice may {(Iindirectly) effect additional conservation. The price
increase would lead farmers to add more herbicides. But the increment in herbicide use is
likely 10 raise output by more on plots adopting conservation tillage. Hence, couservation
tillage wiil probably appear more attractive after the price rise. Conservation tillage is
practiced widely in the Unitad States. Though not as popular in poor countries, use of
conservation tillage does hold a promise for higher yvields in Africa (Brown and Wﬂﬁ_‘, 1985, pp. -
42-43), o
There is one important exception to the above analsrsié. Where terracing is practice:&, current
output 15 sacrificed because snmc_land will have to be taken out of crap production (Brown
and Wolf, 1§35]. But a substantial portion of the total cost of terraging éunsists of terrace
consiroction and maintenance ¢osts, Here, Gray's (1913) analysis is more applicable. An
increase in the output price (all eise being equal} will increase the returns to terrace
construction and maintenance, but 15 onlikely to increase the associzted costs (the most
important being for labor) by very much 10

3. Pricing Policy, Crop Choice, and Soil Conservation

The conclusions reached thus far assume that the choice of which crop {or crop rotation) to
plant is fixed. But if the relative prices of different crops change, then farmers may want to
adjust their ¢rop mix. The empirical evidence indicates that substantial switching does indeed
occur a5 3 result of such price changes (see Bond, 1983). And the World Bank {1986, p. 79}
has argued that pricing policies can waorsen 50il ersosion by eacouraging farmers to plant less

envirgnmenally benizn crops

"ditferent crops have different effects on so0il conservation, and pricing policies may
exacerbate soif ernsion by inducing Marmers to choose the wrong crops.”
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Lipton (1937, p. 209) has retorted by saying that "..pricing policies can just as wel! induce
envirgnmentally ‘right' crops™ And he is correct, of course, in pointing out that price
dersgulation will not necessarily benefit spil conservatfon (see also Repetto, 1987). But
implicit 'in both views iz the belief that crops eatailing more erosion are in some sense
“wrong," or that farmers will blindly switch crops without considering the implications of
such a chéu,ge for soil conservation. - ¥ farmers switch to a crop that is more destruetive to
the:soil, then the Golden Rule of Soil Conservation will have to be adjusted, but it will not
be forgotten, True, if associated with this alternative crop is s larger « and a smaller # then
it will be optimel to conserve less soil in the steady state. But this will cause no loss in
efficiency provided the prices of both crops reflect their true opportunity costs. Our concern
should not Lie with s0il per $2 bui with che land’s ability to yield a stream of net social
benefits, )

BHow will the dvnamics of such a chanpe npefate? Consider a very simple example. Suppose
there are no non-soil inputs and that at current prices it is optimal for the farmer to produce
grop A, Suppose also that soil depth is nitially at its optimal stationary level for crop A.
At time t = D the price of crop B.(pp) rises relative to the price of crop A.(pa). The farmer
“has two options: continue to produce Crop A or switch te producing ¢rop B. Denote the
optimal stationary soil depth for crop A by 5% and that for crop B by s**. From Caorollary 1
we know that these levels are independent of crep prices. Hence, if the farmer decides to
continue to produce crop A after the price change, then he or she will set Ry = M ¥ t = 0,
If crop B 15 raore harmfu? to the goil then 5 > 8. Since Sg = S', if it is optimal to switch
to producing crop B, R must initially exceed M Le., R.;}Me > M, There are three cases 1o

consider.

X paF(Rg’ 8"} > pAFM,S™) and ppFIMS™™} > pAF(M,5"), then the farmer will switch to
producing crop B. Crop B is more profitabie initially, and it is more profitable in the steady
state. Since R and S must fall monotonically to their equilibrivm values (Proposition 1), crop
B must be more profitabls at every time t = . Hence the farmer will unhesitantly switch to
crop B, even though it is optimal to conserve less soil when prodocing this crop. Similarly, i
PAF(M,S") > ppF(Ry™»8™) and p A FOM,S™) > pgF(M,§™), then the farmer witl unambiguously

stick to producing crop A.

If pgF(Rg .5 ) > PAF(M.S) > ppF(M,S" "), then crop B yields greater profits initially but less
in the steady state. In this case, the Farmer wiil want 1o switch crops If and only if the
present vatve of the stream of profits associated with the optimal program for crop B exceeds
P AF(M.57V/6, the present value of the stream of profits associated with the optimal production




i

of crop A. Tt can be ¢ptimal to switch to producing crops that are mare destructive to the
s0il, even if they yield a smailer rate of profit in the steady state.

4. Conservation of Soil Fertility in Traditional Agricelture

In Mest pooT countries, food is stk productd by traditional agriculture, :md seil fertility is
maintained not by applying artificial fertilizer but by resurning cropland to fallow. Fallow
pericds are especiaily important in the tropics, where most nutrients are stored in the
standing vegetation and not in the soil itself. The exten: of fallows in the major tropical
zones ranges from fen percent in tropical America to over seven percent in tropical Africa
and Asia (Lanly, 1982}. In some couatries, fallows are nearly ubiguitons. For example, ia
Sierra Leone, fallows make up 58 percent of the land. In peighboring Liberia and the Evory
Ceast, fallows comprise just ander 50 percent of the land.

Whils the land lies fallow, fallen lsaves naturaily fertilize the topsoil, and the deeper tree and

bush r00ts carry nutrients back up from the subsoil; The quantity of nitrogen returned to the

soil during fallow periods is substantial apd Iﬁay amount to 75 kg/ha in a secondary rain

forest, 45 kg/ha in a highland forest, and 1% kg/ha in a savanna forest {Ruthenberg; 1980, p.

47).

The time needed to restore s6il productivity to originat levels varies according to the climate

and soil characteristics. .In tropical rain forests, restoration takes sight to 12 vearg, in drier

areas, restoration may tzke 15 years or longer (Ruthenberg, 1980). Crop vields tend to fall

rapicly once the standing vegetation has been cleared, and the period during which the land is
under cultiw._fation ranges from about two to four years [see, e.g., Ruthenberg {1980} and Unger
(1584)]. The rate of decline in crop vield is greatest in damp, warm climates where the soils

are poor. On nnstable soils in the rain forests, the third crop will typically produce no more

than ong-lmlf that of the first (Ruthenberg, 1980, p. 46).

The practice of returning cropland to fallow, or shifting cuftivation, is ecologically stable
provided the productivity of the soil can be ma.mtﬂ.med But under the pressure of rising
human populations, fallow periods have grown shorter, and fertilizers have tiot been usad to
N BXIENT OECeSSRry 10 PreEvent 'pmdux::tivity declinzs. As a corsequence, soii fertility has

decreased. This is seen t0 be a major environmental problem in many low-income countries.

In this section I want to determine bow shifting cultivation should be managed to maximize
the present value flow of social benefits. This problem is similar to that of determining the

optimal forest rotation. The main difference i8 that here the benefits of felling the trees
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{clearing the standing vegetation) are not feit instantaneously. The shifting cultivater, like
the forester, must determine the optimsl fajlaw (trce growth) period. But unlike the forester,
the shifting cultivator must alse determine the aptimal cultivation perioﬁ.] } Our problem then
is to determine the optimal faflow-cultivation eyeie.

Suppose that a social farmer inherits at date t = & & plot of land which if put immediatety
into production would eare the farmer an instantaneous net profit equal to Vg, The farmer
has two options. He or she can put the land into production or commit the fand to fallow, 12
Assume that if the land i3 pat inte productien, its productivity--that is, the farmer’s
(instantaneous) net income--declines at a constant rate «4. Then if the land is put into
production for an interval of + years the farmer will earn

r
[ ng:_'h""'s}tdi
0

in present valne profits. Assume now that if the lard is allowed to He fallow its productivity
will obey the function V(T,¥) where T is the length of fallow. It is assumed that V{T;Vy) is
differentiable and monotonically increasing in T.13 The function V(T;Vg) can be expected to
lopk like the cuvrve drawn in Figure 2.

Ome possible functional form for V{T;V) is the logistic equatioz, In this case, productivity
would approach a maximum V22X with the approach path depending on the initial productivity
level;

V(T; V) =VIBEE1 4 ((VIAX _ v} vgle T3,

where r is the instringic rate of growth of soil productivity,

While the land lies fallow, the farmer receives no income. However, the ahility of the land to
generate an income at some foture date is-enhanced. Suppose the farmer can cultivate the
"plot of land for as long as he or she likes, but that only ore fallow-cultivation cycle is
permitted. The farmer's problem then is to

f -
max VFT;VG]&"TtE_Et{t+T}dt, §> 0
T Jo :
) ()

s5.t. Vpgivenand T = 0.
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This is a simple calculus problem. Assuming an interior solution, the optimal length of fallow
™ should be chasen such that Vo (E; Vo )/ V(T:¥ () = §: keep the land out of production only so
long as its valve grows at a rate jin excess of the social rate of dispount. Since there Is no
opportunity cost associated with cultivation in this problem, and ginge the land canpot be
returned to faliow after the kand has been tilled, it iz optimal to keep the Iand in prnductinn
forever, even though the income derived from it declines very quickly., The soletion is
illnstrated in Figure 3. The problem as I have constructed it is neariy identical to the once-
and-for-all forest problem, with the decision .Gf "when to cut” replaced by the dexﬁsi-::uh af
"when te clear the fallow and plant the first crop.”

Eut as in the forest rotation problem, the land does have an apportunity value, for the farmer
can always return the land to fallow and thus increase his or her futore income, And the
farmer can do tHis an infinite number of times. Preblem (9) can therefore be rewritten as:

0
-'max I ¥(TovgleVexpl-s(Tgetidt -
Tp,10. 117 - o '

71 .
+ | VETpVe Texp[-8(Tg+ro+Ty+1)]dt
o

+

rs - _
| V(T Va)e™Taxp[-8(Torrg+ Ty 471+ To+1)]dt . (10}
0

s.t. Vg given and Ty > 0,

where Vy = V(T YVglexp{-yrqg), Vo = V{Tl;v_l Jexpl(-1r1)sees )

Problem (13) is more complex than (93 and the usnal forest rotation problem because the
fallow-cultivation cycles are interdependent. The optimal choice for Ty and rp depends on
V. the productivity level inherited From the previous cycle; and the choice for Ty, and 7 in

turn determines Yy, ) and hence the optimal choice for Ty, and rp,q; and so on.

Because of this interdependence, the first order conditions for a maximum are messy.
However, the problem can be simplified once we recognize that the decision rufes poverning
the optimal cheice for each cycle are identical. In other words, the optimal choice for Ty
and 7y, can differ from the optimai choice for Ty, and rp . only if Vi, differs from V).

Consider then the initial cycle. Vg will be given. Suppose Vg is "small” Then it will be
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optimal to build up soil fertility; that is, it wili be optimal to choase Ty = ¢, Soil fertility at
the end of the initial fallow period will be ¥{T;Vp). Since the optimal decision rtes for Ty,
Ty 4 .. are the same, soil fertilaty at the end of each fallow pariod must be identical (if there
is an interier solution). Hence we have V(T V)= V{T(;V ) = .... Now if the fertility levels
at the start of each cultivation period are identical, then clearly the length of each
cultivation period must also be identical since the rules governing the cheice for 1y, 1, -.. are
the same. Hesce we have rg = rp = ... But if this is true theo it follows that Ty = Ty = ...

If Vp is sufficiently large, then it will be optimal to chouse Ty = 0. Choice of rp, given Vy,
will then determine V. Applying the sams logic ps above suppests that soil fertility at the
end of each cycle must be identical. Hence we must have V) = Vo = .. We know from
above that if the inherited fertiiity levels are identical then the length of each fallow period
must also be adentical. Thus we have Tt = To = .. But then the fertility Jevels at the end
of each fallow period will be identical and hence the length of each cultivation period must be
identical as wel); that is, 5y =1 = ...

The ghove reasoning supgests that the initial cycle will be transitional, moving the system
from its initial state to the-optimal periodic solution (T",r*). ¥ Vi is "small,” as it wiil be if
soil faztility has been heavily depleted, then the lengih of the miha] fallow will exceed that
of each sugceeding fallow, while the jength of each cuitivation period--including the mitial
ong--will be identical. I YV is "large," as it will be if the land has been left uncultivated for
many years, then it will prove optimal to skip an initial fallow period altogether and begin
cultivating immediately, The deratipn of the initial cultivation period will then exceed that of
each succeeding cultivation pericd, and each cyele following the initial one will be idencical,

iff ¥p is "small,” the necessary conditions can thersfore be written concisely as

aV(TokVopyaly + E [BV(T;V)/oVHaV /aTye~sm{T+7}
n=1 .
[n =]
= SVITEVgl+ § I V(T;V)e-5a(T+7) {arn

=1

W(T;¥)e™ 17"

55 [ VTV (1Xgee-Sas)T + o]
n=0

=]
- 4% J';{aV(T;v};aV](awar}a-{'r+$}tdte-5[(n+HT + v (12)
n=0
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V= V(T Vgle™ ™ (13
V¥ = V(T:V)e™ T, {143

Egs. (11)-(14} form four equations in four snkpowns —— T, T, r and V. The solation is
illustrated in Figure 4.14 ' '

Consider the pecessary conditions, There are two types of benpefit and two types of cost
associated with the decigion to increase Tp very slightly while holding all other variables
fized, If ‘T is increased, the present value profit from the initial eycle and all succeeding
cycles will be lower because of the delay. The cost of fengthening the initial fallow period is
the opportunity cost of the investment tied up io the initizl fatlow plus that tied up in each
and every succeeding fallow. This cost forms the RHS of eq. (11). One bensfit of
lengthening T is the resulting immediate increase in the productivity of the land, and hence
in the profit of the initial cultivation period. But if 7o and alF other variables are held fixed,
then soil fertility will be higher in all succeeding cycles as well. The present valve:sum of
the increase in future profit levels makes vy the second benefit. The sum of these two
benefits makes up the LHS of eq. (11).

Consider now the decision to increase 1 very slightly. The benefit iz that current output is
Increased. This is the EHS-term in eq. (12). Associated with this décision are two costs.
The first is the opportunii:y cost of the investment tied up in the land--if 7 is increased then
the farmer will bave to wait longer to receive the income on all future culﬁuﬂiim pevinds,
This cost 1s the first .:erm.on the RHS of =q. (12). The second cost reéugnizes that if T 15
increased and all other miablﬂ'aﬂ_a hield fixed then the productivity of the soil will be
permanently diminished, and the profit reglized on all future cycles thereby reduced. This
secand cost is the second tenn on the RHS of {12).

If ¥ s "large,” then it will be optimal to choose Tg = G, and choice for T, ¥, 7, and 7y must

obey the following necessary conditions:

g

BY(TEVI/BT + T [OV(T;VY/aviav/ar)e sa(T+)
n=1
= SV(TVY + 6 E W(T;V)e 80(TH) (15)

n=1
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o
V(0;Vglexp(-yrg) = SE ‘[;V{T;V]e_('i'*ﬂtdtc“ﬂ{“““l}T + 1]
n=0 '
e g
- &% _[ﬂ[E:TV(T;V}IJVI{H’V,’E‘rﬂ}e“{?"‘ﬂtdte‘ﬂ(m‘f]T + or] (16}
=0
V = V{0;Vplexp{-1g) ' (17
¥ = V(T:V)e~ . as)

Ens. {15)-{18) can be interpretad in a similar way as eqs. (11)3-(14). The solutic:n is illustrated

in Figure 5.
We can state the result formally.

Proposition 3. The solution to the social shifting cultivator's problem—-probiem {10 }-—must
satisfy eqs. (11)-(14) if Vi is "small” ond eqs. (15)-(18} if Vg is "large.” After an imitial

transitional fallow, the optimal fallow-cultivation cycle obeys the equilibrium triple ™, V.

If Wy is "small” then To > T and 19 = 1. If Vg is "large” then Tg = 0 and 19 > 1"
We also have

Corollary 2. An unamticipated permanent increase in the output price will have mo effect on
the optimal fallow-cultivation cycle, and hence no effect on soil fertility and output.

The reason for this last result is really rather obvicus. An increase in the outj:;ut price
increases both the benefits and the costs of 2 longer fallow period by precisely the same
amount,” Hence, the shifting cultivator’s problem remains unchanged after the priée rise. Of
course, the value of the land is increased by the percentage rise ie price, and s¢ the
cultivator is better off after the price rise. But 5o jottg as he or she uses only traditional

techniques, soil fertﬂity--and ontput--will be vnaffected by the price rise.

Where farmers add fertilizer to lengthen the optimal cultivation period or even to cbviate the
need for fallow periods sltogether, the above model will yield results similar to those of the
erosion model. A higher output price will encourage additional employment of fertilizer--
fallow periods will shorten, if they exist at all, and soil fertility and agricultural ocutput will
increase. What matters again is the ratio of the output and input prices. If both prices rise

by the same amousnt, then output will remain uachanged,
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g2, Conclosion

The opposing claims by Repetto {1987) and Lipioa {1987} can be reconciled by séeing that
these authors are looking at different sides of the soil conservation equation. Repetto's claim
that higher ontput prices will encovrage conservation is blind to the incentives created for
farmers to seck bigger gains now by depleting both the quantit_f and fertility of soil. Lipton's
(1937} claim that higher output prices will lead farmers to depléte soi! is similarly blind to the
incentives to build up soll depth and fertility so that bigger harvests can be reaped in the
future. The-eccnomic problem s not, as Gray (i913) claims, "the balancing of present
expenditures against future benefits”; it is the balancing {at the margin) of present costs
againsf the sum of future benefits, appropriately discounted, Except perhaps where terracing
is practiced (admittedly, the example Gray cites), the cost of controlling eresion will lzrgely
be felt in reductions in curren? output, not increases in expenditures. In most cases, the
effect of output price increases on so0il conservation is likely to be small, There are many
good reas-uns for letting the prices of crops reflect their true opportutiity costs, but if the
reason for agriculture’s poor pesformance in areas like sub-Saharan Africa is inadequate soil
conservation, as some have argued [see, e.g., Brown and Wolf (1985}, thea one shr':};ﬂd not
expect pricing policy reforms to have very substantial effects on aggregate Dutput.'.
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APPENDIX

Maximum Principle Formulation of Problem {2}. The current value Hamiltonian for this
problem i

H = UpF(R.S)] + MM - Ry,

where X the current value shadow price of soil depth. The first order conditions {dropping
time subscripts) are

UcpFR =2 (A1)

3 = 6X - UepFs. {4.2)

Under our assumptions, the Hamiltonian for this problem is concave, Hence, egs. {I), (A.1)
and {A.2) will be sufficient for & maximum provided the transversality conditions

tim 6~50S; = 0 fim e~ty > 0
t—s00 o0
areg met,

Using eqgs. (1), {A.1} and (A.2), we see that in the steady state, soil depth is determined by
eq. (3).

Ths optimal approach path ¢an be characterized by constructing the phase-plans diagram for
problem (2). Differentiating eq. (A.1} with respect to time and substituting vields

R = KR - M)(- nFRFs + FRSF) + FEFR - FOIAFRRF - tFR?), (A3)

where 7, the marginal social wtility of consumption, is assumed to be a nonnegative constant.

Assuming that F obeys eq. {4), , the k=0 equation becomes

K =i - DieAM + oSS, {A.4)
A1+ aly - 1)1

Above the R = 0 locus, R is rising; below this focus, R is failing, The § = 0 locus is simply R
- =M. Above this locus, § is falling; below this locus, S is rising. The phase diagram for the

Cobb-Dipuglas case is drawn in Figure 1.
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NOTES

These include overvzlued exchange raies, outbut taxes, excessive marging charged by
parastatal marketing agencies, input snbsidies, and policies that protect industry at the
expense of agriculture. See the rebuitals to the Woirld Bank's {1985} view by Lipton
(1987} and Cleaver (1988].

Chhibber (1988) provides estimates showing that the short— and long-run aggrezate
producticn elasticities are about thres times greater in developed countries than in

developing countries,

See Appendix. The figure assumes that the elasticity of the marginal social utility of
consumption, v, exceeds a value of ocne. Choice of a smaller value of » would imply a
smaller initial value for R and a faster approach to the steady state,

The main results of this section do not depend on the input being varigble.

The last asspmption can be easily reconciled with the previous model. For suppose
nitregen were necessary for production. Then the two medels would be entirely
consistent if either (i) a ¢ertaic amount of nitrogen occured naturzlly, as indeed it does;
or (it} a certain amoutit was addaﬂ, but that this amonnt was assame& fixed in the

previous problem.

If a capital input were employed, we would require that it be used up to the point where

its marginal productivity equalled the social rate of discount.

The problem is similar to that considered by Berndt and Wood {1979) where capital and
energy are combined to produce "utilized capitzl services." The construct "sofl services”
alse plays a similar role to Bhalla's (1988) *affective land."

Note that in this case if the elasticity of substitution is less than one and greater than
or equal to zerg, then "soil services” will remain necessary for production [see Dasgupta
and Heal, 1574, p. 141, Nitrogen is also necessary for production, but, referring back to
fuotnote 5, we may distinguish between the availability of nitrogen and the amount which
13 added artificially.

This is true even if we change the nbjective to be maximization of the present value

flow of profits.
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Colling and Headley {1983) construct a mode] in which expenditures are incurred in

proventing ergsion bat no loss in ouiput is suffered.

Our problem 35 similar to that of determining the sptimal management of an uneven-
aged forest. For here the forester must decide not only when to cut but also how much
of the forest biomass to leave standing for future growth. See the model by Chang
(1981). '

In fact, the farmer could abandon the land altogether. However, if we assume that the
farmer's opportupity wage is zero, and that the land has no alternative use, then this

option can be safely roled ount.

The assumption that V(I;Vg) is increasing in T merely reflects our interest in cases
where artificial fertilizer is never added, If fertilizer were added, then it is possible
ﬂlat-fertility would actualiy decline during faliow periods as the artificial fertilizer was
leached out of the soil.

There may not exist a unique solution to the necessary conditions; a globat optimization
analysiz may be required to locate the ﬁpﬁmal cycle.
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FIGURE 1
Phase Diagram for Problem (2) in the Cobb-Dougilas Case

R =0

M _ N 5:0
-/, ,
]
1
1
-d
]
E
k
aty <M :
-+l -9 I
1
1

o M

R
=T

Scott Barrett, "Optimal Soil Conservation...”
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FIGURE 2
Soil Fertility Growth Corve

Scott Barrett, "Optimat Soil Conservation...”
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_ FIGURE 3
Optireal "Qoee-and-Tor-all”® Fallow

Scott Barrett, "Optimal Soil Conservation...”
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FIGURE 4
Opiimal Periedic Solution with ¥V "Small”

Scott Barratt, "Optimal Soil Conservation...”
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FIGURE 5
Optimal Periodic Solution with Vg "Large”

0 % BT ToiT4r

Scott Barrett, "Optimal Soil Conservation,..”



26

REFERENCES

Berndt, E.R. and D.W. Wood, 197%, Engineering and econometric interpretations of energy-

capital complementarity, Americhn Economic Review 69, 342-354,

Bhalia 8.5, 1988, Does land qua]itl.r maiter? Theory and measurement, Journal of Develonment
Economics 29, 45-62. -

Bond, MLE., 1983, Agricaltural responses to prices in snb-Saharan African countries, IMT Staff
Papers 30, 703-726.

Brown, L.R. and E.C. Wolf {1985), Reversing Africa’s Deciine, Worldwatch Paper 55,
Washington, D.C.: Werldwatch Institute.

Chang, 5.J., 1981, Determination of the optimal growing stock and cutting cyele for an
uneven-aged stand, Forestry Science 4, 739-744,

Chhibber, A., 1988, Raising agriculturgl output: Price and noaprice factors, Finance and
Development, Juns, 44-47. '

Cleaver, K.M., 1988, The use of price policy to stimulate agricultural growth in sub-Sgharan
Africa, presented at the World Bask's Eighth Agricultoral Sector Symposium on Trade, Aid and
Policy Reform in Agriculture, Washington, DLC., Jannary 6-8.

Collins, R.A. and 1.C. Headlev, 1953, Optimal investment to reduce the decay rate of an income
stream: The case of soil conservation, Journal of Environmentzl Economics and Management 10,
60-71. '

Crosson, PR, and A.T. Stout, 1983, Productivity effects of cropland erosion in the United
States (Respurces for the Fumre, Washington, DuC).

Dasgupta, P and G. Heal, 1974, The optimal depletion of exhaustible resources, Review of
Economic Studies, Symposiom, 3-23,

Gray, L.C., 1913, The economic possibilities of conservation, Quarteriy Journal of Economics
27, 497-5149.

Lanly, 1.P., 1982, Tropical Forest Resources, FAC Forestry Paper No. 30 {FAO, Rame).



27

Lipton, M., 1987, Limits of price policy for agriculture: Which way for the World Bank? Policy
Development Review 5, 197-215.

Liviatan, M. and P.A. Samuelson, 1969, Notes on ternpikes; Stable and unstable, Journal of
Economic Theory 1, 454-475.

McConnell, ¥..E., I983, An economic model of soil conservation, American Journal of
Agricultural Economics 65, 3-89,

Myers, N., 1988, Natural resousce svstems and human exploitation systems: Physiobiotic and

ecological linkages, World Bank Envirnnmﬂnt Department Working Paper No. 12,

" Repetio, R., 1987, Economic ingentives for sustainabie production, The Annals of Regional

Science 21, 44-59.
Ruthenberg, H., 1980, Farming systems in the tropics {Clarendon, Oxford).
Streeten, P., 1987, What price food? (Macmillan, Londoz}.

Unger, P.W., 1984, Tillage systems for soil and water conservation, FAQ Soils Bulletin Mo, 54
{Food And Agricnlture Organization, Rome),

United States Agency for International Development (USAID), 1988, Policy paper: Environment
and natural resources, Washington, D.C.

Warford, 1.I. and R. Ackermann, 1988, Eovironment and development: Implementing the World
Bank®s new policies, Paper prepared by World Bank staff for consideration by the Development

Committee at its April 1988 meeting, Washinzton, D.C.

World Bank, 1986, World development report 1986 (Oxford University Press, Oxford).



THE LONDON ENVIRONMENTAL ECCONOMICS CENTEE

PUBLTICATTIONS

JUNE 1989

LEEC DiSCUSSION PAPERS

8-01

David W Pearce, Edward B Barbier and Anil Markandya,
Envirconmental Economics and PBecisicon Making in
Sub-Saharan Africa. September 1888.. (£2.50)

BEE-032

Edward B Barbier, Sustainable Agriculturs and the Rescurrca Poor:
Policy Issues and Options. Qctober 1988,
{£2.50)

28-03

David W Pearce, Edward B Barbier ané Anil Markandya,
Sustainable Development and Cost Benefit
Analzsis. Hovember 198%, (£2.500

B5-01

Edward B Barbier and anil Harkandya,
The Conditions for Achieving. Env1rcnmentall¥
Sustainable Development. Jantary 1989, {£2.50)

89-02

Nicholas Hichael and David W Pearce,
' Cozt Benefift Analysiz and Land BEeclamation:
A Case Study. February 1989, (£2.50)

8943

Douglas Soubthgate,
' Efficient Management of Biologically Diversse
Tropical Forests., March 198%. (£2.50])

BS9-04

Tinothy Swanson,
2 Proposal for the Reform of the African
Elephant Ivory Trade, June 1989. (£3.50)

ES-05

‘Edward B Barbier and Joanne Burgess,
The Demand For African Elephant Ivery,
June 19E89. {£2.501




85-056

Soott Barrett,
Deforegtation, Biological Conservation, and The
Optimal Provision of Wildlife Reserves,
July 1989. (£2.50)

89-07

Soott Barrett, . ’
on The Overgrazing Problem, July 1989%. {£2.50})

gE9—-08

Sgott Barrestc,
Optimal Soil Conservation and the Reform of

Agricultural Pricing Policies,
July 1989, (£2.50

LEEC GATEREEPER SERIES

David W Fearce., Sustainable Development: an Economic
' Perspective (£2.00)

LEEC BOOES

Edward B Barbier, _
FEconomics, Natural-Resgurce Scarcity and
Developmant: Conventional and Alternative
Views. Earthscan Pnblications Limited,
London, 198%. {£29.95)

The history of environmental and resource economics is reviewd,
then using insights provided by envircnmentalism, ecology and
thermodynanmics, Barbier bhegins the construction of a hew economiac
approach to the use of natural resources and particularly to the
problem of environmental degradation. With examples from the
global greenhouse effect, Amozonian deforestation and upland
degradation on Java, Barbier develops a major theoretical advance
and shows how it can be applied. This book breaks new ground in
the search for an esc¢onomics ©of sustainable developement.




Dawvid W Pearce, Edward B Barbier and Anil Markandya,
sustajinable Pevelovment: Heonomicos and
Environment in the Third World, Edward Elgar
Pubriishing Limited, London 1989 [in press].

The authors attempt to give some structure te the cancept of
sustainable development and to illustrate ways  in which
environmental economics can be applied te the developing world.
Beginning with an overview of the suataginable development
concept, tThe authors indicate its implications for discounting
and ecconomic appraisal. Core studies on aatural rasource
management are drawn from Indonesia, Sudan, Botswana, Nepal  and
the Amazon,

Copies of the above papers are available from:

Marilvn John

ITED

3 Endsleigh Street
London WC1H ODD

UK.
Tel: 01 383 2117
Teles: 261681 EASCAN G

Fax: 01 383 2826



_

INTERNATIOQNAL
INSTITUTE FOR
ENVIRONMENT AND
DEVELOPMENT

IED/UCL LONDON ENVIRONMENTAL ECONOMICS CENTRE

The London Environmental Economics Centre is a joint initiative of 1IED and the
Department of Economics of University College Londen. it has been funded by

core contributions from the governments of Sweden, Norway and the
Netherlands,

The Centre has as its main objectives:

® Research into envirommental problems of less developed countries from an
© economic standpoint;

® Dissernination of research and state of the art environmental economics
through publication, public and professional address and specialist
conferences;

# Advice and consultaney on specific issues of cnvironmental policy.

3 Endsleigh Street, London WCEH 0DD, UK



