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Concern abont the extinction of wildlife species has grown to include not only spacific species
such as the blue whale but masses of species, many of which are entirely inknows 10 science.
This wider concern reflects the imcreasing awareness tha: biclogical diversity per se
contritutes to social weifare. There are many reasons why this is éo, but perhaps the most
important is the potential contribution of genetic information embodied in the species stock to
basic research, particularly in wedicine and agriculture {see, e.g., Brown, 1985; Fisher and
Krutilla, 1985; and Harrington and Fisher, 1982).

Of the many threatened ecosystems, tropical rain forests have the greatest potential for
species extinction. While the rain forests cover only seven percent of the earth’s surface,
they are believed to harbor =t least one-half of all wildlife species (Myers, 1985). The threat
to these species is not overexploitation (on which much has already been written) but habitat
" destruction,! Deforestation iz proceding at a rate so rapid that by the end of this cenfury
the only undisturbed tropical lowland forest left anywhere in the world may caly be found in
whatever wildlife reserves have been previously set aside, Conservation biologists estimate
_that the minimurt quantity of reserves needed to conserve the majority of tropical species is
ten percent of the total area2 But the exizting quantity of reserves is only about gae-third
of this amount, Two guestions arise for policy, Dne'._-.is whether the quantity of remrves. set
aside thus far is enough or whether more virgin territory should be protected. The other is
whether the rate of deforestation is itself excessive. In this paper Task, more generally: How
should a society choose. the quantity of virgin territory to set aside as wildlife reserves when
Biological diversity per se, or the number of spacies consarved nrovides dicest utility valus?
and At what rate should 2 society cut down its remaining primary rain forests, given that it
may also want to set aside parts of these as wildlife reserves? It iz self-evident that the

answers to these guestions must emerge from a single model

The provision of natural envirooments such as wildlife reserves was first posed as an economic
problem in a seminal essay by Krutilla (1967). Interestinéiy, glthough Krutilla's paper
stimulated much research in this area, the first item on Krutilla’s (1967, p. 785) research
agenda has not been explored previously:

"First, we need to consider what we peed as a minimum reserve 1o aveid potentially
grossly adverse consequences for human welfare. We may regard this as our scientific
preserve of research materials required for advances in the life and earth sciences.
While no careful evaluation of the size of this reserve has been undertaken by scientists,
an educated guess has put the need in connecticn with terrestrizl communities af about
ten millian acres far Morth America, Reservation of this amount of land——but 3 small
fraction of one per cent of the total relevant area--is not likely to affect appreciably
the supply or costs of material inputs to the manufacturing or agricultural sectors.”
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The costs of pregservation may oot be very larpe in North Americz, But in the tropics the
conflict between preservation and development is more biting, Not only is the quantity of
biological divefsit:.r at stéke far greater, as noted earlier, but the tropics are also more
vulnerable ecologically than temperate areas {see, e.g., Johns, 1885; and Wilcove et a:f., 19846).
Furthermore, per capita incomes in _t:ropica] conntries are much lower and depend to a greater
gxtent on the development of wild areas. Protection of all remaining rain forests may weil

gome at a cost that is too high for the current generation o be willing to bear.
0.1 Modeling Approach

In modeling this problem 1 take it that the tropical society’s objectives are embodied in 2
sacial welfare function (SWF)--the mntegral of discounted social utilities.> One argument in
the. social utility function is the level of biplogical diversity, and the other is per capita
consumption, I assume that the only way to conserve biological diversity is by preserving
habitat--that is, by setting aside wildlife reserves.? I further assume that the appropriate
measure of biological diversity is the ntrmber of species conserved.® I take it for granted that
a competitive econoﬁy will protect too little habimat--and henge too few spegies——if only
becanse ths "nonextractive™ valug of habitat acerwes to society at large and not to individuals.
Diecisions are therefore made by a central planner. The planner’s problem is to choose the
deforestation profile that maximizes the SWF subject to certain technical relations and
ecological comstrzints. The technical relations translate deforestation profiles into
consumption prefiles, "'.I'he ecological relations describe how deforestation depletes the stock
of biologizal diversity.

The assumption that it is species diversity that matters and not the identity of species
conserved may seem inapproprizte, Browa (1935), for exampie, has argued that scientists
entertain beliefs about which contemporary drugs, seeds, and livestock zre most likely to
require an infusion of genetically diverse wild strains in the future, and on that basis attach.
_ higher values to some wildlife species than to others (see also Brown and Goldstein, 1984).
This may well be trua, But exampies abound where previously economically insignificant
species have been found to be of great value. Furthermore, it is often the case, particularly
in the tropics, that species entirely uaknown to science may be lost.  When these
considerations are taken ioto account the case for focusing on the number of species
conserved and not their ideatities would seem 2 strong one.  As Harrington and Fisher (1982,
. 121) note:

*One of the things that makes it difficult to formulate a policy for endangered species is
the inability to determine on a species-bv-species basis what mankindg gives up if &
species is forever lost. At the same time, we do know that the larger the number of
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speciss that are lost in a particular area.., the more likely it i3 that something of
potential value will be lost. This is relevant since human activities, particularly tropical
deforestation, can imperil large numbers of species at one time”

Sinece Krutilla {1967) first wrote on this topic, the feature that has come to characterize the
economics of patural environments is the frreversipility of development. Irreversibility plays
an important role here as well. One may well ask why cotting down a tree should be
irreversible, Of course the original tree cannot be recovered. But & new tree can Brow in itg
place. Ordinarily we wonld be cottent with this. Buot the tropics afe 1 5pecial case. Ancther
tree may well grow where the original one cnce stood.,. But the time until mamrity is likely
to be very long, and in the meantime the habitat of species endemic to that forest 15 altered
(in the case of select cutting) if not destroyed {as when forests are clezred for agrictulture).
Ome can predict with some accuracy the aumber of species that will be lost if the forest is
felled and pever replaced. Indﬂ.t‘d, it is this relafion I use in this paper, Of course i the
soil is not harmed toc much and if permanent development such as agriculture iz prohibited in
deforested areas, a mew forest will grow where the original one once smoﬂ; and if one is
willing to wait long enough 2 ciimax Forest will once again serve s habitat to 2 number of
species. But as one conservation biologist (Jordan, 1986, p. 426) has remarked:

"The eventual growth of trees ... is not the same thing =z reestablishing a tropical rain
forest. The tropical rain forest is a bighly diverse community, consisting of a large
number of plant species and animal species wirich have cpevolved with the plants,
Eeastablishment of the high species diversity and complex food webz of the
predisturbance tropical forest may take muck lotger, or may never occur at all if
disturbance have caused impoctant extinctions.”

Fisher and Krutilla (1985} maintnin that irreversibility s a valid assumption for similar

reéasons.

The models presented in this paper are deterministic, and this may seem to averlook an
important aspect of the problem. As noted earlier, biological diversity is valusd partly
becanss of its potential contribution 1o research, Importantly, whether the stock of species in
a tropical forest is useful economically will generally not be known at the time the decision
to fTeil or praserve the forest iz taken.  Buat dges t]ﬁs uncertaifity mean that replacing
uncertain Future benefits with thelr expected values will mislead policy? Arrow and Fisher
(1974) have shown that under such circumstances the use of expected values will Jead the
social planner to preserve too small 2 quantity of a patural environment if devalopment is
irreversible.® The intuition behind this resuit is that there is a value to keeping options open
when there is uncertainty about future benefits and when curreat decisions to develop ¢annot
fater be reversed. The implication of this to the analysis is that considerations of uncertainty

serve gnly to reinforce my main conclusions.



0.2 Conurientary on the Literature

Krutilla (1967) argued that future valuations are crugial to the problem of preserving natural
environments when development is irreversible. Fisher, Krutilla and Cicchetti {1972;
heneeforth F-K-C) proved formally that if presewati.on benafits are increasing relative to
development bepefits, then the optimal level of development will be less than an analysis
based on current valuations would saggest is optimal. Kraotkraemer (1985), however, has
shown that even when development wglues fall relative to preservation values if may

nevertheless be optimal for ar economy to exhaust its endowment of natural environments.

The models of F-K-C and Krautkraemer? are very different, and these differences are
important to their conclusions. F-K-C model the benefits of development as depending on the
stock of the resource in its developed state; Krautkraemer models development benefits as
depending on the flow of the resource that is developed. The precise sense in which these
assumptions matter will be made evident in this paper. In particalar, Model } will generalize
Krautkraemer’s mode] and Model 2 the analysis of F-K-C. Model 3 contrins elements of both
apprﬁaches and thus provides the most general framework yet available for analysis of optimal
environmental preservation.

What is the significance of this literature for the conservation of bilogical diversity? The
analyses by Krautkraemer and even F-K~C sre not very encouraging, Determination of the
optimal rate of deforestation and the optimal provision of wildlife reserves is an exercise in
planning, and it would not seem folly to expect that the returns to deforestation will increase
over time due to technicai progress in forestry and agriculture. Of course one could assume
that the benefits of biological conservation will also increase because of changes in “astes.”
Interest in conservation has indeed grown in tropical countries. -But if possible one would like
10 build = ease for conservation on something {irmer than this,

I show that even if the returns to deforestation are increasing cver time and “tastes” are
constant, it may be optimal to set aside some virgin territory as wildlife reserves. In the
" context of the previously-cited literature, I show that Krautkraemer's conclusion is overly
pessimistic; even when there is technical progress in resource extraction it may not be optimai
to exhanst the resource. 1 also show that F-K-(s conclusion that the optimal leve! of
developntent is less than wonld emerpe from a purely myopic analysis hoids under more general
conditions than they aﬁalyzec!i The reason is that cleared forest is a capital asse: that can,
if utilized properly, yield a never ending flow of income. With techniczal progress in forestry

and agriculture, the benefit of clearing virgin forests that remain increases--but so toc does
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the income derived from the land already uoder culttvation. While the marginal returns to
deforestation inerease over time, the marginal benefif of deforestation may fall because of the
rising standard of {iving. Furthermore, this result may hold even if the rsturns to logging
virgin forests increase faster than the retums to agriculture; the sufficiency condition for the
provision of wildlife reserves depends on the ethical views of the pianner a3 well as the rates
of technical progress in forestry and agriculture.

I aise show how these considerations sffect the optimai rate of deforestation. In F-K-C"s
model, the optimal rate of exploitation is either infinite or zerg. K rantkrzemer gid not derive
this rate, focusing instead on the asymptotic properties of his maodel. Inm this paper F-K-{"s
optimal approach path emerges as 2 special case, and the optimal exploitition path
corresponding to Frauvtkragmer's model is partially characterized. When thera is technical
progress in forestry apd/or agriculture, I show that irreversibility not only alters the decision
1o preserve virgin territory but also the optimal rate of deforestation. Indeed, these decisions
must be made jointly. [ show that under these conditions planming that ignores technical
progress 1s likely to set aside an area of wildlife reserves that is too small and to choose a
rate of deforestation that is too rapid.

1. THE SPECIES AREA RELATION

It 15 an empirical observation that the number of species {within a given taxonomic group)
found in an arey tends to increase with the size of the area. Why? Williams (1964), among
othkers, has argued that as the sample area i5 increased, the number of new habitats
encountered should increase concomitantiv. It follows that since new habitats harbor new
species, the number of species found should depend positively on ths size of the area sampled,
all else being equal. '

A more elegant hypothesis emerges from island biogeography theory (see Preston, 1962; and
MacArthur and Wilson, 1967), which maintaing that the nnmber of species fonnd within an ares
is determined by a dynamic balance between immigration and extinction rates. Consider an
archipetago of islands. Suppose the species Immigration rate for each island depends on the
distance between the island and the mainland (the source of potential immigrants), but not on
the size of the island. Supposa further that the species extinction rate for each island
depends on the species population size, which in turpn depends on the size of the island. Then
if the distances between each island and the mainland were identical, the species extinction
rate would be higher for small islands than large islands--that is, the number of species found
would depend positively on island size. This hypothesis, like the first, extends naturally to

wiidlife reserves, which may be considered islands iz a sez of altered habitat.



The species-area relation 15 vsnally exprassed in the form
E= aAﬁ,

where S 13 the number of speéies, A Is area, and o and g are parameters. The parameter o
obviously depends on the nnits of aresz measurament. All else being equal, o will be larger the
ereater the species density. The parameter 2 is independent of the units of area measurement
and can be in_terpreted as the elasticity of species diversity with respect to area. Estimates
for A tend fo fall in the range 0.18 - 0.35 {(Dfamond and May, 1981). Thus the empirical
evidence points to diminishing retitrns {(in species diversity) to increasing area.B

The walne of this reiztion to biological conservation was first noticed in the mid-i%70s
(Diamond, 1976; May, 1975). The immediate implication is that we can predict with some
accuracy the number of species that will be conserved if a wildlife reserve of given size is set
aside. For example, a § of about 0.3 implies that if one percent of the Amaronian rain forest
were set aside as a wildlife reserve, roughly 25 percent of the original species would be
cunservm_i,g

1. FELLING THE FOREST (MODEL 1)

In this model I take it that the forest is "mined” to produce 2 composite consumption good
(say, GDF). By this [ mean not only that habitat destruction is irreversible, but zlso that
Iand, once deforested, lies forever fallow. This is a harsh assumption. But by working first
with thiz assumption, and then {In Model 2) with the assumption that felled trees are of no
value but that deforested land is itse!lf productive, the solution to the more peneral and
realistic cage (Mode! 3), where both of these assumptions are dropped, will become eagier to
analyze, '

2.1 The Model

Benote tha rate of consumption obtained through deferestation by ¢; and assume there is a
level of constmption C that is availzable whether or not the forest is mined. Denoting Cy
totzl consumption we have C; = E + cp. If we assume zero population growth and normalize
by setting the population at the start of the planning peripd sgual to one, then C, C and ct
can be Interpreted either in total or per capita terms. '

C is included so0 that we may discover precisely hew Krautkraemer’s result depends on his
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assumption that the economy relies exclusively on exploitation of the reésource for
consumption. Rarely will it be the case that a natural environment is an economy’s only
saurce of consnmption, and if there is technical progress in the resource extraction sector
then there must surely be techmical perogress in the economy’s other sectors as well., In
Models 2 and 3 1 assume that E equails zere, but I add an agriculmral sectof that makes
consumpticn positive even when there is no deforestation. It will be seen then that our use
of E here is not artificial. In alt three models thete 15 a éteady state, The main difference
is that Iin Model 1 the steady state is partly determined by E, whereas in Models 2 and 3 the
steady state is determined endogenously, '

Let the instantanecus social utility function be given by U(Cy.St). where S, is the number of
species conserved at date t. Assume: U, Ug = O, Upp, Ugg <« Uppg = Uge = 0¥V Cy, 5S¢
and Ugo{0) = Ug{D) = e, These assumptions are fairly standard in the literature for control
thegretic models where the state variabie {in this case, S) enters the objective Functional, and
will assure us that when a higher per capita consumption leads to additional biclogical
conservation, the reason is not that species are valued more at a higher consumption level but
that instantaneous social utility is increased if in foregoing some consumption more species
gan be conserved,

We now need to describe how 5; changes gver time. Differentiating the species-area relation
with respect o time and wriling A; in terms of B¢ vields

5¢ = a8;~PA, where a = go!/8 5 0 and b = ~(8-1)/8. 2.1)
Notethat 0 «c F <1 =hb>0,
The species-area relation pertains to an equilibrivcm situatiun._ Eg. {2.1) thus tells us how the
equilibrium value of 3 changes In response to a change in A. Adinstment to a new aquilibrivm
value of S (following a shock--a change in A) will not be instantaneous and may in fact take
centuries.!® In using {2.1) 1 am therefore assuming that cur concern is with the number of
spacies conserved permanently and not the number that happen to be present at any particular
moment in time.
We now need to relate §t to consumption. Let

Ay = —oeq, o> 0, (2.2)

where 1/¢ is the consumption obtained per unit of land deforested. The value taken by 1/o
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will depend not only on the volume of timber per hectare, but also on the logging technique.
Claar-cuttiag of forests will dastroy more habitat per unit of consumgtion than will selective
logging. But damage caused by selective logging can also be severe, In West Mzlaysia the
taking of three percent of the forest was found to result in ap overall loss of 50 percent of
the trees (Johns, 1985). On the island of Bomeo, selective loggitg was found to leave about
30 percent of the ground bare and demaged; the extraction of gne free was found o resule in
the 10ss of 17 others (Abduthadi e¢ al., 1981). '

Substituting {2.2) into (2.1) we obtain
8 = -a8; Vo, (2.3)

Adding the irreversibility constraint, the planner™s problem can now be stated formally as

mx'fo?]{ﬂt,st]e'stdt, 50
{ced O

. ES: = -aSt'hacb S > 0 given  : (2.4)

CtﬂE+ Cr

cy =0

2.2 Necessary Conditions
The current vzlue Hamiltonian {droppiag time subscripts) is
H = T{C,S) - pa§~Poc, N (2.5)

and the first order conditions are {2.3) and!!

¢z 0if Un/asPo=p (2:6a)
¢ = 0 if Uc/as~Pr<p (2.6b)
p=&p - Ug - pabs~{(b+1ge, (2.7)

Egs. {2.6) shaw that the optimal rate of deforestation depends on the marginal social utility of
consuymption obtained by depleting 5 by one unit and the shadow value of species diversity.
Defarestation should tzke place only if the shadow value of 5 is less than the marginal
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gonsumption benefit associated with an incremental specless extingtion.

Eg. {2.7) can also be given an economic interpretation. Denote the social rate of discount by

#t- Assuming an ingerior solution we find that in this model p; is given by
Py =8 - D/ip - abS~{b+1) e

~ The term f:-,.l"p is the capital gains on investment in S, while the term abS~(b+ 1) recopnizes
thar in foregoing deforestation todey, the loss Im 5 die 10 any given positive level of ©
tomorrow will be smaller. These two terms when added together yield the own r2te of return
to investment in 5. The socal rate of return on investment is UgaS“bﬂ'fUc. Eq. (2.7) thus

requires that the social rate of return on investment equal the social rate of discount,
2.3 The Solution to the Awonomous Case

If' we have an interior solution, then (2.5a) must hold. Differentiating (3.10a) with respect to
time and making the appropriate substitutions gives

€/C = 1 /MCH(Us/Uc)as s - 83, ey

where 9{C) = ~-UrrC/Ue is the elasticity of the marginal social utility of consumption.
Throughout much of this paper I assume that » is constant.

The stationary point S is defined by
UslS8)/8 = Ue(Cy/aS Ba. (2.9)

Ea. (2.9} says that deforestation should cease when the marginal consumption henefit of
species extinction {UC(E};‘aS_ 'ba} just aquals the marginal benefit of species conscrvation
{USI_S_}H]. Suppose this ocours at date T, Then note that the marginal consumption benefit
of species extinction (or, more precisely, the social wtility of the consumption obtained from
deplating % by one more undt) acsiues o generation T oaly, whareas the masginal benafit of
species conservation {the social utility obtained from an additional copserved spacies) is the
integral of the discounted marginal benefits enjoyed by all generations from time T onwards.
Eq. {2.9) thus refiects our assumption that the consumption benefits of deforestation are
enjoyed only by the generation that fells the forest, whereas preservation benefits are also
enjoyed by future generztions.
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FIGURE 1
Phase Diagram for Model 1
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The phase dizgram for this problem, shown in Figure 1, characterizes.the optimal solution,
Before stzting the optimal deforestation and biotogical conservation program formally, consider
the following definition.

Definition. The guartity of wildlife reserves provided by a sociery is i1he steady stale
quaraity of wild or undeveloped terrvitory.

This definition captures the impression that wildlife resarves are not temporary sanctuaries but

rather are intended to last forever.

Propesition 1. [f E and o are positive constanis, then the aptimal deforestation / conservation
progrom corresponding to problem (2.4) is to chooser ¢ = 0¥t > 0§if 5 = S, where S is
defined by (2.9); and ¢y > OVt €[0,T) and ¢y =0V t= T if Sg> S, where T is the ( finite)
time it takes to reach S along the optimal path. Furthermore, the optimal approach path to
the optimal stationary state is monotonie. If Sq » S then C< 0 and c< DV tE 0. 7). The
optimal provision of wildlife reserves is min {AQ,A} where A is calculated as A = s ,.I"q:\r}I-"r g

To be clear, these reserves need not be established af time T. In fact, there is every reason
ta set aside the land as soom as possible. For simplicity, I have assumed thar all land is

identical. But this is clearly not so. Sowe properties are particularly favorable for wildiife
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protection, Chthers can generate huge incomes if developed. Policy makers should identify the

best sites For wildlife reserves and protect these before options are foreclosed.

We have thus far dealt with the autonomons case. But our concern i5 with optimal
CONSETVALIGH in 2n evolving economy, A tentral question rhen Is thiss How will the optimal
program chanpe in response to changes In Et and 47 The answer will depend not only on
the direction of such changes but also on whether the changes are anticipated or
unanticipated. Unanticipated chanpes in C and o are easy to analyze but are of little interest
to us here. Our copcern in this paper is with plenning, and so I confine my analysis to
anticirpmeﬁ changes. To sherpen our focws, I further restrict our attention to the cases where

there is_ technical progress in the economy. These are ¢learly the cases of greatest interest.
2.4 The Case of C, Increasing
Define C by

Us(So)/5 = U(;{E:);asg-har,

and suppose that Ct rises monotenically. Then the optimal program requires ¢p = 0¥t > 0 if
Cg > C. Butif ‘:D <C ihings are more complicated. For under these circumstances it
bﬂcnmes clear that planning must be far_-szghted. The following lemmsa will help vs solve this
mare difficult problam.

Lemma. If Eﬁ < 2 and if Et rises ai g constanf rate K, & > ), then the aptimal
deforestation /eonsercation program corresponding to problem { 2.4 ) demands thot deforestation
cease at a date T and species diversity level ST which satisfy

Us(ST)/5 = Uc(Coe®T)/asybe. (2.10)
Propf. See Appendix.

We see at once how {2.10) resembles (2.9). In both the autonomons and nonan{onomous cases
deforestation should cease at a time when the merginal consumption benefit of species
extinCtion equals the marginal benefit of conservation. The difference is that in the
ROTZWICHOMONS tase the 2quilibring value for 5 is not determined uniquely but instead depends
on the date at which deforestation ceases. This is just as we would expect. For with non-
forest-related consumption increasing, if the terminal date T is increased the marginal urility

of consumption {with ¢ = 0} falls. Since the consumption benefit of species extinction is
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now lower it must be optimal to "consume” fewer speciss—-that is, 0 conserve maore.
Uafortunately, 25 the problem now stands we have insufficient data to solve (2.4); we reguire

ane additional terminal condition. However, we can rewrite problem (2.4} in such a manner
that a solution can be obtained. Towards this, let

M(ST.T) = Uc(Coe®T)/25t Po - UglsT)/s. - (2.11)
M is the ret marginal benefit of deforestation at time T.

Our provlem . becomes

T
max [ U(C;,S.)e 3, 6 > 0
teep 0

8.5 §t = 'as_t_hﬂ'ct- 8g > 0 given

(212}
CL’ = Eﬂ&u + Ct

M(ST,T) = 0. J

where T and ST ﬁ:‘e frée.. Since. we reqi.tire. M = 0, ¢y must be chdsen nonnegative on [0, T];
therefore, the irreversibility constraint is upnecessary. Our problem then Iz to choose the
deforestation policy that will guide us from the injtial state S to the manifold M(S7,T)=01in
such a manner that social welfare on the interval [0,T] is maximized. Since M(ST,T)=0atT
the welfare of generations born after T will be maximized by sefting ¢; = 0 ¥ t > T.

. Therefare, if we solve problem (2.12} we have solved problem (2.4} as well,

The Hamiltonian corresponding to problem (2,12} remains (2.5). The necessary conditions for a
maximun are (2.7}, (2.3), (2.6a) and (2.11%. In additipn, we have the transversality

conditions12
pT = {IM/IST = {aST Po{Ug(ST)b/ST ~ Uss(ST)] (2.13)
HT + ¢8M/3T = 0 = U{Cpe" L ST) = $angUc(Coe™ L), (2.14)

where { is a number associated with the constraint M{ST,T) = 0. The transversality conditions
state that deforestation should cease at a time T when Ht + pr{851/8T) = 0.

Condition (2.13) replaces the usnal transverality condition p = 0 when ST is free but T is
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fixed. Condition (2.14) replaces the condition HT = 0 when S is fixed but T is free. In this
problem T and St are both free but they must satisfy the constraint M =0, M Is increasing
in $1 and decréasing in T. Thus if we increase T by 2 small amount we must also Increase
St if the constraint M = is to be obeved. The transversality condition Hy + p{#58T/dT) = 0
thus states that deforestation should cease at’a stock St and time T when the current flow of
utility reatized at date T (U{C7.5¢)) less the loss in utility expected to be realized in the
futnre duoe to the current rate of decrease in species diversicy {pTgT} plis ti'm gain mm utility
expected to be realized in the future due to the increase inm 57 that would be required to
make the constraint M = 0 hold (pp{85T/5T)) vanishes.

Combining {2.13) and {2.14) and usiuﬁ (2.6a) we obtain
UcCoerDfasy P =
U(Coe" T SPIUSISTI/ST - UssE D/ smUc(Coe™ 3 (2.15)
Eqs. .{2.1{1} and (2.15) form two equations in fwo unknowns. Thus the problem can be solved.

What does the optimal approach path lgok like? When ¢; > 0, the rate of growth in
copsumption must obey {2.8). Since it is cptimal to set c; > O only if Uge/aS™ g » Ug/s,
we know C/C < 0. Furthermore, since C = xCge®t + 2y, € <0 = ¢ < 0. Hence, the rate of

deforestation must fall monotonically to zero.

The soluetion z5 illustrated in Figl:l.l'E: 2, where I suppose it i3 optimal to choose ¢p positive
{otherwise the solution is trivial). The optimal solution, dengted by the solid paths, is most
easily understood if we compare it to the optimal unconstrained solution, given by the dashed
paths n Figure 2, The‘ optimal unconstrained sclution is to set ¢¢ > ¢ on [0,T) and cg <0
on t > T". But of course this solution is not feasibla, A faasible solution to the constrained
pmblem' is to follow the unconsirained path to T, and ta then cease deforestation abrupidy
{T" is ealculated by substituting values for §; on the falling segment of the optimal
unconstrained path suchk that M = 0%,

The solution (§7°,T7) is feasible, but it iz not optimal; with ¢; discontinuous at T" secial
welfare could be increased by taking away some consumption from generations born prior to T
and giving that amount to genarations born after T°. The optimal constrained solution must
therefore follow paths such as the solid paths in Figure 2.

We have therefore proved
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Proposition 2. If v and o are pogitive comstants and if Et rizses at constant raie &, then the
eptimal defare.smnanf conservation policy correspanding to prﬂbfem {24} is to choose: ¢y =0
‘H't>G1ng>C ar:dctz-OVtE[ﬂT]mdctnﬁ‘fthran{C where T and 5T
rrust satisfy egs. (2.10} and (2,15). Furthermore, on [0,T), C <0andc<0. The aptiral
- provision ¢f reserves is min (Ag,AT), where AT = {ST.I"!}” e,

Corollary 1. If deforestation is optimal inftially af current values (f.e., if Cp #s less than C)
and if x s positive, then the optimal provision of reserves exceeds the guantity that weuld be

- set aside by a planmer who ignored growth in the economy’s nemforestry seciors.
2.5 The Case of oy Decreasing

Now consider the case where C is constant but o falls monctonically (ie., there is technical
progress in the forestry sector).

Define o by

Usg(Sp)/5 = Ue(C)/aSq~Y3,

and soppose for simplicity that o¢ Talls monotonically at a ¢onstant rate 7 > 0. Then it is
clear that if o < & the economy would wish to begin deforestation immediately but that if og
= 7 it would be optimal to delay deforestation until the marginal consumption benefit of
species extinetion surpassed the marginal benefit of specias conservation, When deforestation
becomes optimal, the rate of growth in consumption will be given by

?.‘.,-"C = 1/M(CYy - 6 + UsaS‘bcrge"ﬂfUC}, . . (2.16}
which is positive if = = 5.
We then have

Proposition 3. Ff E is consiant and if oy fafls at constamt rate < > O, then the optimal
deforestation /conservation program corresponding to problem ( 2.4) is to cheoser cp=0%¥teg
{0.T] and ¢y > O ¥ t > T if op > 0 where T is the solution to oge™ 11 = G: and ¢y > 0¥ 12 0
if og < o. In either case it is optimal for the planner to set aside no reserves. Furthermore,
if ¥ = &, then it will be optimal for the ecomomy e sef avide no reserves even though

consumplion is increasing.,



15

FIGURE 2
Feasible and Optimal Soluiions to Problem (2.12)
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What does the eptimal deforestation policy look like when < > §7 The rate of deforestation,
oge” Ve, 3s zero on [0,T] and positive V1> T (T » 0 if op > 7, and T = 0 if ¢g < o). Since
E:;‘C.:a- 0¥i1>Tand E is copstant, c>0v¥t>T. Proposition 3 tells us that it is optimal

to zet aside no reserves, But from owr assumptions sbout 1F we know that it cannot he
optimal to deplete the virgin forest in finite time. Hence, the forest must be exhausted
asymptotically, aven though consumption is increasiﬁg* -a finding which echoes Kmutkraemer's
"(1985) Proposition 1. Since consumption must be continnous, if op > 7 (that is, if T > @),
then when deforestation becomes aptinal the rate of deforestation must at first be increasing
(hence, at first ;:,a’c > 7). But since the forest is finite, the rate of deforestmtion must
eventually fzli and asymptote to zero (hence, eventually ?:_.’c < 7).

2.6 The Most Likely Case

We have seen that if E’t is monotone increasing and oy is constant it is optimal to cease
deforestation in finite time and to set aside some pogitive quantity of reserves (Proposition 2).
We have also seen that if o; is decreasing (at rate 7) and Et i3 constant it is optimat to set
aside no reserves {Proposition 3), Furthermore, if 4 > § then it is not optimal to set aside
wildlife reserves even though consumption is increasing. Precisely the same possiblities arise

if Et increases and o decreases simultaneously. I will simply state the result.

Proposition 4. Lér K=Ug(8p)/s and let ¥ = Uc(Eg}faSO'b:rﬂ_ Then if n (> 0) is constant: o
decreases ol a constant rate 7, 1 > 0; and Et increases @@ a coastoy rate £, n > 0, the
eptimal deforestation/conservation policy corresponding 1o problem (2.4} is to chooser ¢;=0
"q"'tal.'.'ifXaYmdnnz'}';ct—E}"iftE[ﬂﬁ]mdct}ﬂ‘n’t}'i‘ff)(z‘faﬂdq > nK,
where Tis finite {and determined by X = UctEgexp(m"l‘)}faS{}“bugexp{—qﬁ}; Cy>»OViEz0if X
<« Yand e e qrand e > OV IS0 and ¢y =0t 2T i X <Y and g =, where T and
ST in this case must satisfy

Us.(ST}:’E = Ui(Coe*T)/asy Yoge=TT | (2.17)
Uc(Coe” )/ tasT Pege T2 =
U(Coe" T STNUsSIb/ST - UssSﬂftEUctqu"T)tnn - M. (2.18)
Prool: See Appendix.

We thus see that some positive guantity of wildlife reserves should be set aside if ne = 7,

irrespective of the initial values of C and o. Notice too that if X < Y,.pe=7, and v = § we
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know that consumption will be increasing. Furthermore, if deforestation is initially optimal we
know that the rate of deforestation (and ¢¢) must eventually fall {continuously) to zero (at T).
However, since C= ::Cge’“ + ¢ and the rate of change in the rate of deforestation is given

by E,’c - ", 1t I3 possibile that the rate uf deforestation may increase before eventnally falling.

If 7 2 4 > &, then C/C > 0. So here it is optimal 1o set aside some positive quantity of
reserves with consumption increasing and with fechnical progress in resource extraction. We
see, therefore, that Krautkraemer’s gloomy conclusion breaks down if non-resource-relzted
consumptlion is increasing, given 4, at a rate sufficiently large to offsat the incentive to
deforest created by technical progress in resource extraction. To take an exampie, suppose K
and ~ are identical. That is, suppose all sectors of the economy experience the same rate of
iechnicel advance, Then 25 long as % sxceeds one, 23 seems reasonabie, it will be eptimal 1o
set aside some positive guantity of reserves. Furthermore, provided the rate of technical
progress in the economy exceeds §, as seems plausible, wildlife conservation will not eat all
seognomic _gmwth.

We also have

 Coroflary 2. If deforestation is optimal initially af current values emd (f ne = =y, then it is
optimal 1o set aside £ quentity of reserves which is grealer than the amommt that would Pe
set aside By a planner who ignoréd future changes in Cp and oy

3. FARMING THE FOREST (MODEL 2)

Tropical forests are often felled more for cultivatable land than timber. In Meodel 2 I drop
the assumption that deforested land is unproductive and assume instead that deforested land
serves @5 an input in an agriculters] production function. In this model 1 also assume that
the timber itself is of no value, that the forest is felled at zero cost, and that C=0.

3.1 The Model

Let ﬁt denote the stock of deforested land at time t. That is,
I
D¢ = Dg + { ocedr,

where oo denotes the rate of deforestation as defined in (2.2). Let the agricultural sector’s

production function be given by F{L,, D)), where Ly is the agricultural labor Force at time t.
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If we assume L; is constant, we can rewrite this production function as (D¢} Assume £{D) >
0 and F(D) < § (this follows naturally from the assumption of 2 fixed work Force).

It will simplify matters if we express £ in terms of our original state variable, 5. To do this,
note that we can write Dy - D = Ag - Ay if total land area is constant for all . But At-
can be written as a function of §; using the species-area relation. Hence, the agricultural
production function can be rewrittea as g(5) = fIDLSH]. It is easy to verify that gg =
£50(S) < 0 and ggg = fpD*(S) < 0 for § < I.

The forest farming society’s problem is the same as (2.4) but with C; = g(5¢).
3.2, Necessary Conditions

The curreat value Hamiltonian for this problem remains (2.5). However, the Hamiltonian is

now linear in the control, ¢;. The necessary conditions includel3

b = 6p - Upgg - Ug - pabs-(b+ilge (3.1)
c=0ifp>0 (3.22)
cx Oif p=0. (3.2b)

In the stationary state we require S=0=c= 0; we also require p = 0. The stationaty state
iz thus given by

55 - Ucls®es® = usd. (3.3)

The optimal solution requires that $ be held fixed at Sp or, if the sclution js interior, that
the stationary state be reached as quickly as possible. Since the upper limit placed on ¢ is
infinite, this means that if it is optimal to reduce § from its initial level the steady state
should be attained instantiy by means of an impulse control; that is, the solution requires that -
there be a discontinnees jump in S at the initizl moment. There are then two possibilities:

cg = 0 i -Uc[a(Sples(Sp} < Us(Sp) (3.da)
cp = = if -Ucla(Se)lesSor » Us(Sg)- {3.4h)

If (3.4a) holds then p must be chosen positive at time zero and § = Sg. The choice for p is
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datermined by

5 - Ucle(Soes(So) = UstSg). (3.5)

If (3.4b} holds then p must equal zero, In this case, $ jumps instantly at t = 0 to 5, which
in this case is determined by

- Ucle®les® = Us@. - (3.6)

Finally, if -Uc[g{Sp)JesSy) = Ug(Sp) then soclety is indifferent at-the margin between
deforesting and lezving the forest in its patural state,

Is the solution is unique? We know that Ug is decreasing in g and that g is decreasing in §;
hence, U is increasing in S. We also know that gg is negative and decreasing jn S; hence,-
gg I5 increasing in 8. The term -Ugegg must therefore be increasing in § as well. Ug is of

course decreesing in 8. Thus under our assumptions the solotion is unique,

Propusition 5, Let X = UgSp} and Y = -Uc(e{Se)es(Sg) 7f X = Y, then the optimal
n‘efore.étarion Seonservalion program corresponding to the forest farming problem 15 to choose
ey =0¥t If X <, then the optimal program is to choose o = co and ¢; = 0 ¥ t > 0 such
that Sp jumips instanily to 8.

The ntuition behind this result is straightforward. -Ug{a(Sp)las(Sy) is the marginal benefit
of development at Sp and Ug(Sp) is the marginal benefit of preservation at.Sg. According to
{3.4z), if the marginai benefit of preservation exceeds the marginal benefit of development at
8¢, toen it is optimal o refmin from clearing the forest. Delforestation will decrease 5.
Since the marginal benefit of preservation decreases in S and the marginal benefit of
development increases in S, any deforestation activity will serve only to widen the gap
between .these marginal benefits. Such g policy cannot be optimal, (See Figure 3.} If, on the
other hand, the marginal benefit of preservation at Sy is less than the marginal benefit of
development, then 25 additional forest land is cleared for faxming the gap between (hese
marginal benefits will shrink. The optimal policy is to choose the amount of forest land to
clear For farming which shrinks this gap to zero.

in Muode! 1, consumption of some amount of forest today megns that there will be that much
lzss 10 consume tn the futuce, There is therefare an tncentive 0 speead defocastation over a
number of years, In Model 2, the clearing of some amount of forest today means that

consumption will be higher not only today but in every future period. Thers is as a
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consequence nothing to be gained (and much to lose) by stretching deforestation out over &
aumber of vears.

The difference befween Models 1 and 2 can glso be seen by comparing (2.9) 10 {3.6). In
Model 1, the consumption benefits of deforestation accrue only to the generation .t_hat falls
the forest, while the preservation benefits acerue to all future generations. This s why eq.
(2.9) states that deforestation should ceaze at a fimme T whes the marginal consumption benafit
to genecation T of felling the forest equals the integral of the discounted marginal benefits of
preservation accruing to all generations born =fter T. In Model 2 the preservation benefits
and the consumption benefits of deforesiation accrue to 21l futare generations. This is why

the social rate of pure time preference does not appear in eq. (3.6},

FIGURE 3
Graphical Solution to Model 2

“Uegg

F+4 Anticipated Techrical Progress in Agriculture
If agriculmral cutput is expected to Increase monotonically over time because of technical
progress, then the optimal policy may still be to undertake deforestation immediately, if at all.

To obtain this result, however, we require what is essentially an infinite blocked interval, 14

Integrating {3.1} gives
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L= u)
pg = [ (Ucgs + Ug + pabs~{P+llgeie-tar, (3.7)
0 .

We know ¢ = ( on a blocked interval. Using this fact and {3.2) we obtain

$ <5, 3.5
I {UcleSones(Se) + Us(Sghettdt » 0, (3.9)
D

where {3.8) and {3.9) cannot both hold with strict inequality. If (3.9} holds with strict
ineguality then cg =0 and § - 3p. Otherwise 8« Sg) there should be a once-and-for-all
Jump that brings S instantly to 2 level that makes (3.9) hold with equality, This result is
analogous to that obtained by Fisher, Krutilla and Cicchetti (1972).

What conditions are sufficient to guarantee an infinite blocked interval?

Propostion 6. Let X = Ug(Sq)} and fet Y = -Ur{s(Sp)ies(So). Then, if n is constant, g(Sg,t) =
g(Sp)et, and w > 0, an infinite blocked interval exists if X < Y and 5 » 1.

Proof: See Appendix.
We alsp have

Cerollary 3. [/ an infinite blocked interval exists, then it is optimal 10 ser aside o quantily
af wildlife reserves which is greater than g comparison of current marginal benefits would
suggest is aptimal,

Proof: Ses Appendix.

The myopic planner would select the quantity of habitat to protect by equaring Ug{8y) and-
Urf{el{S.tNes(5:,1) at every moment. But if w > 0 and w » 1, then the marginzl consumption
benefit of species extinction will Fall over time. From the viewpoint of any future date, the
decisiﬂr_l taken by the myopic planner will be revealed to be suboptimal. The problem is that
with deforestation irreversible, it is not feasible to equate the marginal ccusumﬁtiﬂn benefit of
species extinction and the marginal benefit of species conservation at every instant. The best
ong can do is to choose the quantity of reserves which equates these marginal benef i_ts on

average over the entire planning perigd. The optimal provision of reserves must be “too



22

large” in the near term and "too small” in the long term when svaluated on the basis of
currant valuations.

Obviously if X > Y, deforestation will never be optimal if w > 0 and 5 > 1. But under what
conditions will it be optimal to complstely exhaust the forest?

Proposition 7. Let X = Ugl8g) and let Y = -U{gn(So))esiSg). Then, if n is constant, g(Si,1)
= g{Se™t, and o > 0, it will be optimal to set aside no reserves if n < 1. This result holds
irrespeciive of the values taken by X and Y.

Proof: See Appendix,

4. FELLING AND FARMING THE FOREST (MODEL 3)
In this section T assume that the forest is felled for timber as well as enitivatable land. This
model thus generalizes the previous two. Model 3 is also more realistic. For logging in
remote areas often opens up Formerly virgin forests to settlers in search of new agriculturat
Iand. As usual I begin by assuming that g is autonomous and & constant,

4.1 Selution o the Auronomoeus Case

If the forests are cut down both for timber and cultivatable land, as they are in general,
society’s problem remains (2.4) but with C¢ = ¢; + g(S). This problem has the same
Hamiltonian s (2.5). The only first order condition which changes from Model 1 js (2.7).15
This now takes the form of (3.I). The dvnamic equation for < now becomes

T/C = [I/9}(Us/Uas™P - 5 + ggas~Poy, . (4.1)
which differs from (2.8} by the addition of the (negative) term gSaS'bur.
The phase diagram for this problem 15 shown in Figure 4. The optimal defarestation policy

demands that the rate of deforestation decline ower time. This is similar to Model 1.

Howewer, as § falls the equilibrinm level of consumption rises. This it characteristic of Model
2,

Define é by

Us(5)/5 = Uc(a(5))/a5Po - Ucle(SNes(S)/s. | (4.2)
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é is thus the stationary value for 5. Note how (4.2) compares to (2.9) and (3.8). The LHS of
eq. (4.2} is the marginal benefit of preservation. The RHS is the marginal consumption benefit
of species extinction. This is composad of two terms. The first term on the RHES of (4.2) is
the consumption benefit of timber one obtaing by felling an area of forest of sufficient size to
effect an incrementzl extinction. The second term 15 the consumption benefit derived from
the agricuiturat land freed up by the incrementzl extinction. In Mode? 1 this second term was
zero. in Model 2 the first term on the RHS of (4,.2) was zero, -

Is :". uniqua? The LHS of (4.2} iz of cosrse decreasing in 8. Some simpie caleulus shows that
the RHS is increasing in S, Hence S is nnique,

FIGURE 4
Phase Diapram for Model 3

gfS)

Proposition B. 1 g is antonomons and ¢ constant, then the optimal deforestation,/conservalion
policy corresponding to Modei 3 is o choose: £y = 0 Ytz 0 if 8 = é.' and cp > 0¥ teE
[0,T) and cp = 0 ¥ t 2 T if S > S, where T is the ( finite) time it takes fo reach S along the
optimal path. Furthermore, the approgeh to the steady-state is monotonic: if Sg > é then C
< 0¥t €[0T} The optimal provision of wildlife reserves is equal to min [Ag,:ﬂx}. where :ﬁ. =
(S/)1/B,

4.2 The Full Planning Solution

What policy should be pursved if ¢ and g are incressing functions of time? Using the

preceding analysis it is easy to prove
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Proposition 9. Ler X = Ug(Sp)/6 and ler Y = Ur(g(Sp))/ 250" "vg - Ucle(SoesSo)/6. Then, if
y is constant; g(S,t) = g{St)e""t, w = Oy and Elu"'cr = =y, = O, the optimal policy is te choose:
=0Vt 0 i XY, nrladnwzrne=0VteDTad c;=0Vt2Tif X<,

n >\ ond me = 3, where T and ST must satisfy

M(ST, T} = - Us(S1)/6 + Ucta(se?T) /ST Poge~7D)
- Ucke(ST)e* eI fluin - 1) + 5] = ¢

and

Ut e Ty @St Poge~ T NAUE Y T,ST)] = - (3M/85T)/(3M/3T),
whers

aM/3ST = (Upcsse®T + bUe/Sp/asT Poge=7T)

- {chsse“T + Uccgss”Tgse“’T]f(w(q - 1)+ 8 - Ugg/s

and |

BM/BT = - [Ug(mw - /(ST PogeTT) + [Uces@pedTuty - DYfwln - 1) + &1

> 0V¥t20if X <Y.g<landnu«t:and e =0Vt [0, and c; >0V t>Tif X»
Y, 7 < | and mz < 7 where T is finite {and determined uniguely by X =
UctaSolexpw))/asp Pogexp(-11) - Ucla(Sglexplwi))ss(Soexpw/s]

A positive quantity of reserves should be set aside if 5 > 1 and pw = -, iTespective of the
mitizl conditicns.

Corollary 4. Using the definitions in Proposition 9, if X <Y, n = 1 and nw > 7, then it is
optimal to set aside a guantity of reserves which {5 greater than a comparison of the margingl
consimption benefit af extinction and the marginal benefit of preservation measured ot time T
would suggest is optimal. In other words, deforestation should cease af a time when the

margingl consumpijon benefit of deforestation exceeds the marginal benafit of preservation.

Proof: Ses Appendix,




25

In Maodsl 1 a planner whe ignored anticipated changes in Et and & would set aside too small
a quantity of reserves if X < Y and sx » . In Model 2 an infinite blocked interval is
guaranteed if X < Y and o » 1, Here the corresponding requirements are X < Y, nw >  and
> 1,

If we assuine that the condition ¢ > 1 15 met, as seems reasuna‘ule,m then w need DOt sxceed
«t for Corollary 4 to hold. If 7= 5, for emple, then even if w were one-fourth the size of
+ it would be optimal to set aside more reserves than the amount set avide by a planner who
ignored anticipated chanes in Et and ¢y The values taken by 7 and w are therefore of some

signiificance, a matter which I consider in the congluding section.

Note finzlly that 'mmumptian can, no longer be guaranteed to Incregse on [0,T) if 7> & The
reason is roughly as follows. In Model 1 it is optimal for consumption to increase with 4> &
bacause consumprion becomes cheaper over time--lass land needs to be deforested to genaerate
a dollar’s worth of copsumption. In peried t~1, consumption per hectare deforested is /oy ;.
But if 1/0¢ Erows at a coostant rafs o = 0, then in period t{ consumption per hectare
deforested 15 1/o; = | f[u‘ge"rt] > 1/op_[. On a present valne basis, consumption per hectare
deforested is Higher in period t than in perigd -1 if v > 8. When E increases this result
remains unchanged. But in Madel 3 society obtains an additional benefit in deforesting now
rather than later: the land can be put inta agricultural production. If socisty postpones
deforesting a hectare uniil fext year, this year's agricultural output is lost; and yet output
next year is not enhanced by this decision. It is therefore better to deforest earlier rather
than later, It will be optimai For cqnsumptiﬁu to increase gn [0.T) only if « i3 "large”
relative t0 § and agricultural productivity at the margin is fairly low.

5. POLICY IMPLICATIONS

E}ﬂe cyD take Two views repatding the policy mmpiitations of our results, The traditionad view,

as expressed for example by Krutillz (1967} and Fisher, Krutiils and Cigchetti (F-K-C, 1972), is
that the forces driving our conclusions are exogenons, "Under this view onr results suggest
the following policy recommendation: taking » as given, government policy shonld be dictated
by the values of 7 and w. If one takes this view, the pammeters should be estimated
empirically, much like F-K -C estimated the rate of technical change in power production when
assessing whether the Hells Canyor should be dewveloped as a hydroelectric facility or

preserved in its patural state.
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However, the pzrameters 4 and w are unlikely to be straighiforward to estimate. This is
because the relevant data are often wnavailable or at the very Ieast unreliable. Value added
data do not distinpguish betwesn agriculture and forgstry. A significant but unknown amount
of agricuitura! production is not exchangsd for money and so is not in¢luded in national
income statistics, Thirty percent or more of tropical logs are felled illegally and therefore
also do not appear in official statistics (FAQ, 1932, p. 59). Furthermore, even if the relevant
data were available and reliabie it is unlikely that they would be suitable, Subsidies are often
available for logging, and domestic agricultural prices are often artificially depressed, in
developing countries. Ooe can hardly determine an optimal policy based on datz that are
themselves the product of suboptimal, distortionary policies.

These comments suggest an alternative view, and that is that the values taken by -7 and w are
themeelves Influenced by policy. The regulation of prices and the pyovisidn of subsidies
affects the immediate returns to permanent agricuiture and deforestation, and in the long run
altess the incentives to invest in research and development and to adopt new technologies.1?
Policies often influence v and w by means other than the price mechanism as well. The World
Bank and other ald organizations invest substantisl sums in projects designed to increase
producstivity in agriculture and forestry. In 1986 alone the Bank provided $3.7 billion as lﬁans
_and credits o agricoltore and Tarsl development projects in tropicy coumities {World Bank,
. 1988), .
At any given time both exogenous and endogenous forces will be shaping - and w. To the
extent that exogenous forces influence these rates of technicsl progress, the traditional view
of the role for policy will remain valid. But when « and & are also influenced by policy, the
policy implications of our analysis cut deeper and wider, 1t 15 not enough that planaing be
far-sighted; if wildlife conservation iz seen to be a part development, theno countries must
actively invest in projects that will preserve the environment. Put differently, if the results
of this ﬁaper show that it is not growth per se that maiters for conservation bt the nature
of the gfowt]i, then policy makers should be sesking to encourage growth of the "right” kind.
In the context of deforestation and wildlife conservation, policy should encourage growth in
sectors Such as permanent agriculture that can choke off the need to depigte the remaining
primayy rain forests. - .

The results presented in this chapter suggest that an economy can grow and vet still preserve
its environmental resources. This is not to say, however, that wildlife conservation entails no
sacrifices. It certainly does, ‘Bu_t economic growth and development are not synonomous; if
they were it would make no sense to incivda § in the social utility function. In addition to

wildlife censervation, improvements in life expectancy, literacy and health are also
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development goals. Sci Lanlea has g per capita income several ordercs of magnitnde less than
- that of Mexico, but life expectancy in both countries is about equal. This is because the
government of Sri Lanka has actively invested in the Fields of health care, food consumption
and education. Of course Sri Lanka could have sacrificed life expectancy for the sike of
growth, but Sen (1983} has shown that if it kad it would have taken somewhere Detween 58
and 152 vears for life expectancy in Sri Lanka to have reached current levels. Sern (1983, p.
753) notes: "If the government of a poor developing country is keéen to raise the level of
health and the expectation of life, thea it would be pretty daft to try to achieve this through
tajsing its income per head, rather than going directly for these objectives through public
policy and social change..” This argument bites even harder in the case of wildlife
conservation; while a country might be able to afford more conservation in the year 2000
thar it can today if it did not set aside reserves, the opportunity to do so at the turn of the
century may well have besn Iost. This 18 the curse of irreversibility.
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APPENDIX

Proof of Lemma. Integrating (2,7} vields

=]
pre~fl = _I't [Ug + pabS~(P+1)acje-57dr _ {A.1)
smce li:l:r.tt__,,ﬂ,..;,,[:'utf.-."at =018

Using the fundamental theorem of caleulus we can write
6 oo - -
Uee8t/ag-by = J‘t{{Uc(n:::fc + & - b&/S)/a5 Pare~7ar, (A.2)
Combining {(A.1), (A2) and (2.6) gives

f{'ms + pans & Dog) - [UCHT/C + 5 - b §/8)/a5"Pofje57ar 2 0, (A

which holds with equality for all t = 0 if we have an interior solntion.

With Eﬂ <C and with Et increasing it seems reasonable to suppose that the optimal policy
must be to set cp > 0 on an interval [3.T) and ¢; = ¢ on an intervat ¢ = T. (In gther words,.
it must be optimal o cease deferestation in finite time,) On the latter interval (2.65) holds,
Withc =0 and 5= 0, (A3) becomes

[ —
_ft {Ug - [U~CHnx + s1/aS Poie®dra0vea T (A.4)

if" we assume Et rises over time at a constant rate x, £ > 0. Ea. fA.4) can be taken o mean
that the forest should not be felled whenever the discounted stream of preservation bhenefits
brought about by a marginal change in species diversity exceeds the corresponding disconated
stream of consumption benefits. - '

Solving (A4} we abtain

Us(Sp/6 2 UclCoe*ty/as,bo v t 2 T. (A.5)
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Mote in particular that (A.5) holds ét date T.
On the interval [0,T) we know ¢; = 0. Hence we must have
UglSp)/o < U{Cpe™)/as, Do v t < T. (A.6)

The RHS of inequality (A.6) decreases with t while the LHS increases with t. By assumption

5 is continzous, Henca, we can rewrite {A.6) as
Us(ST)6 < U(Cpe”T)/aSPe. | (AT
Combining {A.5) and {A.7) we obtain eq. (2.10).

Proof of Proposition 4. If X = Y, then it Is not optimal to deforest at t = §. Deforestation
is then never optimal provided Ug(Sp)/8 > U(Cpy/aSy Yoy ¥ 1 2 0. With C increasing at rate
& and o decreasing at rate -y, the marginzl consumption benefit of speciss extinction will not
rise when ¢; = 0 provided g = <. Since the marginal' benefit of species mnse;vaﬁon is
constant when ¢; = { this means that deforestation is never optimal if X > Yand g =4 If
nr < -y then the marginal consumptios benefit of species extinction wiil rise and deforestation.
will be optimal at smﬁa time T,

If X < Y then deforestation is optimal at t = . If the marginal consumptiﬁn benefit of
species extinction rises even when c; = 0, as it will i §x < 7, then deforestation will always
be optimal. If this marginal benefit does not rise when ¢, = 0, then it will be optimal to
cease deforestation in Finite time. The marginal consumption benefit of species extinction will
not rise with ¢y = 0 if g% > 1. Egs. (2.17) and (2.18) currespp:_ld to eqs, (2.10) and (2.15). ]

Proof of Proposition 6. An infinite blocked interval will exist if the marginal benefit of
preservation can be shown to increase over time relative to the marginal consumption benefit
of deforestation. The marginal benefit of preservation is fixed in time. However, the
marginal consumption benefit of deforestation is not. If w > 0, then -gg rises at rate w. An
infinite blocked interval can exist anly if the marginal benefit of development falls over time.
Therefore, Ug must fall at a rate greater than w. Since g rises at rate w, this means that

we require 5 > 1. | |
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Proof of Corollary 3. If an infinite blocked interval exists, then deforestation should be

completed instantgneousily at t = ) such that {3.9) holds with equality. Denote the solution
]

5. We then have

Us(S*)/5 = - Up(e(S NegS Viwn - 1) + 81,

By Proposition &, an infinite blocked interval exists if w> 0, X < Y and » = 1. But under
thase conditions wa have US(S*} < - UC(g(S*})gS(S*} att =0, ]

Proof of Proposition 7. Again we need only prove that the marginal benefits of preservation
are falling over time relative to the marginal consumption benefits of deforestation. Since -ge¢

rises at rate w we require that [J~ fall at a rate less than w. Since g rises at rate o, this
means that 5 must be less than one. | |

Proof of Coroflary 4. If the above conditions hiold, then the gptimal conservation of biclogical
diversity ST must satisfy '

Us(ST)/8 = Ul /ast Poge~TT) - [Uc(rSTIeDagST)e“ TN/ 1uiln - 1) + 81

But then

Us(STHS < UclaGETeY DS Poge 7T - (UeE e TiaEpe T 15| |
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NOTES

While the [itersture has focused almost exclusively on problems of D.verﬂxploitatiun,
habitat destruction has caused almost all of the 500 extinctions known to have occurred
in the U5, zince Eurcpean serglers first aﬁived. Twa-thir&s of these extinctions
occurred in tropical Hawali., See Harrington znd Fisher {1982, p. 124).

Myers (1985, p. 408). Myers does not state how he arrived at this figure. However, the
figure can be obtained from the species-area relation described in the next section, If 8

= (.3 then the preservation of ten percent of habitat will conserve 50 percent of species.

I assurne that the society ignores any benefits of biological conservation accruing to the
citizens of other nations, These benefits are probably very targe (Harrington and Fisher,
i932}. But the morment we admit these benefits our problem becomes a game and not
simprly an exercise I plapning. Cne way in which the interests of externzl parties can
be reflected in domestic wildlife conservation is through the mechanism of “debt-for-
nature™ swaps (se¢ Hansen, 1988). Another mechanizm is the World Heritage Convention,
which can offer poorer countries financial assistance for protecting “ouvtstanding” wildlife
habitats. |

Following Franlel and Sounlé {1981, p. 4), "conservation” is taken here to mean providing
not only for the maintenance of species but also for their continuing evolution, By this
definition zoos and germplasm storage facilities preserve species; anly wildlife veserves

conserve species.

This 1s the simplest notion of species diversity. There are others. For example, species
diversity can be defined in terms of the distribution of the number of species according
to _their relative abundances, MNare here also that species diversity appears to be the
most irnportant single criterion vsed in choosintg sites for wildlife reserves. In a sample
of 17 wildlife conservatios evaluation studies published betweaen 1971 and 1981, 16 used
diversity as a criterion. See Usher {19867,

Dasgupta (1982, Chapter 10) and Fisher and Krutilia (19853) kave also demanstrated this
for the example of deforestation and species extinction.

I refer I this paper ooly (o Krantkraemer's first model.
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In an analysis of 100 species-area relations, Connor and McCoy (1979) found only three

with a # < 0 and twg with a 2 > 1; the average was about 0.31.

See Boecklen and Gotelli (1984} for cautionary remarks on the use of the species-arsa

relation in directing conservation palicies.

See, e.p., Diamond (1973). Two points should be noted. First, if small reserves are set
aside, velaxation time will be much faster. Most reserves are in fact relatively small.
Second, species extinction probably follows a logistic path, increasing rapidly at first and
then at an ever diminishing pace uatil equilibrium is finally attained (see, e.g., Terborgh,

1976). Thus the majority of extinetions will oecur fairly quickly.
Since Ho < 0 and Hgg < 0, the transversality conditions,

lim &~5%pS, = 0, lim e~fip, > 0
B = ] I—oo

are snfficient for a maximum.

I am natorally assuming that the constraint T € (0,00) is satisfied. For a more general
treatment of the transversality conditions corresponding to this type of problem, see
Seierstad and Sydsaster, 1987, p. 130).

Observe that Hgg = Ugcggg + Ugg - pab(b+1)5~0*ge < 0 for £ < 1, and so the
iransversality conditions corresponding to problem (2.4) will be sufficient for an optimum
here if we assume g < 1. As noted In Section 1, virtually all empirical studies of the
species-area relation obtain an estimate for 8 that is less than one.

That is, we require that (3.4a) hold for ali t positive. See Arrow (1968).

Since Hgg < 0 for £ < I, the transversality conditions for Madel 1 will be sufficient for
a2 maximum if we continue to assume £ < 1.

See Stern (1577) for a survey of estimates of the elasticity of the marginal utility of

income,

Hayami and Ruttan {1985) argue that agricultural development in developing countries has
been poor mainly becawse government policies have impeded rather than induced

appropriate technical and institutional innovations.
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18. Our assumptions regarding instantaneous social urility tmply that it will never be optimal

to fully deplete S (as long as c > 0). By the transversality conditions, therefore,

limg_ oope 8t = 0,
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