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Abstract

Exploitation diminishes the capacity of renewable resources to with-
stand environmental stress, increasing their vulnerability to extreme
conditions that may trigger abrupt changes. The onset of such events
depends on the coincidence of extreme environmental conditions (en-
vironmental threat) and the resource state (determining its resilience).
When the former is uncertain and the latter evolves stochastically, the
uncertainty regarding the event occurrence is the result of the com-
bined effect of these two uncertain components. We analyzed optimal
resource management in such a setting. Existence of an optimal sta-
tionary policy is established and long run properties are characterized.
A numerical illustration based on actual data is presented.
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1 Introduction

We study management of renewable resources with a stochastic state evo-
lution and environmental uncertainty regarding the occurrence of an abrupt
catastrophic event. The effects on management policies of these two un-
certain processes are highly intertwined, as the vulnerability of a resource to
(uncertain) environmental stress depends critically on its (stochastic) state.
Admittedly, numerous uncertain elements prevail in any given resource sit-
uation and the literature addresses many of them (see Pindyck 2007, for a
survey). But the combined effect of stochastic state evolution and uncertain
abrupt events has not been addressed so far.

The economic literature on natural resources with stochastic state dynam-
ics (e.g., Burt 1964, Reed 1974, Pindyck 1984, 2002, Knapp and Olson 1995,
Costello et al. 2001, Singh et al. 2006, Mitra and Roy 2006, Wirl 2007, and ref-
erences they cite) mostly ignores uncertain catastrophic events such as abrupt

1 The sudden occurrence of such events is

regime shift or ecological collapse.
related to nonlinear phenomena such as positive feedbacks, hysteresis and the
presence of uncertain thresholds that are prevalent in environmental processes
(Dasgupta and Maéler 2003, Brock and Starrett 2003). Examples include
pollution-induced catastrophes (Cropper 1976, Clarke and Reed 1994, Aron-
sson et al. 1998, Tsur and Zemel 1998), a sudden collapse of an ecosystem
or of animal and plant populations (Reed 1989, Tsur and Zemel 1994, Brock

and Xepapadeas 2003), destruction of coastal aquifers due to seawater intru-

sion (Tsur and Zemel 1995, 2004), phosphorus loading into lakes inducing an

!Some of these works incorporate thresholds, e.g., project investment thresholds in
Pindyck (2002), extinction thresholds in Mitra and Roy (2006) and temperature thresh-
olds in Wirl (2007), but these thresholds are deterministic and the uncertainty emanates
only from the stochastic stock dynamics.



irreversible transition from oligotrophic (clear) state into a eutrophic (turbid)
state (Harper 1992, Carpenter et al. 1999, Maler 2000), and global warming
induced catastrophes (Tsur and Zemel 1996, 2009, Broecker 1997, Mastran-
drea and Schneider 2001, Alley et al. 2003, Neevdal 2006, Haurie and Moresino
2006, Roe and Baker 2007, Stern 2007, Bahn et al. 2008, Weitzman 2009).%
This literature strain assumes a deterministic evolution of the resource state.

The most pronounced effect on resource management policies of the pres-
ence of a catastrophic threat shows up in the discount factor, which becomes
policy-dependent, i.e., endogenous. Implications of this property for climate
policies under threats of global warming induced catastrophes have recently
been studied (see, e.g., Tsur and Zemel 2008, 2009) in a deterministic resource
evolution framework. Here we consider stochastic state dynamics in a general
renewable resource situation. The endogeneity of the discount factor requires
extending some properties of Markov decision processes that are known to
hold under constant discounting (see, e.g., Puterman 2005).

The resource setup, with the stochastic state dynamics and the environ-
mental threat, is formulated in Section 2. Section 3 formulates the man-
agement problem. Existence of an optimal stationary policy under policy-
dependent discount factor is established in Section 4. Long-run (steady state)
behavior under the optimal policy is characterized in Section 5. A numerical
illustration, based on actual data, is presented in Section 6. Section 7 con-
cludes and the appendix describes the algorithm used to calculate the optimal

policy, value and steady state distribution of the numerical example.

2The abrupt change may be desirable, as in Bahn et al. (2008) who consider two such
events: the resolution of uncertainty regarding climate sensitivity and technological break-
through regarding a carbon-free energy source.



2 Resource setup

We formulate the rules governing the evolution of the resource state under

the uncertain environmental event.

2.1 States, actions and recharge

The state of the resource system at time ¢ is denoted S; = (S}, S2, ..., SM)',
where S} is the m’th stock, m = 1,2,..., M. The resource evolves in time
according to

St+1:St+R(St)+Xt_gt7 t:172>"'7 (21)

where R(S;) = (RY(S;), R%(Sy), ..., RM(Sy)), X; = (X}, X2, ..., XM) and ¢, =
(g}, g%, ..., gM) are M-dimensional vectors representing deterministic recharge,
stochastic recharge and exploitation (harvest, extraction) rates, respectively.
We consider discrete (finite or countable) state, recharge and action spaces,
denoted S, X and A, respectively. Thus, S = {s1, S2,..., s, }, where s; €
RM, j=1,2,...,n, and n, (possibly infinite) is the number of states.
Let A™(s) consists of stock m’s actions (exploitation rates) feasible at state
s € Sand let A(s) = A (s) x A%(s) x - - - x AM(s). The admissible action space
is A =,csA(s) = {a1,a, ..., an, }, where a; € R and n, is the number of
actions (finite or countable). An action g, = (g}, g7, ...,gM)" corresponds to
exploiting (harvesting, extracting) source m at the rate g/, m = 1,2,..., M,
during time period ¢. The action is feasible if g, € A(S;).
In a similar manner we let X™(s) represent the support of stock m’s
recharge distribution at state s € S and define X(s) = X!(s) x X?%(s) x
- x X™(s). The admissible support is X = (J,.g X(s) = {x1, 22, ..., 7, },

containing n, (possibly infinite) feasible recharge vectors z; € IRJ\J:[ . The



recharge probability at time ¢, given S; = s, is denoted p,;(-), i.e.,
2.2 Environmental threat

The resource system is under risk of an abrupt shock (regime shift) with
undesirable consequences. The conditions that trigger such events depend on
the resource state and exploitation policy and are uncertain due to genuine
environmental uncertainty or due to our own lack of complete understanding
of the processes that lead to occurrence of the event or both. Let x denote
the catastrophic state of the resource system and let 1 — A(s, a) be the hazard
probability to end up in k at time t + 1 when occupying state s # x and
employing action a at time ¢. Let 7' denote the time period at which the

event occurs. Then,

T—1

Pr{T =7} =[1-A(S- g [[A(Ss.95), 7=1,2... (2.3)

j=1
where we use the convention that H;ll =1for7=1.

The event occurrence probability (2.3) represents the environmental un-
certainty conditional on the resource state trajectory and exploitation policy.
The combined effect of the event uncertainty and the stochastic evolution of
the resource state shows up in the resource transition probabilities, specified

next.

2.3 Transition probabilities

Let p(jli, a) represent the probability of occupying state s; at time ¢ + 1

conditional on S; = s;, g = aand T > t (i.e., that the event will not interrupt):
p(jli,a) = Pr{Si1 = s;|St = si, 9t = a, T > t}.
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In view of (2.1)-(2.2),
p(jli, a) = pajs;(s; — si + a). (2.4)

We let P, represent the ng x ng matrix with p(j|i,a) as the (i, j) element.
Given the the event has not occurred by time ¢t — 1, the probability during

time ¢ of moving from s; to s; and of nonoccurrence is

Q(j|i7a) = PT{StH = 55,1 > t’St =S5, 0t = CL}
= Pr{Si1=sj[St=si, g0 =0a, T >t}Pr{T > T >t—1,5; = s;,9: = a}

= p(li,a)A(si, a). (2.5)

We denote by @, the ng x ng matrix with the (4, j) element given by q(jli, a).

3 Management policies and welfare

We begin by formulating the instantaneous rewards and payoffs. The
decision rules and policies are explained next and subsection 3.3 presents the

welfare criterion.

3.1 Rewards and payoffs

If the event does not occur during time period ¢, while the resource is at
state S; and the action ¢; is undertaken, the instantaneous reward IN)(St, g¢) is
obtained, whereas if the event occurs the post-event value v?(S;) is acquired.
The latter represents the present-value, under the optimal post-event policy, of
the benefit flow from the occurrence time onwards, discounted to the beginning
of the occurrence period. We assume that b(s,a) and v*(s) are bounded
and that the latter is smaller than the pre-event value (defined below), as we

consider undesirable events.



With € [0,1) representing the (constant) discount factor, the payoff is

given by
T—1

> b(Shg)B T + 0P ()BT (3.1)

t=1

The expectation with respect to the event occurrence time 7', noting (2.3), is

0o T— 1
Z( Stvgt 5t 1+Up( T)ﬁT_l) 1_ T?.g’T H)\ J)g]

= t=1
oo T—1 T—1
Z B(St,gt)ﬁt_l[l - A(S‘HgT)] H)‘(Sj’gj> +
=1 t=1 7j=1
e T—1
> (8B L= A(Sr g2)] [ M) 99)- (3.2)
T=1 j=1

By changing the order of summation (permitted when bis bounded), the first
term on the right-hand side above is expressed as
© 0 T—1
SLERALED of (ERIEREI) | CTERE) BT
t=1 =t j=1
The inner sum above equals
Z(H)‘ i 95) H J7gj> H)‘ 32 95)5
T=t 7j=1
which upon substituting back in (3.3) gives

Z( (St 91) Hﬁ)‘ i 9j ) (3.4)

This expression is the present value of the benefit flow b(S;, g;) discounted with

the policy-dependent discount factor

1 t=1
)= {Hj;ll BA(S;,g;) t=2,3, ... (35)

The function v(t) is the compound discount factor corresponding to the run-

ning (single period) discount factor SA(S, g¢).
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The second term on the right-hand side of (3.2) is expressed as
Z VP (SH[1 = A(S, g0) V(1) (3.6)
t=1
Combining (3.4) and (3.6), the expectation of the payoff with respect to event

occurrence time 7' is give by

o0

Z b(St, ge)v (1), (3.7)

where

b(St, gt) = B(Sm ge) + VP (St)[1 — A(St, g1)]- (3.8)

The catastrophic environmental threat affects the payoff in two ways: first,
by changing the instantaneous benefit from b(S;, g;) to b(Sy, g;); second, by
changing the discount factor from the constant 3 to the state-and-action-
dependent discount factor BA(Si, g:). The latter effect is twofold: first, it
decreases the discount factor (GA(s,a) < 3 since A(s,a) < 1), thereby induc-
ing less conservation (since the future is discounted more heavily); second, it
turns the discount factor endogenous to the exploitation policy. The policy
implications of these effects were studied in a deterministic state evolution
model of climate change induced catastrophes (e.g., Tsur and Zemel 2008,

2009). Here we consider stochastic state evolution.

3.2 Decision rules and policies

A decision rule d;(-) determines the action at time ¢ given the available
information {Sy, Sy_1, Si—2...}, {911, gi—2, ...}. It may be history-dependent or
Markovian (depends only on the current state S;), randomized or determinis-
tic. Consequently, the four types of decision rules are history-dependent and

randomized (HR), history-dependent and deterministic (HD), Markovian and
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randomized (MR), Markovian and deterministic (MD). A policy (or plan)
specifies the decision rules for all time periods, 7 = {d;,ds, ...}, and is clas-
sified as HR, HD, MR or MD depending on the type of the decision rules
dy, t=1,2,.... A policy is stationary if the same decision rule is repeated in
all time periods, i.e., di(-) = ¢(+) Vt. (Thus, a stationary policy is necessarily
Markovian.)

The HR class of policies is the widest and contains all other classes as
special cases, while the MD class is contained in all other classes. Within the
MD class, stationary policies are the simplest, hence are attractive for actual

implementations.

3.3 Welfare

Under a Markovian policy m = {dy, ds, ...}, with g, = d;(.S;), the (random)
payoff, noting (3.7), is
Z b(St, d(Se))v(t)
t=1

and the expected payoff given S; = s is

v(s) = E7 {Z b(St, dt(St))V(t)} : (3.9)

The welfare (value) function is defined as

v*(s) = sup v"(s), s€S. (3.10)

me [HR
4 Optimal policy

The optimal policy 7*, when exists, satisfies v™ (s) = v*(s) for all s € S.
We denote by v¥(s) the value corresponding to the stationary policy m =
(p,,-++). As stationary MD policies are attractive for implementation pur-

poses, it is of interest to know if the value v* can be attained by such a policy.
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Under a constant discount factor (and some regularity conditions), the answer
is in the affirmative (see Puterman 2005, Chapter 6). We show that this
property is retained with endogenous (policy-dependent) discount factor and,
along the way, characterize the optimal stationary policy. = We begin with
some definitions and notation.

Recall that without the catastrophic threat, i.e., when the survival proba-
bility A(s,a) =1 for all s € S and a € A, the discount factor is constant and
the optimality equations are

v(s;) = max {b(si,ai) + ﬁZp(j]i,ai)v(sj)} ,i=1,2,...,ng,
j=1

a; €A(s;)

or in matrix notation

= P,
v Ifgi({ba + BPv},

where v = (v(s1), ..., (8n.))s @ = (a1, ..., an,) € A(s1) X -+ X A(sp,) = A(s),
bo = (b(s1,a1), ..., b(sn., an,)) and P, is the ng X ns, matrix with the (i, 7) ele-
ment given by p(j|i,a). In the presence of environmental threat, the discount
factor GA(s;,a) is state-and-action-dependent and the optimality equations
become

v(s;) = max {b(si, a;) + BA(si, a;) ip(ﬂi, a,;)v(sj)} , i =1,2,...,ng,

a; €EA(s;) —
J:

(4.1)
or in matrix notation
v =max{b, + Quv}, (4.2)
where @), is an ng X ng matrix with (7, j) element given by A(s;, a)p(jli, a) (the
i'th row of @, equals \(s;,a) times the ¢’th row of F,).

Let V' be the space of bounded functions on & endowed with the supremum



norm ||v|| = sup,eg v(s). Define the mapping L : V — V:

L(v); = max < b(s;,a;) + BA(s;, a; i, a;)v(s;) p, 1=1,2,...,ng,
(® MGA(&){< )+ ) Y ><j>}

or in matrix notation
L(v) = max {b, + fQuv} . (4.3)
The optimality equations can be expressed in terms of L as
v(s;) = L(v);, 1=1,2,...,ng,

or in matrix notation as

We now establish:

Theorem 4.1. Suppose that (A1) 0 < < 1, (A2) S is discrete (finite or
countable), (A3) b: S x A — R and v* : S — R are bounded and (A4)
b(s;,a) and N(si,a)p(jli,a) are continuous in a, and A(s;) is compact for all
si,5; € S. Then:

(1) the optimal value v* is the unique fized point of (4.4);

(19) a stationary policy ¢ is optimal if and only if the actions a; = p(s;), i =
1,2, ..., ng, realize the mazima in (4.1);

(1ii) there exists an optimal, Markovian-Deterministic stationary policy ©*,

i.e., the policy (p*, ¢*, ...) satisfies

*

v¥ (s) =0v"(s) Vs € S. (4.5)

Proof. Assumptions (A3)-(A4) ensure that the maxima in (4.1) are attained.

For a given v € V| let a;(v), ¢ = 1,2,...,ns, denote the actions where the

10



maxima in (4.1) are attained. Then, for any u € V' we have

L(u); > {b(si, a;(v)) + BA(s4,a:(v)) i:p(ﬂi, ai(v))uj} ,i1=1,2, ..., ng,

which together with

Do) = blss, ) + BA(st,a0)) Y plilis o))
implies
L(v); — L(w); < BA(s;,a;(v)) Zs:p(jﬂ,ai(v))(vj —u;), 1 =1,2,...,n, (4.6)

Since 7", p(jli,a;(v)) = 1, we conclude from (4.6) that
L(v); — L(u); < BA(s4,a;(v)) max lv; —ujl, i =1,2,...,n,.
Since SA(s;, a;(v)) < [ < 1, we can further conclude that
mzaX{L(v)i — L(u);} < ﬁmjax lv; — .
Interchanging in the above inequality the roles of u and v we obtain
max |L(v); — L(u);| < ﬁmjax lv; — ;. (4.7)

It follows from (4.7) and (A1) that L is a contraction, implying the existence
of a unique fixed point of (4.4). Denote this fixed point by 0. We next show
that v = v*.

Let af, i = 1,2, ..., n,, be the actions that realize the maxima in (4.1), and

define ¢*(s;) = af. Then,

]

0(si) = b(si, 0" (51)) + BA(si, " (s4)) ZP(J"@ ©*(si))u(s;), si €S, (4.8)
j=1
or in vector notation
U= by + [Q0, (4.9)

11



where by = (b(s1,¢*(51)), -, b(Sn., ¢*(5n,))) and Qu- is the ng X ng matrix
with the (7, j) element given by A(s;, ©*(s:))p(j|i, ©*(s:)).

Evaluating (4.8) at time ¢, with s; = S; and g = ¢*(S;), gives
5(S) = b(Si, @ (S) + BASH 9" (S0) D p(i1Se, ©*(5)D(s))
j=1
= b(Sh, " (S)) + BA(S:, ¢ (S)) B (Sis1), (4.10)

where Ef " denotes expectation under the g, = ©*(S;) decision rule conditional
on the information available at time ¢ (which includes S;). Multiplying (4.10)
by v¥"(t), where (t) is defined in (3.5) under the g; = ©*(S;) decision rule,

and rearranging gives
b(St, @ (S))7*" (1) = DSV (8) =47 (t + D Ef (Sps)- (4.11)

Since v¥" (t + 1) depends only on information available at time ¢, the second

term on the right hand side of (4.11) can be written as
Y (t+ D)E; 5(Se) = Ef 77 (1 + 1)3(Ses1)]
and (4.11) is written as
b(Se, 9™ (877 (1) = 77" ()5(S) — Bf [ (t + 1)3(Si1)] -
Taking the unconditional expectation under the ¢*(-) decision rule yields
Eb(Sh, 0" (S))* (1) = E¥ 4% ()0(Sy) — E¥ 97 (t + 1)0(Shs)-
Summing over t = 1,2, ..., 7 gives

B WS @ (S (1) = 0(S1) = B 97 (7 + Di(Spn). (412)

12



Since ¥ (1) — 0 exponentially (uniformly in the policies), letting 7 — oo in
(4.12) yields
B¢ 3 b(Su 9" (SO (1) = i(S). (4.13)
t=1

where we use the property that s; — 0(s;), s; € S, is a bounded function,
namely o is a bounded solution of (4.2), which is guaranteed by (A3).

For an arbitrary policy ¢(:) we can repeat the above derivation with in-
equalities rather than equalities, obtaining

0(Se) = b(St, 0(Sr)) + BA(Sk p(St)) Zp(j|5t,<,0(5t))f)(8j)
j=1
instead of (4.10) and
B¢ 3 (S oS (1) < 2(51)
t=1

instead of (4.13). It follows that ¢*(s) is an optimal policy and ¥(s) = v*(s),
establishing claims (i) and (ii) of the theorem. As indicated above, the only
condition for the existence of ¢*(+) is that there exists a bounded solution for

(4.2), which follows from condition (A3) and claim (i), establishing (iii). O

Puterman (2005, Chapter 6,) presents a variety of algorithms for calculat-
ing optimal stationary policies of Markov Decision Process (MDP) problems.
In the empirical example of Section 6 we calculate the optimal policy using an
algorithm based on Linear Programming (LP), adopted to the present case of

a state-dependent discount factor.

5 Long-run behavior

Recalling equations (2.4)-(2.5), Py«(i,7) = p(j|i, ¢*(s;)) gives the prob-

ability that the resource system moves from S; = s; to Siy1 = s; when

13



the optimal policy g, = ¢*(s;) is employed, conditional on the event not

occurring during period ¢. The unconditional transition probabilities are

an* (Za.]) = /\;kP<P* (7'7j>’ where
A= Asi 0(s0), i =1,2, .., (5.1)

The transition matrix Py« is aperiodic, thus classifies each state as either
recurrent or transient. The recurrent states can be arranged in K irreducible
subsets B, k= 1,2,..., K.> Recurrent, irreducible subsets are absorbing, i.e.,
once the state process enters Fj, it stays there forever. We let n, represent
the number of elements (states) in Ej and denote by Py the ng X nj submatrix
of P,- corresponding to the states contained in Ey, k=1,2,..., K.

We call the state s; “safe” or “unsafe” depending on whether A\ = 1 or

Af < 1, respectively. The subset

contains all “safe” states. (S; may well be empty.)

If E) contains no “unsafe” states, i.e., B, C &y, then entering Fj, ensures
that the event will never occur. This is so because the probability that the
event will occur during period ¢ given S; = s; € Ej is 1 — Af = 0 for any
s; € By and FEj is absorbing. For recurrent, irreducible sets containing only

“safe” states we define the limiting matrix*

P, = lim P{. (5.3)

The (i,7) element of Py represents the probability that in the long run the

system will occupy state s; when it starts at state s; and the optimal policy

3The subset Ej, C S is closed if Pr{Sii, = s;|S; = s;,¢0*(:)} = 0 for any s; € Ey, and
sj & Ey, 7=1,2,.... The subset E}, is irreducible if no proper subset of it is closed.
4The limit exists since Py is aperiodic.

14



is employed for any s;,s; € Ej. Clearly, ]f’k satisfies Pkﬁ’k = Pk (taking one
extra step cannot change the limiting behavior), implying that P, has identical

rows p,/, given by the solution of (see Puterman 2005, pp. 591-592)

Nk

¢ = ¢ P, subject to qu =1. (5.4)

j=1
The ng-vector pp constitutes the steady-state distribution of the n, states
contained in Ej C &, provided the optimal state process begins at (or enters
after a finite time) Ej.

If By ¢ & (ie., Ej contains at least one “unsafe” state s,, say), then
entering Ej implies that the event will (eventually) occur with probability
one. This is so because each time the “unsafe” state s, is visited an occurrence
probability of 1 — A\* > 0 is inflicted and (once in E}) visits to s, never stops

® It follows that the limiting probability of

prior to the event occurrence.
s; € By € Si must vanish and the limiting probability of x (the occurrence
state) is one.

We summarize the above discussion in:

Proposition 5.1. The optimal state process either initiates at or enters after
a finite (transient state) period one of the recurrent, irreducible subsets Ej,
(provided the event has not occurred during the transient state period).

(1) If Ex, C 81, then (a) the long run (steady state) probability of states in Ej,
is given by Py, defined in (5.4), (b) the long run probability of states not in Ej,

vanish, and (c) the event occurrence probability is zero.

5Suppose, without loss of generality, that s, is the only “unsafe” state in Ej and notice
that, unless interrupted by the event, the recurrent state s, will be visited infinite number
of times with probability one. Occurrence may happen on the first visit with probability
1 — A% or on the second visit with probability A% (1 — A¥) or on the third visit with prob-
ability A*2(1 — \*) and so on. Summing all possibilities gives the occurrence probability

(1= 252\ =1
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(i0) If By € Si, then (a) the long run (steady state) probability of all states in
S wanish, and (b) the long run occurrence probability (the limiting probability

of the occurrence state k) is 1.

6 Empirical illustration

The Kinneret water basin (Lake Kinneret is also known as the Sea of
Galilee) is the largest of Israel’s natural water sources, providing about 40
percent of the country’s annual natural water supply on average. Lake Kin-
neret is a shallow lake, with maximal and average water depths of 46 m and
25 m, respectively (Gvirtzman 2002, p. 34). Like other shallow lakes (Harper
1992, Miler 2000), it faces a risk of abrupt ecosystem collapse due to pollution
and eutrophication processes (Gvirtzman 2002, pp. 43-55). The risk of such
abrupt regime-shift depends on the lake’s water head (stock). This property,
together with the highly volatile recharge process (Figure 1), render the above
framework particularly suitable for studying optimal management policies.

In the next subsection we describe the basin’s recharge process and derive
its distribution.  Subsection 6.2 defines states and actions and subsection
6.3 derives the ensuing transition probabilities. The rewards are specified in
subsection 6.4, paying special attention to the catastrophic threat associated
with over-exploitation. In subsection 6.5 we apply an algorithm based on
Linear Programming (LP) for solving Markov decision Processes (MDPs) and
derive the optimal policy and value (the algorithm is briefly described the
appendix). Finally, the steady state distribution under the optimal policy is

calculated in subsection 6.6.
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6.1 Recharge process

Figure 1 presents the Kinneret’s net (accounting for evaporation) annual
recharge for the period 1932 - 2008. We use the gamma distribution to ap-
proximate the recharge distribution, i.e., we assume that the recharge series
consists of iid draws from a gamma distribution with parameters o and 6,

satisfying
afl = Mean(recharge) - Min(recharge) = 570.38 — 157 = 413.38 MCMY

and

af? = Var(recharge) = 77333.8,

where MCMY stands for million m?® per year (the mean, min and standard
deviation of the recharge series are displayed in Figure 1). We obtain a =
2.20967 and 6 = 187.077. Figure 2 depicts the empirical distribution of the
recharge series (dots) and the gamma distribution with the above («, ) pa-

rameters.
Figure 1
Figure 2

The support of the recharge distribution is denoted X' = {x1,xo, ..., T, },
with ;7 = 150 MCMY (the minimal recharge realization — see Figure 1),
Tn, = 1450 MCMY (approximately the maximal recharge realization) and

Top1—xp =04, £=1,2,....;n, — 1. Thus,

20 =150+ ({ — 1A, (=1,2,...n,, (6.1)

6The help of Miki Zaide, Avihai Hadad and Amir Givati, of Israel’s Water Authority, in
making the data available for our use is gratefully acknowledged.
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and py(s(z,) is calculated as

F(xg—i—Ax/Q) iflé=1
Pajs(Te) = S Foe+ Ay)2) — Flay — A, /2) if2<{<n,—1 (6.2)
1— F(xy—AL/2) if ¢ =n,

where F'(-) is the gamma distribution specified above (and depicted in Figure
2). Since n, and A, are related according to x,, = x1+(n,—1)A,, setting one

parameter determines the other. Setting A, =50 MCMY implies n, = 15.

6.2 States and actions

The Kinneret water-head ranges between the altitudes 208.8 and 215 meter
below sea level (—208.8 m and —215 m, respectively). Above the upper water-
head (—208.8 m) the water overflows the lake’s edges (flooding is avoided by
opening the gates of the Degania dam at the southern outlet of the lake leading
into the lower Jordan river). The lower altitude (-215 m) is the minimal water
head level at which water can be pumped (due to pumping infrastructure) and

7 In between there is the so-called red line —

is designated as the black line.
an imaginary water-head level indicating a critical water stock below which
the above-mentioned catastrophic risk increases sharply. The red line is set
at -213 m.%

The water stock corresponding to the black line is normalized at zero and
each meter of water-head above the black line is equivalent to 165 - 170 million
m? (MCM).? A water state corresponds to the water stock above the black
line, so s = 0 when the water-head level is at -215 m, s = 300 MCM when the

water head is at the red line (-213 m) and s = § = 1000 when the water-head

"The exact minimal water head from which pumping is feasible is -214.87 m and we
round it to -215 m.

8The red line has been modified in the past in response to pressure to increase pumping
during dry years (see Gvirtzman 2002, p. 36).

9The range is due to differences in the surface of the lake at different water levels.
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level is at -208.8 m. The admissible state set is S = {s1, sa, ..., Sn, }, Where
the s;’s are evenly spread apart. Setting s;1+1 — s; = Ay = 50 MCM gives
n, = 21 states.

An action a corresponds to pumping a million m? per year (MCMY)). The
admissible action set is A = {ay,ao, ...,a,,} with a; = 0, a,, = 700 MCMY
(determined by the existing pumping infrastructure) and a1 —a; = A,, j =
1,2,...,mny — 1. Setting A, =50 MCMY implies n, = 15.

A time period (a year) in the present case begins at the end of the rainy
season (the bulk of the rain in Israel’s Mediterranean weather occurs during
the months of November through April) while water extraction occurs mostly
during the dry season (May - October). It is therefore not feasible to extract
more than the water stock available at the beginning of the period, i.e., given
the water stock S; at the beginning of period ¢, g; < S;. Thus, A(S;) = {ax €
Alar < Si}. At the end of the dry season, the water stock will reach the
level S; — g; > 0 and this level affects the catastrophic hazard, as explained in

subsection 6.4.
6.3 Transition probabilities

The transition probabilities, conditional on nonoccurrence, are

p(jlisar) = Pr{Si1 = S = si, g1 = ax}
= PT{R(St) + Xt =5;—S; + ak}

Pajs(s; — s +ar}, 7,0 =1,2,...,n,, k=1,2,...,n,, (6.3)

where p,(+) is defined in (6.2).
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6.4 Instantaneous benefit

The immediate reward at time ¢, specified in (3.8), is repeated here for

convenience:

b(St, 9t) = b(St. g1) + vP(Se)[L — A(S, g0)].

The first term on the right-hand side is the benefit enjoyed during non-occurrence
periods; the second term is the benefit under the interrupting regime-shift,
namely the post-event value weighted by the occurrence probability. The for-
mer consists of the surplus water users (irrigators, households, industry) derive
from the pumped water g; net of the supply cost (extraction, conveyance, treat-
ment, distribution); the latter stems from the forgone benefit associated with
not being able to use the lake for a prolong period of time. We discuss each

in turn.
6.4.1 Immediate benefits during non-occurrence periods

Let D(-) denote the inverse demand facing the Kinneret’s water, i.e., at a
water price $D(a) per million m* (MCM) the water demand is a million m?
per year (MCMY). Let C(a) represent the cost of supplying a MCMY. The

consumer surplus, net of the supply cost, associated with the consumption of

a MCMY is
| by -cro.
Assuming that the derived demand for water is inversely related to the
water price, i.e., D(a) = ¢1/a, and that C'(a) = cea, the net consumer surplus

becomes

b(s,a) = ¢ In(a) — coa, (6.4)

where ¢ is a positive demand parameter and ¢, is the unit cost of water supply.
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Assuming further that at a price of $0.5 x 10 per MCM ($0.5 per m?) the
water demand is 600 MCMY implies ¢; = 300 x 10°. The unit cost of supply
is taken at $0.2 x 10° per MCM (¢, = 0.2 x 10°).

6.4.2 Post-event value and occurrence probability

We consider the case in which the event (the abrupt regime shift) renders
the lake’s water unusable for a very long period and take the post-event value
vP to represent the forgone consumer surplus (i.e., the benefit water users could
derive had the regime shift been prevented) as well as ecological damages and
loss of recreational opportunities. ~We estimate this forgone value by the
present value of constant flow b(s,a) evaluated at a = 550 MCMY (which
is about the average recharge). Thus, with the discount factor g = 0.9434

(corresponding to 6% interest rate) and the above specification of b,
vP = —b(s,550) /(1 — ) = —3 x 10%°.

The survival probability A(S:, g;) equals one if S; — g; (the minimal water
stock during time period ¢) does not fall below the critical water stock s. = 300
MCM corresponding to the red line. As soon as the water-head drops below
the red line, the survival probability decreases and reaches A\(0) = A\g > 0
at s = 0 (the black line). We use the following specification of the survival
probability:

s, a) = {)\o + (1= X)exp{d(s—a—s.)/(s—a)} ifs—a<s.

6.5
1 ifs—a>s, (6.5)

where § is a (positive) shape parameter. Indeed for a = s, exploitation brings
the water stock to the black line and A(s, s) = Ao.

The immediate benefit specializes to
b(s,a) = c¢pIn(a) —caa+vP(1—XNg) max{1l —exp[d(s—a—s.)/(s—a)],0}. (6.6)
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The function specifications and parameter values are summarized in Table 1.

Table 1

6.5 Optimal policy and value

We calculate the optimal policy using an algorithm based on Linear Pro-
gramming (LP). Appendix A describes the algorithm and its application in the
present case. The algorithm provides the optimal policy ¢*(s;), i = 1,2, ..., ng,

depicted in Figure 3.
Figure 3

Noting (4.9) and 0 = v*, the value v* = (v*(s1),...,v"(s,,))" is calculated
by
U* = (I — 5Q¢*)_1b@*7 (67)

where by = (b(s1,9*(51)), ..., b(sn,, ©*(sn,))" and Q- is the ng x n, matrix
with A(s;, 0*(s:))p(7]7, ©*(si)) as the (7, ) element. The value is depicted in

Figure 4.
Figure 4

6.6 Steady state

From the optimal extraction policy in Figure 3 we conclude that there is
one recurrent, irreducible subset F; = {450, 500, ..., 1000}, and all states below
450 MCM are transient. This is so because the optimal extraction policy is
such that it is not optimal to intentionally drop the water stock below 300
MCM (the red line) at the end of the dry season, and the minimal recharge

(during the rainy season) is 150 MCMY. Thus, at the end of the year the
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water stock will be at or above 450 MCM. Water stocks (at the end of the
rainy season) below 450 can only be encountered initially and for a limited
number of periods (until recharge increases the stock), hence are transient.!”

The A data of Figure 3 reveal that ) contains only “safe” states (\; = 1
for all s; € Ey). Thus, once the optimal state process enters F; the event will
never occur (the environmental threat is removed).

The steady state probabilities, characterized in Proposition 5.1 and applied
with the above Ej, are depicted in Figure 5. In the long run (steady state),
under the optimal policy, the stock never drops below 450 MCM (the red line,
below which the environmental threat is activated, is at 300 MCM). This
allows pumping at least 150 MCMY without drawing the water head below
the red line (recall that the water head at the end of the dry season reaches

Si — g¢), thereby providing a buffer against bad draws (dry years).
Figure 5

The average long-run stock and extraction are, respectively,
§= q;s; =834.003 MCM
j=1
and

§=Y q¢"(s;) = 494.211 MCMY.
7j=1

If the recharge were stable at the mean z = 570.38 MCMY (see Figure
1), the steady-state extraction were set at this rate and this policy could have
been maintained at a much lower stock level, e.g., at 300 MCM corresponding

to the threshold stock (the red line water-head level). The higher (average)

10This state classification can be reached also by applying the procedure described in
Puterman (2005, p. 590) on the transition matrix P«.
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stock constitutes a buffer that allows mitigating extraction fluctuations, in
spite of the stochastically fluctuating recharge, by drawing down the stock
during bad (low recharge) years and filling it up during good (high recharge)
years. On average, extractions are slightly less than the average recharge
(494 MCMY vs. 570 MCMY), while under the steady state distribution the

optimal extractions’ standard deviation,

S diler(sy) — g2 = 117.225,
7=1

is substantially smaller than the recharge process’ standard deviation of 278.09
(see Figure 1). The latter owes to the buffer role of the water stock (this effect
is similar to, though not the same as, the buffer value proposed by Tsur and
Graham-Tomasi 1991).

The large lung-run probability of the full capacity stock (the steady-state
probability of s = 1000 MCM is about 1/3, implying that, under the opti-
mal policy, in the long run the lake should be filled up every third winter
on average) is an outcome of the policy of maintaining a large average stock
(as a buffer against a series of dry years). Thus, it pays to let more water
flow into the lower Jordan river (by opening the gates of Degania dam at the
lake’s southern outlet during rainy years) in order to have the buffer stock
available during dry years. We note that this property is linked to the particu-
lar specifications and parameter values of Table 1, set for illustration purpose

only.

7 Concluding comments

Exploitation has diminished the capacity of many renewable resources to

endure stress, increasing their vulnerability to extreme environmental condi-
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tions that may trigger abrupt changes. The onset of such events depends on
the coincidence of extreme environmental conditions and the resource state.
Typically, both elements are uncertain and the uncertainty associated with the
event occurrence is the result of their combined effect. We analyzed resource
management in such a setting.

The environmental threat affects management policies in two ways: first,
it changes the immediate benefit flow; second, it turns the discount factor en-
dogenous to the exploitation policy. These effects were studied in a variety
of resource management problems under a deterministic state evolution (e.g.,
Clarke and Reed 1994, Tsur and Zemel 1996, 2008, 2009, Aronsson et al. 1998,
Haurie and Moresino 2006). Here they are investigated in resource situations
involving stochastic state evolution. Existence of an optimal stationary pol-
icy is established and long run properties are characterized. A numerical
illustration based on actual data is presented.

With some modifications, the framework developed here can be extended
to accommodate models that combine resource exploitation and economic
growth, such as integrated assessment models of climate change. The evo-
lution of the various state variables in such models is all but stochastic and
threats of global warming induced catastrophes have become increasingly alarm-
ing (see Nordhaus 2008, Chapter 7). The present framework can be used to

incorporate both types of uncertainty in a coherent (non ad hoc) fashion.
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A Appendix: The LP algorithm for calculat-
ing optimal policies of MDPs

Puterman (2005, Chapter 6) presents a variety of algorithms for calcu-
lating optimal policies of Markov decision processes (MDPs). We use the
algorithm based on Linear Programming (LP), adopted to the present case of
a state-dependent discount factor. We briefly describe the algorithm and its

application.

A.1 The LP approach for solving MDPs

The algorithm is based on the following property:
Proposition A.1. Ifv € V satisfies v > L(v), then v > v*.

Proof. The mapping L, defined in (4.3), is monotonic, i.e., for v,u € V, v > u
implies L(v) > L(u). This property follows from 5 > 0 and Q,(i,j) >
0 V(i,7). Thus, v > L(v) implies L(v) > L(L(v)) = L*(v), hence v > L(v)
implies v > L?*(v). Repeating this reasoning, we find that v > L(V) implies
v > L*(v) for k = 1,2,.... Letting k — oo, recalling that L is a contraction
and v* is the unique fixed point of v = L(v) (Theorem 4.1), establishes the

result. O

It follows that the inequality v > L(v), or in component notation

v; > b(siaak) + ﬁA(Shak‘) Zp(.”l)ak)vj vak’ € A(Si)7 1= ]-727 ey T,y

j
can at best hold as equality, in which case v = v*. This suggests the following
(primal) Linear Programming (LP) problem for finding v*:

Set a; > 0, 7 =1,2,...,n,, satisfying Zj a; =1 (any positive o; will do but
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the requirement that they sum to one allows a probability interpretation) and

find (unconstrained) v;, j = 1,2, ..., ng, in order to minimize

Ns
E : QjU;
Jj=1

subject to

Ns

v; — BA(si, ag) Zp(j|z’, ai)vj > b(s;, ar) Ya, € A(s;), i =1,2,...,n,.

Jj=1

This LP problem has n, unknowns (columns) and Y1, n,, constraints (rows),
where n,, is the number of actions in A(s;).

The dual to the above LP problem is formulated as follows:
Find z(s;,ax) >0, i =1,2,...,n,, a; € A(s;), in order to maximize

i: Z b(si, ar)x(si, ax) (A.1)

=1 apecA(s;)

subject to

Ns

Z z(sj, ar) — Z Z BA(Si, ar)p(Jli, ar)x(si, ar) = o, 7 =1,2,...,n,.
aR€A(s;) i=1 apeA(si)
(A.2)
The dual LP has ) °, n, unknowns (columns) and n, constraints (rows).
The number of constraints is smaller than that of the primal LP problem,
which renders the dual LP more tractable. Properties of the dual LP problem,
including a verification that a basic solution exists, are discussed in Puterman
(2005, pp. 223-231).

Let z*(s;,a), i = 1,2,...,ns, kK = 1,2,...,n,,, denote the solution of the
dual LP. Since the dual LP has n, constraints, only n, out of the Z?:Sl Ng,
elements of x* are positive. Moreover, for any state s; only one z*(s;, ax) > 0.
The optimal (Markov-deterministic) stationary policy is specified as

©*(si) = Z 1(z* (s, ar) > 0)ag, i =1,2,...,ng, (A.3)
ap€A(s;:)
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where 1(-) assumes the values 1 or 0 when its argument is true or false, re-

spectively.
A.2 LP specification in the present case

Let D(i,k) =1 or 0 as s; > a; or s; < ay, respectively. Thus, D(i, k) =1
if the action ay, is feasible at s; and D(i,k) = 0 otherwise (see discussion in
subsection 6.2). Let B be the ng X n, matrix with the i, k element given by
b(s;,ar)D(i, k), where b(s,a) is defined in (6.6). The LP objective (A.1) can

be rendered as

ns MNa

> B k)a(i, k). (A.4)

i=1 k=1

Similarly, let p(j|i,ax) = A(si, ax)p(jli, ar)D(i, k), where p(jli,ax) is defined
in (6.3). Then

SN pGladeli k) =303 5l etk
i=1 apeA(s;) i=1 k=1

and the dual LP constraints (A.2) can be expressed as

YN D k)i k) =8 Y Bl k)ai k) = 1/ng, j=1,2,..,n,, (A5)
=1 k=1 =1 k=1

where we set a; = 1/n,, j=1,2,...,n,.
The LP problem then is to find (i, k) >0, i =1,2,...,n5, k =1,2,..., 14,

in order to maximize (A.4) subject to (A.5).
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Table 1: Specifications and parameter values

Function Form ‘ Description

b(s, a) c1log(a) — caa Reward under no occurrence
vP(s) Constant Post-event value

A(s,a) min {1, Ao + (1 — Xg)e’—2=#)/(s=0) 1 | Survival probability

Parameter | Value Description

B 0.9434 Discount factor =1/(1+0.06)

« 2.20967 Recharge dist. parameter

0 187.077 Recharge dist. parameter

Ay 50 MCM Diff between consecutive states

Ng 21 Number of admissible states

A, 50 MCMY Diff between consecutive actions
Ny 15 Number of admissible actions

A, 50 MCMY Diffe between consecutive recharge
Ny 26 Number of recharge points

c1 300 x 106 Demand parameter

o 0.2 x 108 Unit supply cost

vP -3 x 101 Forgone benefit due to occurrence
Se 300 MCM Critical stock (at red line)

Ao 0.5 Survival prob at s = 0 (black line)
) 0.2 Hazard parameter
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Mean 570.38
Median 525

s . Maximum 1337
Million cubic meter per year
(MCMY) Minimum 157

Std. Dev. 278.09
1500

1400 |
1200 |
1000 |
200
a0d
400 F .

aog b T

1940 1940 1940 1970 1930 1990 000 2008

Year

Figure 1: Lake Kinneret’s recharge series during 1932 - 2008. The descriptive
statistics are calculated for the 1980 - 2008 data.
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Figure 2: The gamma distribution with parameters a = 2.20967 and 6 =
187.077 (solid) and the empirical distribution (dots) of the Kinneret’s recharge
series for the period 1980 - 2008.
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Figure 3: The optimal stationary Markov extraction policy ¢*(s) (MCMY)
for s = 0,50, 100, ..., 1000. The data are reported to the right of the figure and
contain also the survival probabilities A7.
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]S

15k

200 400 aon o0

Water stock (MCM above the black line)

1000

si V(s

j j

0 [-0.0699987
50 | 1.02578
100 | 1.92885
150 | 2.37428
200 | 2.63255
250 | 2.8008
300 | 2.91903
350 | 3.03599
400 | 3.05549
450 | 3.06655
500 | 3.07413
550 | 3.0798
600 | 3.08425
650 | 3.08786
700 | 3.09085
750 | 3.09338
800 | 3.09553
850 | 3.09739
900 | 3.09919
950 | 3.1008
1000 3.10226

Figure 4: The value v¥ (s) (x10'° §) for s = 0,50, 100, ..., 1000 MCM.
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600 | 0.0621503
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700 | 0.0868794
750 | 0.0878662
800 | 0.0843703
850 | 0.0781758
900 | 0.0705778
950 | 0.0624706
1000| 0.331396

Figure 5: Long run (steady state) probabilities.
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and Productivity in the Former Soviet Republics.

Jonathan Lipow & Yakir Plessner - The Identification of Enemy Intentions
through Observation of Long Lead-Time Military Preparations.

Csaba Csaki & Zvi Lerman - Land Reform and Farm Restructuring in
Moldova: A Real Breakthrough?

Zvi Lerman - Perspectives on Future Research in Central and Eastern
European Transition Agriculture.

Zvi Lerman - A Decade of Land Reform and Farm Restructuring: What
Russia Can Learn from the World Experience.

Zvi Lerman - Institutions and Technologies for Subsistence Agriculture:
How to Increase Commercialization.

Yoav Kislev & Evgeniya Vaksin - The Water Economy of Israel--An
Illustrated Review. (Hebrew).

Csaba Csaki & Zvi Lerman - Land and Farm Structure in Poland.
Yoav Kislev - The Water Economy of Israel.

Or Goldfarb and Yoav Kislev - Water Management in Israel: Rules vs.
Discretion.

Or Goldfarb and Yoav Kislev - A Sustainable Salt Regime in the Coastal
Aquifer (Hebrew).

Aliza Fleischer and Yacov Tsur - Measuring the Recreational Value of
Open Spaces.

Yair Mundlak, Donald F. Larson and Rita Butzer - Determinants of
Agricultural Growth in Thailand, Indonesia and The Philippines.

Yacov Tsur and Amos Zemel - Growth, Scarcity and R&D.

Ayal Kimhi - Socio-Economic Determinants of Health and Physical
Fitness in Southern Ethiopia.

Yoav Kislev - Urban Water in Israel.

Yoav Kislev - A Lecture: Prices of Water in the Time of Desalination.
(Hebrew).



8.02

9.02

10.02

1.03

2.03

3.03

4.03

5.03

6.03

7.03

8.03

9.03

10.03

11.03

12.03

1.04

2.04

3.04

4.04

5.04

Yacov Tsur and Amos Zemel - On Knowledge-Based Economic Growth.

Yacov Tsur and Amos Zemel - Endangered aquifers: Groundwater
management under threats of catastrophic events.

Uri Shani, Yacov Tsur and Amos Zemel - Optimal Dynamic Irrigation
Schemes.

Yoav Kislev - The Reform in the Prices of Water for Agriculture (Hebrew).

Yair Mundlak - Economic growth: Lessons from two centuries of American
Agriculture.

Yoav Kislev - Sub-Optimal Allocation of Fresh Water. (Hebrew).

Dirk J. Bezemer & Zvi Lerman - Rural Livelihoods in Armenia.

Catherine Benjamin and Ayal Kimhi - Farm Work, Off-Farm Work, and
Hired Farm Labor: Estimating a Discrete-Choice Model of French Farm

Couples' Labor Decisions.

Eli Feinerman, Israel Finkelshtain and lddo Kan - On a Political Solution to
the Nimby Conflict.

Arthur Fishman and Avi Simhon - Can Income Equality Increase
Competitiveness?

Zvika Neeman, Daniele Paserman and Avi Simhon - Corruption and
Openness.

Eric D. Gould, Omer Moav and Avi Simhon - The Mystery of Monogamy.

Ayal Kimhi - Plot Size and Maize Productivity in Zambia: The
Inverse Relationship Re-examined.

Zvi Lerman and lvan Stanchin - New Contract Arrangements in Turkmen
Agriculture: Impacts on Productivity and Rural Incomes.

Yoav Kislev and Evgeniya Vaksin - Statistical Atlas of Agriculture in
Israel - 2003-Update (Hebrew).

Sanjaya DeSilva, Robert E. Evenson, Ayal Kimhi - Labor Supervision and
Transaction Costs: Evidence from Bicol Rice Farms.

Ayal Kimhi - Economic Well-Being in Rural Communities in Israel.
Ayal Kimhi - The Role of Agriculture in Rural Well-Being in Israel.

Ayal Kimhi - Gender Differences in Health and Nutrition in Southern
Ethiopia.

Aliza Fleischer and Yacov Tsur - The Amenity Value of Agricultural
Landscape and Rural-Urban Land Allocation.



6.04

7.04

8.04

9.04

10.04

11.04

12.04

13.04

14.04

1.05

2.05

3.05

4.05

5.05

6.05

7.05

8.05

9.05

Yacov Tsur and Amos Zemel — Resource Exploitation, Biodiversity and
Ecological Events.

Yacov Tsur and Amos Zemel — Knowledge Spillover, Learning Incentives
And Economic Growth.

Ayal Kimhi — Growth, Inequality and Labor Markets in LDCs: A Survey.

Ayal Kimhi — Gender and Intrahousehold Food Allocation in Southern
Ethiopia

Yael Kachel, Yoav Kislev & Israel Finkelshtain — Equilibrium Contracts in
The Israeli Citrus Industry.

Zvi Lerman, Csaba Csaki & Gershon Feder — Evolving Farm Structures and
Land Use Patterns in Former Socialist Countries.

Margarita Grazhdaninova and Zvi Lerman — Allocative and Technical
Efficiency of Corporate Farms.

Ruerd Ruben and Zvi Lerman — Why Nicaraguan Peasants Stay in
Agricultural Production Cooperatives.

William M. Liefert, Zvi Lerman, Bruce Gardner and Eugenia Serova -
Agricultural Labor in Russia: Efficiency and Profitability.

Yacov Tsur and Amos Zemel — Resource Exploitation, Biodiversity Loss
and Ecological Events.

Zvi Lerman and Natalya Shagaida — Land Reform and Development of
Agricultural Land Markets in Russia.

Ziv Bar-Shira, Israel Finkelshtain and Avi Simhon — Regulating Irrigation via
Block-Rate Pricing: An Econometric Analysis.

Yacov Tsur and Amos Zemel — Welfare Measurement under Threats of
Environmental Catastrophes.

Avner Ahituv and Ayal Kimhi — The Joint Dynamics of Off-Farm
Employment and the Level of Farm Activity.

Aliza Fleischer and Marcelo Sternberg — The Economic Impact of Global
Climate Change on Mediterranean Rangeland Ecosystems: A Space-
for-Time Approach.

Yael Kachel and Israel Finkelshtain — Antitrust in the Agricultural Sector:
A Comparative Review of Legislation in Israel, the United States and
the European Union.

Zvi Lerman — Farm Fragmentation and Productivity Evidence from Georgia.

Zvi Lerman — The Impact of Land Reform on Rural Household Incomes in
Transcaucasia and Central Asia.



10.05

11.05

12.05

13.05

14.05

1.06

2.06

3.06

4.06

5.06

6.06

7.06

8.06

9.06

10.06

11.06

12.06

13.06

Zvi Lerman and Dragos Cimpoies — Land Consolidation as a Factor for
Successful Development of Agriculture in Moldova.

Rimma Glukhikh, Zvi Lerman and Moshe Schwartz — Vulnerability and Risk
Management among Turkmen Leaseholders.

R.Glukhikh, M. Schwartz, and Z. Lerman — Turkmenistan’'s New Private
Farmers: The Effect of Human Capital on Performance.

Ayal Kimhi and Hila Rekah — The Simultaneous Evolution of Farm Size and
Specialization: Dynamic Panel Data Evidence from Israeli Farm
Communities.

Jonathan Lipow and Yakir Plessner - Death (Machines) and Taxes.

Yacov Tsur and Amos Zemel — Regulating Environmental Threats.

Yacov Tsur and Amos Zemel - Endogenous Recombinant Growth.

Yuval Dolev and Ayal Kimhi — Survival and Growth of Family Farms in
Israel: 1971-1995.

Saul Lach, Yaacov Ritov and Avi Simhon — Longevity across Generations.

Anat Tchetchik, Aliza Fleischer and Israel Finkelshtain — Differentiation &
Synergies in Rural Tourism: Evidence from Israel.

Israel Finkelshtain and Yael Kachel — The Organization of Agricultural
Exports: Lessons from Reforms in Israel.

Zvi Lerman, David Sedik, Nikolai Pugachev and Aleksandr Goncharuk —
Ukraine after 2000: A Fundamental Change in Land and Farm
Policy?

Zvi Lerman and William R. Sutton — Productivity and Efficiency of
Small and Large Farms in Moldova.

Bruce Gardner and Zvi Lerman — Agricultural Cooperative Enterprise in
the Transition from Socialist Collective Farming.

Zvi Lerman and Dragos Cimpoies - Duality of Farm Structure in
Transition Agriculture: The Case of Moldova.

Yael Kachel and Israel Finkelshtain — Economic Analysis of Cooperation
In Fish Marketing. (Hebrew)

Anat Tchetchik, Aliza Fleischer and Israel Finkelshtain — Rural Tourism:
Developmelnt, Public Intervention and Lessons from the
Israeli Experience.

Gregory Brock, Margarita Grazhdaninova, Zvi Lerman, and Vasilii Uzun -
Technical Efficiency in Russian Agriculture.



14.06

15.06

16.06

17.06

1.07

2.07

3.07

4.07

5.07

6.07

7.07

8.07

9.07

10.07

11.07

12.07

13.07

Amir Heiman and Oded Lowengart - Ostrich or a Leopard — Communication
Response Strategies to Post-Exposure of Negative Information about Health
Hazards in Foods

Ayal Kimhi and Ofir D. Rubin — Assessing the Response of Farm Households
to Dairy Policy Reform in Israel.

Iddo Kan, Ayal Kimhi and Zvi Lerman — Farm Output, Non-Farm Income, and
Commercialization in Rural Georgia.

Aliza Fleishcer and Judith Rivlin — Quality, Quantity and Time Issues in
Demand for Vacations.

Joseph Gogodze, Iddo Kan and Ayal Kimhi — Land Reform and Rural Well
Being in the Republic of Georgia: 1996-2003.

Uri Shani, Yacov Tsur, Amos Zemel & David Zilberman — Irrigation Production
Functions with Water-Capital Substitution.

Masahiko Gemma and Yacov Tsur — The Stabilization Value of Groundwater
and Conjunctive Water Management under Uncertainty.

Ayal Kimhi — Does Land Reform in Transition Countries Increase Child
Labor? Evidence from the Republic of Georgia.

Larry Karp and Yacov Tsur — Climate Policy When the Distant Future Matters:
Catastrophic Events with Hyperbolic Discounting.

Gilad Axelrad and Eli Feinerman — Regional Planning of Wastewater Reuse
for Irrigation and River Rehabilitation.

Zvi Lerman — Land Reform, Farm Structure, and Agricultural Performance in
CIS Countries.

Ivan Stanchin and Zvi Lerman — Water in Turkmenistan.

Larry Karp and Yacov Tsur — Discounting and Climate Change Policy.
Xinshen Diao, Ariel Dinar, Terry Roe and Yacov Tsur — A General Equilibrium
Analysis of Conjunctive Ground and Surface Water Use with an Application
To Morocco.

Barry K. Goodwin, Ashok K. Mishra and Ayal Kimhi — Household Time
Allocation and Endogenous Farm Structure: Implications for the Design of

Agricultural Policies.

Iddo Kan, Arie Leizarowitz and Yacov Tsur - Dynamic-spatial management of
coastal aquifers.

Yacov Tsur and Amos Zemel — Climate change policy in a growing economy
under catastrophic risks.



14.07 Zvi Lerman and David J. Sedik — Productivity and Efficiency of Corporate and
Individual Farms in Ukraine.

15.07 Zvi Lerman and David J. Sedik — The Role of Land Markets in Improving
Rural Incomes.

16.07 Ayal Kimhi — Regression-Based Inequality Decomposition: A Critical Review
And Application to Farm-Household Income Data.

17.07 Ayal Kimhi and Hila Rekah — Are Changes in Farm Size and Labor Allocation
Structurally Related? Dynamic Panel Evidence from Israel.

18.07 Larry Karp and Yacov Tsur — Time Perspective, Discounting and Climate
Change Policy.

1.08 Yair Mundlak, Rita Butzer and Donald F. Larson — Heterogeneous
Technology and Panel Data: The Case of the Agricultural Production
Function.

2.08 Zvi Lerman — Tajikistan: An Overview of Land and Farm Structure Reforms.

3.08 Dmitry Zvyagintsev, Olga Shick, Eugenia Serova and Zvi Lerman —
Diversification of Rural Incomes and Non-Farm Rural Employment: Evidence
from Russia.

4.08 Dragos Cimpoies and Zvi Lerman — Land Policy and Farm Efficiency: The
Lessons of Moldova.

5.08 Ayal Kimhi — Has Debt Restructuring Facilitated Structural Transformation on
Israeli Family Farms?.

6.08 Yacov Tsur and Amos Zemel — Endogenous Discounting and Climate Policy.

7.08 Zvi Lerman — Agricultural Development in Uzbekistan: The Effect of Ongoing
Reforms.

8.08 Iddo Kan, Ofira Ayalon and Roy Federman — Economic Efficiency of Compost
Production: The Case of Israel.

9.08 Iddo Kan, David Haim, Mickey Rapoport-Rom and Mordechai Shechter —
Environmental Amenities and Optimal Agricultural Land Use: The Case of
Israel.

10.08 Goetz, Linde, von Cramon-Taubadel, Stephan and Kachel, Yael - Measuring
Price Transmission in the International Fresh Fruit and Vegetable Supply
Chain: The Case of Israeli Grapefruit Exports to the EU.

11.08 Yuval Dolev and Ayal Kimhi — Does Farm Size Really Converge? The Role
Of Unobserved Farm Efficiency.

12.08 Jonathan Kaminski — Changing Incentives to Sow Cotton for African Farmers:
Evidence from the Burkina Faso Reform.

13.08Jonathan Kaminski — Wealth, Living Standards and Perceptions in a Cotton
Economy: Evidence from the Cotton Reform in Burkina Faso.



14.08

15.08

16.08

17.08

1.09

2.09

3.09

4.09

5.09

6.09

7.09

Arthur Fishman, Israel Finkelshtain, Avi Simhon & Nira Yacouel — The
Economics of Collective Brands.

Zvi Lerman - Farm Debt in Transition: The Problem and Possible Solutions.

Zvi Lerman and David Sedik — The Economic Effects of Land Reform in
Central Asia: The Case of Tajikistan.

Ayal Kimhi — Male Income, Female Income, and Household Income Inequality
in Israel: A Decomposition Analysis

Yacov Tsur — On the Theory and Practice of Water Regulation.

Yacov Tsur and Amos Zemel — Market Structure and the Penetration of
Alternative Energy Technologies.

Ayal Kimhi — Entrepreneurship and Income Inequality in Southern Ethiopia.

Ayal Kimhi — Revitalizing and Modernizing Smallholder Agriculture for Food
Security, Rural Development and Demobilization in a Post-War Country: The
Case of the Aldeia Nova Project in Angola.

Jonathan Kaminski, Derek Headey, and Tanguy Bernard — Institutional
Reform in the Burkinabe Cotton Sector and its Impacts on Incomes and Food
Security: 1996-2006.

Yuko Arayama, Jong Moo Kim, and Ayal Kimhi — Identifying Determinants of
Income Inequality in the Presence of Multiple Income Sources: The Case of
Korean Farm Households.

Arie Leizarowitz and Yacov Tsur — Resource Management with Stochastic
Recharge and Environmental Threats.



