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TARGETING INCENTIVES TO REDUCE HABITAT
FRAGMENTATION

DAVID J. LEWIS, ANDREW J. PLANTINGA, AND JUNJIE Wu

This article develops a theoretical model to analyze the spatial targeting of incentives for the restoration

of forested landscapes when wildlife habitat can be enhanced by reducing fragmentation. The key
theoretical result is that the marginal net benefits of increasing forest can be convex, in which case

corner solutions-converting either none or all of the agricultural land in a section to forest-may be
optimal. Corner solutions are directly linked to the spatial process determining habitat benefits and

the regulator's incomplete information regarding landowner opportunity costs. We present findings
from large-scale empirical landscape simulations that support our key theoretical results.
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The fragmentation of wildlife habitat has been
widely recognized as a primary threat to bio-
diversity (Armsworth et al. 2004). In a terres-
trial ecosystem, habitat fragmentation can oc-
cur when land conversion transforms a con-
tiguous habitat into disjunct patches. Many
species are adversely affected by habitat frag-
mentation, including amphibians (Kolozsvary
and Swihart 1999; Lehtinen, Ramanaman-
jato, and Raveloarison 2003), large mammals
(Noss 1994; Costa et al. 2005), and neotropi-
cal migratory songbirds (Askins 2002; Faaborg
2002). Songbirds are of considerable conser-
vation interest because they serve as indica-
tors of ecosystem quality and provide signif-
icant values to recreationists. An important
effect of fragmentation on songbird popula-
tions arises from edge effects (Askins 2002;
Faaborg 2002). Edge refers to discontinuity be-
tween habitat types (e.g., the border of a for-
est and agricultural field). The breeding suc-
cess of many bird species falls as edge in-
creases due to heightened effects of preda-
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tors and nest parasites.! For forest-nesting
birds, which includes many neotropical mi-
gratory species, edge effects have been found
to extend from 50 m (Paton 1994) to 300 m
(Van Horn, Gentry, and Faaborg 1995) into
forest patches. Core forest is defined as the in-
terior area of a forest patch beyond the reach
of edge effects. In core forest patches, breeding
success is higher (Askins 2002; Robinson et al.
1995).

The broad purpose of this paper is to eval-
uate incentive-based conservation policies to
reduce habitat fragmentation. We focus the
analysis on the spatial targeting of incentives to
priva te landowners to increase the area of core
forest habitat. The problem of how to opti-
mally allocate habitat for species conservation
has been addressed previously in the reserve-
site selection literature (e.g., Kirkpatrick 1983;
Vane-Wright, Humphries, and Williams 1991;
Fischer and Church 2003; Onal and Briers
2003). The objective in these studies is to se-
lect reserves to maximize the number of pro-
tected species subject to a constraint on the
total area of reserved land. In some studies,
the spatial pattern of the reserves affects the
quality of protected habitat. Economists have
contributed to this literature by accounting
for land costs and modeling baseline losses
of habitat (Ando et al. 1998; Wu, Zilber-
man, and Babcock 2001; Polasky, Camm, and
Garber-Yonts 2001; Costello and Polasky 2004;

! Common predators include house cats from neighboring urban
lands and nest parasites include the brown-headed cowbird from
neighboring agricultural lands.
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Newburn, Berek, and Merenlender 2006; Po-
lasky et al. 2008). A feature of reserve-site
selection studies is that, once reserves are
established, the habitat within them is fixed
at initial levels. Nalle et al. (2004) relax this
assumption by allowing timber management
practices to be optimally determined condi-
tional on satisfying wildlife population goals.
The authors also model wildlife population dy-
namics in a spatially explicit framework.

Our methodological approach not only
shares some similarities with reserve-site se-
lection studies, but also departs from them in
important ways. First, as in many earlier stud-
ies, a regulator makes conservation decisions
for a set of pre-determined geographical units,
or sections of the landscape. However, follow-
ing Nalle et al. (2004), habitat isnot fixed. The
regulator can increase the area of core forest
within each section by encouraging afforesta-
tion (the conversion of non-forest land to for-
est). This emphasis on land use is appropriate
for many species, including neotropical migra-
tory songbirds.2 Second, earlier studies assume
an omnipotent and omniscient regulator. As
such, the regulator is free to select habitat for
conservation or, as in Nalle et al. (2004), mod-
ify management practices. This approach may
be relevant for a public agency that manages a
large portion of the landscape, but is unrealis-
tic when land-use decisions are made by alarge
number of private individuals. In our analysis,
the regulator uses voluntary incentives to in-
crease forest area, and we adopt the realistic
assumption that the regulator has incomplete
information on the opportunity costs of pri-
vate landowners. Finally, we focus on changes
in the amount of core forest habitat and do
not model populations of particular species as
in the reserve-site selection literature.3

In an empirical analysis of voluntary incen-
tives for reducing forest fragmentation, Lewis
and Plantinga (2007) (hereafter, LP) found
that the marginal costs of reducing fragmen-
tation are significantly lower on landscapes
with larger initial amounts of forest. This paper

2 Avian ecologists have found much clearer effects of fragmen-
tation from non-forest uses on songbirds compared to fragmen-
tation from timber harvesting. Nevertheless, it is well established
that some bird species, such as the northern spotted owl, are sen-
sitive to the age structure, as well as the spatial configuration, of
forests.

3 This emphasis on landscape pattern is consistent with conser-
vation strategies proposed for the study area considered in section
3. Partners in Flight, a consortium of government agencies and pri-
vate conservation groups, has expressed the need for large forest
blocks in the southeastern part of United States to provide nesting
habitat for core-forest birds.
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differs in three fundamental ways from LP.
First, we evaluate a policy derived theoretically
as the solution to a net social benefit maximiza-
tion problem, in contrast to the policies in LP,
which were selected on an ad hoc basis. Sec-
ond, the spatial targeting strategy in our paper
differs from the one examined in LP. In LP,
parcels within a geographical area (section) are
targeted according to the number of neighbor-
ing forested parcels. Under the targeted policy
derived in this paper, all parcels in a section are
eligible for the subsidy but the subsidy levels
differ across sections according to initial land-
scape conditions. Finally, the scales of the anal-
yses differ. We evaluate an entire landscape
consisting of 244 sections, whereas LP presents
separate analyses of three sections.?

We begin with an analytical treatment of the
optimal targeting of conservation incentives.
As such, we depart from much of the related lit-
erature that focuses on the solution of numer-
ical optimization problems. A large landscape
is assumed to be subdivided into smaller ge-
ographical sections that contain well-defined
ecosystems. Within a section, the marginal ben-
efits of core forested parcels are assumed to
be constant. The regulator determines the af-
forestation subsidy for each section of the land-
scape (i.e., targets the subsidy) to maximize
the expected net social benefits from convert-
ing agricultural land to forest. Land parcels are
heterogeneous due to spatial variation in par-
cel characteristics. These characteristics influ-
ence forest and agricultural rents (and, thus,
the opportunity costs of afforestation), but de-
pend on private information not observed by
the regulator. Because the regulator knows
only the probability distribution of opportu-
nity costs, the exact placement of forest parcels
cannot be controlled. A further challenge is
that land-use decisions are made at the parcel
scale whereas the spatial process determining
core forest benefits operates at a multi-parcel
scale. The optimal subsidy rate depends on the
initial spatial distribution of forests within each
section, i.e., targeting of the policy is deter-
mined by differences across sections in these
initial conditions. Our key theoretical result is
that the optimal targeting policy involves cor-
ner solutions under a weaker set of conditions
than those required for interior solutions. This

4 While LP demonstrated their empirical methodology by simu-
lating Jandscape-scale fragmentation outcomes for a baseline iand-
scape and a landscape subject to a $25 uniform afforestation sub-
sidy, computational restrictions limited their marginal cost analysis
to a smaller set of three sections.
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suggests a simple targeting strategy in which
all or none of the agricultural land in a section
is converted to forest. Corner solutions result
from the convexity of expected marginal ben-
efits, which is directly linked to the fine-scale
spatial process generating core forest benefits
and the regulator's inability to control the ex-
act location of forested parcels.

An empirical analysis is conducted to deter-
mine whether this simple targeting rule would
apply in practice. Specifically, we present a sim-
ulation of the effects of an incentive-based
policy on the spatial distribution of forests
in South Carolina. The empirical methodol-
ogy, based on the earlier work of LP, in-
tegrates an econometric model of land-use
change with GIS-based landscape simulations.
For this study, we simulate policy-induced
changes in core forest area for 244 sections of
the landscape and compute corresponding ex-
pected costs and benefits. The empirical find-
ings strongly support our theoretical findings
regarding corner solutions. For the large ma-
jority of sections, we find that either less than
10% or more than 90% of the available agri-
cultural land should be converted to forest. We
compare the performance of this policy to that
of an incentive applied uniformly across all sec-
tions and find large efficiency gains from tar-
geting. As well, we demonstrate that, in some
cases, the targeting rule is more efficient than
a policy that only converts parcels that create
core forest.

An important contribution of this study is
the identification of a practical targeting rule
for reducing forest fragmentation. In the last
section, we discuss this and other policy impli-
cations, and summarize our findings.

Targeting Incentives

This section presents a theoretical model of
a regulator who pays a per-acre subsidy to
landowners to convert land in an alternative

use (hereafter, agriculture) to forest. The so-
cial costs of the policy are the foregone rents
from the land in agriculture net of forest rents
plus the costs of converting agricultural land to
forest. These costs are weighed against the ex-
pected benefit of increasing the number of core
forest parcels. The regulator could apply a uni-
form subsidy across the landscape, offering the
same per-acre payment to all owners of agricul-
turalland. While this is an efficient policy ifthe
objective is to increase the total area of forest
(Plantingaand Ahn 2002), it does not account
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for spatial variation in expected benefits. For
example, in a lightly forested area, afforesta-
tion may create few new core forest parcels,
while the same amount of afforestation may
significantly increase the number of core forest
parcels if the area is heavily forested to begin
with. This suggests that a more efficient policy
would target the subsidy according to initial
landscape conditions.

Model Setup

The landscape is partitioned into M (m =
1,... ,M) sections that each contain a well-
defined ecosystem. Each section is further di-
vided into an N x N grid, where each cell in the
grid represents a homogeneous parcel of land
managed by a private landowner.® The regu-
lator applies afforestation subsidies that are
constant within sections, but can vary across
sections to account for heterogeneity in initial
landscape conditions. Our analysis focuses on
how targeting the incentives in this way can in-
crease the efficiency of the policy relative to
a spatially uniform incentive or a "core only"
policy. Targeting at the sub-landscape level,
such as a watershed, has several advantages,
including benefits from taking into account
potential threshold effects (Wu and Boggess,
1999; Wu and Skelton, 2002). In our analysis,
the sections of the landscape are assumed to be
pre-determined. Thus, we do not address the
problem of how to define the sections, though
this is another avenue for increasing the effi-
ciency of the policy.

Each landowner allocates their parcel to
forest or agriculture to maximize rents. We
assume that landowners differ from one an-
other in terms of knowledge and managerial
skills. As well, there may be differences among
parcels in the physical characteristics (e.g., soil
composition) of the land. The attributes of a
parcel are summarized by a parcel quality in-
dex, g, which measures both owner and phys-
ical characteristics. Parcel quality affects the
annual rent earned from forestry (f) and agri-
culture (a). We specify the rents from par-
cel (i, ) in section m as R,.j;m =R} + qi’;m and
R{, = RS +qf;,, where R} and R? are the
average rents® earned by all landowners and
q{jm and gf;,, measure deviations from the mean

5 With more complicated notation, we can accommodate grids
of irregular sizes and grid sizes that differ across sections.

6 Rents are determined exogenously. Mean rents can vary across
sections due to differences in the distributions of parcel quality (see
below).
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rent due to parcel quality. It follows that higher
rents will be earned from forest if land qual-

ity satisfies gjm = g, — qi/jm < R}, —R% and
from agriculture if g;jm > R — R4.” We de-
fine ¢* = R} — R% as the threshold value of

parcel quality a which rents from aforested and
agriculture are equal.

In addition to economic rents, a forested par-
cel provides wildlife habitat benefits, which are
largest if the parcel is a core forest parcel. A
forest parcel is defined as core forest if'its eight
immediate neighbors are forested. If some of
the neighboring parcels are in agricultural use,
wildlife habitat benefits will be reduced be-
cause of increased risks of edge effects. Con-
sider ablock of nine parcels in section m, where
parcel (ij) isthe center parcel (hereafter, focal
parcel) in the block and x;, is the number of
forested parcels in the block. The wildlife habi-
tat benefit from parcel (i, j), Bjm 1is assumed
to be:

B if Qijm — 9
(1) Bijm = 'yg—o‘iij

if Qijm < 9

where B isthe benefit from one core forest par-
eel® (the (x;, = 9case), and y E [0,1) isa param-
eter measuring the risk of edge effects from
neighboring agricultural parcels. When y=

0, a parcel will offer no core benefit unless
it is completely surrounded by forest parcels.
As y approaches 1, the difference in benefits
between core and non-core parcels becomes
small.

Core forest benefits are pure public goods
when people have existence values for wildlife
species. In addition, the benefits may be use
values derived from recreational activities
such as wildlife viewing. In (1), the benefit
of a single core forest parcel is assumed con-
stant, though one might expect B to decline as
the number of such parcels increases. We do
not consider this possibility, but note that in
equation (11), below, it would have the effect
of diminishing expected marginal benefits as
the subsidy level increases. There are various
ways to treat the benefits from parcels on the
boundary of a section. We assume that bound-
ary parcels do not generate core forest benefits,
implying Bjm =Ofori= I,N orj= 1,N.Bound-
ary parcels become relatively less important as

7 We assume constant returns to scale in forestry and agricul-
tural production on each land parcel, implying a rent-maximizing
landowner will always allocate their entire parcel to a single use.

8 For simplicity, B is assumed to be constant. The analysis pre-
sented below can be modified in a straightforward way to allow for
diminishing marginal benefits.
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the size of the total grid increases. Specifically,
the share of boundary parcels in an Nx N grid
is (4N-4)/N2,  which is decreasing in N. Nev-
ertheless, a weakness of our approach is that
we ignore the possibility that boundary parcels
could themselves be core forest because they
may border forest parcels in adjacent sections.

The Regulator's Information

Landowners are assumed to ignore the bene-
fits from wildlife habitat when making land-
use decisions. Thus, the privately optimal
landscape will, in general, differ from the so-
cially optimal landscape that accounts for both
economic rents and wildlife benefits. The reg-
ulator's objective is to maximize the social
value of the landscape through the use of af-
forestation incentives. We assume the regu-
lator knows the mean rents in each section,
Rrﬁl and R%nand, thus, the threshold value g¢*,,
As well, the regulator can observe land-use
decisions ex post. That is, the regulator can
determine, for each parcel, whether forest or
agriculture was chosen. However, the qual-
ity of any particular parcel depends on a
landowner's knowledge and skills, which we
assume is private information. Therefore, the
regulator cannot know the quality of an indi-
vidual parcel, only whether the quality is above
or below g,

If mean rents vary over time and repeated
observations of land-use decisions are avail-
able for the entire landscape, the regulator
might attempt to infer the quality of each
parcel. This effort would be complicated by
ownership changes over time that affect the
unobservable components of parcel quality.
Alternatively, the regulator can assume a dis-
tribution for parcel quality fim(g). We assume
fim(g) is a uniform distribution on the inter-
val [qm,qm]. This assumption simplifies the
analysis, and makes our results more transpar-
ent. With a uniform distribution, the proba-
bility that any parcel in section m is forested
is given by the cumulative distribution func,
tion for f7,(q) evaluated at g};,: Fr(g) = (g, —
q,)/(@m — q,,)- The probability that any par-
cel is in agriculture is given by 1 — F,,(¢}) =
(Gm = ap)/ @Gm — ‘Zm)-

The parcel quality distnbutions are the same
for all parcels within a section, but may differ
across sections. One reason for this difference
is spatial correlation in parcel quality. Suppose
that most of section m is in agricultural use. For
a given parcel within this section, one might ex-
pect a greater probability of large values of ¢
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compared to parcels in a section dominated by
forests. In this case, the interval [q " 0m] would
be defined over relatively high parcel qualities.
Thus, our formulation is consistent with spatial
dependence in parcel quality, with the proviso
that the underlying spatial process affects par-
cel quality probabilities within a section in the
same way.

Expected Benefits and Costs of the Policy

The regulator chooses an afforestation incen-

tive for each section, s, >sp, to increase the aver-

age rent from converted forest to R +s, —
so, where So is the conversion cost. When
Sm < Sp, no agricultural land will be converted.
When s, > sy, the subsidv raises the thresh-
old value of parcel quality to g}, + $m —
So. increasing the nrobabilitv that the land is al-
located to forest to F, (g} + s» — so0) = (¢} +
S — S0 — (_]m)/ @Gm — l_]m).g Then the probabil-
ity that an agncultural parcel converts to torest
equals:

Fy (CI,f, + Sy - S()) = Fu (Cl,f,)

@) Pu(sw) = .
m m 1 . Fm (q:,)
=m0 if s, > 50
dm — q;;
=0 if s, < 50.

The normalization in (2) ensures that P, (s,)
equals one when g% + s, — S0 = §m,and incor-
porates me pnor mrormanon mat me quanty
of the agricultural parcel is above g7,

Consider a focal parcel (i, j) in section m
that is forested initially and has 9 - x, on-
forested neighbors. If s, < sp, the core for-
est benefit from the parcel remains at B;j, =
~9=%im B because none of its neighbors convert
to forest. When s, > s, the probability that
a neighboring agricultural parcel converts to
forest is Pm(g m), and the expected core forest
benefit from the parcel is:

(3 o
E(Bjjm) = 2 [ (2‘%]’") Py, (Sm)k
k=0

X (1 = Ppy(sp))?2im=* By9—af/m—k]

9 We assume no land-use changes in the absence of the policy
(i.e., there are no changes in g7, ). The analysis can be modified in a
straightforward way to allow for baseline increases or decreases in
forest. The empirical simulation presented below allows for such
changes.
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‘i—m’jm )Pm (Sm )k (1 - P!,, (sm ))9—(%:’/'"1 —k

4)
E(Bijm) = B[y(1 — Pu(sn)) + Pn (Srn)]g_%m
_ B—yg_aijm
= B 1 Sm — S0 O=eum
- [V * “Y)(qm —q:,)}
_379—%",

where the first term in (4) is derived us-
ing the binomial theorem and B-9-cx;i» is the
benefit from the parcel when no incentive is
offered.

When focal parcel (i,j) isin agricultural use
initially, it will not produce a core forest ben-
efit unless it is converted to forest, which oc-
curs with probability Pj¢(sm). The net expected
benefit from the parcel under subsidy s, > So
is written:

(5) E(Bijm) = BPm(Sm)['Y (1 - Pm(sm))
+ Pm(sm )]8—01,','.,,

—n(Z=2) |y ea-n
dm — 4p

8—0(,‘,'”,
( Sm — 50 )
X = *
m — 4y

where the benefit in the absence of the sub-
sidy is zero. Define 8jm =1 if parcel (i,j) is
initially in agricultural use and 8jjm = 0 if it is
forested. Then, we obtain a single expression
for the expected net benefit from the parcel
under subsidy s, > sg:

(6) - Sijm
E(Bijm) =B (:Sﬁ——o> [V +(1~v)

dm = 4

90 jm —Bijm
( Sm — S0 )
% = *
dm — 4py

= (1 — &) By~

0 Sm =< 50.

Sm > 80
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Note that expected net benefits are a convex
function of s,,"”

The social cost of the policy is the foregone
rents from agriculture net of forest rents plus
conversion costs. For simplicity, this cost spec-
ification ignores the option value of future de-
velopment that has been examined in other
analyses (e.g., Schatzki 2003). For a change in
parcel quality from g*,, to g*,+ Sm. So. the
expected social cost for parcel (i,j) is written:

(7
E(Cijm)
Qp+3m—S0
= Bjm / ( ijm Rl/m e S())fm(q)dq
am

where the term §;;,, sets expected costs to zero
for parcels that are already forested. Substitut-

ingfm(Q) e 1/(‘7m q )andR Rf-mzq——

ijm i
q;,, (7) can be solved to obtain:
(s2 — 55)
8 E Ci'm)‘:si'm__"'—“‘“-
® ( ! ! 2(Gm — ‘—Im)

Equation (8) shows that expected costs are a
function of the subsidy S, and conversion costs
So- The term s, - S, equals the payment needed
to induce conversion to forest and, thus, equals
the marginal opportunity cost of the policy.

Solution to the Regulator's Targeting Problem

The regulator’s objective is to choose s,
m=1,..., M, to maximize expected net social
benefits!!

N N
Z Z[E ijm (Sm

i=1 j=1

—-E [Cijm (Sm )]]

Ma

) r?axE[NSB] =

Sm

3
i
by

1

subject to 0 <S,, <S8, Note that differences
among sections in the initial spatial pattern
of forest will, in general, require the subsidy
Sm to vary by section. The upper bound on
the afforestation incentive, s, = ¢*y -q*m+so,
corresponds to conversion of all of section m
to forest. It is important to recognize that (9)
does not yield the first-best solution to the

10 We are ignoring the degenerate case in which all parcels are
forested initially (9 — o, = 0). This case is ruled out by construc-
tion when 3, = 1.

11 Under a spatially uniform policy, we would require s,, to be
the same in each section. A straightforward implication of Samuel-
son’s Le Chatelier Principle is that this constraint, if binding at the
optimum, will reduce expected net social benefits.
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problem of maximizing private rents and core
forest benefits on a landscape. The reason is
that the expectation of core forest benefits is
conditioned on the initial spatial configuration
of forest parcels (through the term (x;y,), but
does not account for how this configuration
will be affected by the policy itself. To illus-
trate this point, suppose we were to select 100
agricultural parcels within a section and con-
vert them to forest. In addition to possibly cre-
ating core forest parcels, the new parcels also
change the configuration of land uses, thus in-
fluencing the benefits of converting additional
parcels to forest. There is a feedback from
the policy into the benefits of the policy. The
first-best solution requires that afforestation
decisions be simultaneously considered for
every parcel on the landscape. This presents
a challenge analogous to the "curse of dimen-
sionality" problem encountered with dynamic
optimization. As the number of parcels in-
creases, the number of possible land-use con-

figurations increases exponentially.'”? While
some studies have used heuristic algorithms to
improve on sub-optimal solutions (e.g., Nalle
et al. 2004; Polasky et al. 2008), it is infeasible
to examine all of the possible landscape con-
figurations to determine the one that generates
the largest benefits. In any event, it is difficult
to imagine how the first-best solution would
be implemented and so its usefulness from a
policy standpoint may be limited.

The Kuhn-Tucker first-order condition for
the regulator's targeting problem in (9) is:

N-1N-1
(10) E(MBijn)
i=2 j=2
<0 Sm = S0
W,
7 mq Sm =0 50 <5u<5n
m
o >0 Sm = Sm
form =1,... ,M. Subsidies smaller than S, are

ignored since all such subsidies have no ef-
fect on land use. Expected marginal benefits
(EMBy,) are computed by summing over the
(N-)? interior parcels in the section, where
each term in the summation is the expected
net marginal forest benefit from (i,j) when the
subsidy level is S,

12} x out of a total of y agricultural parcels are to be converted,
then the number of potential configurations is approximately y*.
For the example given above, suppose there are a total of 500 agri-
cultural parcels. Then, there are approximately 7.9x 10%® possible
ways to afforest 100 parcels.
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(11)

E(MB;jn)
1
gm — 4,

6..

Sm—3So\ "

x ( 8my + by (—)
<” Ui \ o —az )

=B

50 8—0tjjm—Bijm
('Y +(1"‘Y)T—> Sm > S0
qm
1 9‘(‘vijm_sijm —_—
B &va Sm = 80
am — 4,

where ¢jj = (1 — v)(9 — o). Under a mild
assumption about the degree of fragmentation,
EMB,, is an increasing, convex function of s,
for s, >s0:

ASSUMPTION 1.
tion m, Qjjm < 8.

For at least one parcel in sec-

Assumption 1 says there is at least one block
of nine parcels in the section that contains
two or more agricultural parcels. Because ex-
pected costs for each agricultural parcel are
the same (equation 8), expected marginal costs
(EMCyy)-the second term on the left-hand
side of equation (10)-are a~ simple function
of the total number of agricultural parcels in
the section, denoted Wy Note that EMCy is
a linear function of the subsidy S,

The convexity of expected marginal benefits
and the linearity of expected marginal costs
indicate that corner solutions are a possibil-
ity. The following conditions are used to define
when corner solutions will occur:

EMB,,
EMCy,

Amer. J. Agr. Econ.

CONDITION 1.

N—-1N-1
yom < st
* Ao —
B ) j=2 qm L_Im
CONDITION 2.
28(1— N-IN-1 "
Qj jm
Y (8 aum)>
Y (Gm — 61,,,)222,Z q,

The first condition implies that EMB,, is less
than EMC,, at s,, = so. Condition 2 implies
that the slope of EMB,, exceeds the slope of
EMC,, ats,, = so. We can now state the fol-
lowing proposition:

PROPOSITION 1. (i) If either Condition 1 or
Condition 2 is satisfied, the optimal subsidy is
Sm = S0 OF Sy = §p. (ii) The optimal subsidy in
section mis s, € (so, 3m) only if both Condition
1 and Condition 2 are violated.

The proof of Proposition 1 is found in an ap-
pendix. The proposition indicates that the con-
ditions for a corner solution within a small
landscape section are weaker than those for an
interior solution. In a landscape comprised of
many smaller sections, Condition 1 and Con-
dition 2 would be evaluated for each section to
determine the optimal subsidy payment spe-
cific to that section. While either Condition
1 or 2 is sufficient for a corner solution, both
conditions must be violated for an interior so-
lution. Moreover, violation of the conditions
is not sufficient for an interior solution. The
result is illustrated in figure 1. The expected
marginal benefits represented by EMBy,; and
EMBm,> satisfy Condition 1.In case 1,a corner
solution at §; is optimal because the marginal
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Figure 1. The solution to the regulator’s targeting problem
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benefits of afforestation are always less than
the marginal costs. Case 2 illustrates an
example where an interior solution is a min-
imum rather than a maximum, as the second-
order condition is violated at the intersection
of EMCp and EMBm., When the expected

marginal benefits are represented by EMBm.4,
acorner solution at §y, occurs because EMB,,

satisfies Condition 2. Last, EMBm,3 Violates
Conditions 1 and 2. The first intersection with

EMC,, isa]i>0t_entia1 interior optimum, though
a corner solution at Sy is also possible in this

case (e.g., if EMBm 3 were to rise sharply fol-
lowing the second intersection with EMCpy).
Note that the second-order condition is vio-
lated at the second intersection of EMBm 3 and
EMCm, and so this cannot be a maximum.
The tendency for corner solutions is due to
the convexity of expected marginal benefits
and the linearity of expected marginal costs.
Convexity results from the spatial process de-
termining core forest benefits and the regula-
tor's incomplete information. In combination,
these two factors produce the exponential re-
lationship between expected marginal benefits
and the incentive payment in equation (11), In
contrast, expected marginal costs depend sim-
ply on the opportunity costs of each parcel and,
thus, are a linear function of the incentive.
Inspection of Conditions 1 and 2 reveals
whether corners solutions are more likely to
occur at S,, = Sg or S,, =S, Consider a sec-
tion with many agricultural parcels and few
forested parcels. In this case, W, and g, - 'm
will be relatively large and{ "} 8Ly ys-aijm
will tend to be small since 8 - a;, will be large
and 0 < y1.!* This suggests that Condition
1 will be satisfied and Condition 2 will be vio-
lated, indicating that expected marginal bene-
fits will initially be below expected marginal
costs and will likely remain there. This cor-
responds to a corner solution at S,, = Sp as
illustrated with the curve labeled EMB.,; in
figure 1. When there are a large number of
forested parcels initially, the opposite result-
Condition 1 is violated and Condition 2 is
satisfied-is  expected, corresponding to a cor-
ner solution at S,, = S,, This case is illustrated
with the curve labeled EMB,,, in figure 1.In
the extreme case in which a section is so heav-
ily forested that Assumption 1 does not hold,
expected marginal benefits are constant for all
values of sm. Corner or interior solutions are

N1

B The effect of a larger 8 — oy, on the Y55

y8sijm (8 — a;jm) term in Condition 2 is ambiguous.
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possible depending on the relative magnitudes
of EMB,, and EMCn.

A straightforward targeting rule is suggested
by Proposition 1. Depending on the initial
amount and configuration of forest land in a
section, convert either all or none of the agri-
cultural parcels to forest. The simplicity of this
rule has obvious appeal from a practical policy
standpoint. From theory, however, it is uncer-
tain whether the conditions required for cor-
ner solutions will hold on actual landscapes.
In other words, is one likely to find cases in
which interior solutions are optimal, indicating
a more complicated targeting rule? This ques-
tion can only be answered with information on
the magnitudes of expected benefits and costs.
We turn, therefore, to an empirical application
to clarify the targeting strategy.

Empirical Analysis of Targeted Incentives

We simulate the effects of an incentive-based

policy on the area of core forest in South Car-
olina. An econometric land-use model is esti-
mated with data on private land-use decisions,
net revenues from alternative uses, and parcel
characteristics. Because the model measures

the relationship between land-use change and
economic returns, we can use it to simulate the
response by landowners to incentives that in-
crease the relative return to forest land. The
econometric model is used to simulate a range
of incentive levels for each section of the land-
scape. In each case, we compute expected to-
tal costs and benefits of the specific policies
and use them to determine optimal incentive
levels. A GIS-based landscape simulation is
used to determine the effects of the policy
on benefits derived from the spatial configu-
ration of forest. In devising an empirical test
of the theoretical framework, the simulation
approach assumes that the regulator cannot
observe parcel-scale land quality and cannot
directly control the spatial configuration of
land-use change.

Study Area

The study area is the 4,000 sq. km coastal plain
of South Carolina (figure 2). Approximately
83% of the land is privately owned. In 1997,
69% of this land was in forest, 25% was in
agricultural use (cropland and pasture), and
6% was in urban use. In recent decades, there
have been significant exchanges between for-
est and agricultural uses as well as conversion
of forest and agricultural land to urban uses.
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Figure 2. The coastal plain of South Carolina (in gray) with

overlay of USGS quads

The study area is important from a conserva-
tion standpoint because many species of mi-
gratory songbirds nest in the region and have
been adversely affected by fragmentation of
forested habitat (Askins 2002; Faaborg 2002).

In figure 2, we overlay U.S. Geological Ser-
vice (USGS) quadrangles (quads) on the map
of the study region. We analyze 244 USGS
quads in coastal plain region, each of which
consists of approximately 40,000 acres. * These
quads are used to define sections of the study
area. This definition is convenient (the GIS
data used below are delineated by USGS
quads), but it also provides us with a large
range of initial landscape conditions (e.g., land-
use shares, forest patch sizes and shapes) and
thus enables us to effectively test the perfor-
mance of the targeting strategy.

Econometric Land-Use Model

A conditional multinomiallogit model of indi-
vidual land-use choices, described in detail in
LP, is estimated. The assumptions underlying
the logit model are similar to those employed
in the theoretical analysis of section 2. Pri-
vate landowners allocate a homogeneous land

!4 We omitted coastal plain quads from the analysis (a total of 51
out of 295) when forest area was found to be unresponsive to the
incentive, or for other anomalies. The omitted quads typically have
very little agricultural land, land that is mostly in public ownership
(e.g., national forest), or large amounts of urban and other land.

parcel to one of three uses (agriculture, for-
est, or urban) to maximize net revenues minus
conversion costs, where annualized net rev-
enues from each use are a function of observ-
able and unobservable factors. Differences in
the unobservable components, corresponding
to (j, from above, are assumed to have a
logistic distribution. The model is estimated
with plot-level data from the U.S. Department
of Agriculture's National Resources Inven-
tory (NRI). The NRI provides 29,714 observa-
tions of land-use transitions over three periods
(1982-87,1987-92,1992-97)  for plots in North
and South Carolina. These transitions are ex-
plained by average per-acre net revenues from
each use (NR, where n indexes counties),
plot-level dummy variables indicating land ca-
pability class (LCC), and a plot-level dummy
variable indicating urban influence status (Ui).
The estimation results yield expressions for the
probability that a parcel changes from starting
use k (k = agriculture, forest) to ending use |
(1 = agriculture, forest, urban) as a function of
the conditioning variables and estimated pa-
rameters (By),

(12) Py, = F(NR,,,LCC,UI;Byu)

where F(:) is a logistic function. We assume
that parcels do not change out of urban use
because no such transitions are observed in the
data.
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Simulation of Forestation Incentives

We simulate forestation'>  incentives in each
section using the land-use transition proba-

bilities in equation (12). The first step in this
procedure is to link the probabilities to cor-
responding  GIS data for the coastal plain of
South Carolina. We obtain data layers on land
use, county boundaries, land capability class,
and urban influence status (details on the data
are provided in LP). By overlaying these data,
we identify spatially distinct land parcels.®

Each of our 244 sections has an average of
7,500 parcels averaging 5 acres in size. We
match each parcel in the GIS to a set of transi-
tion probabilities from equation (12) using at-
tributes such as initial use, land capability class,
and urban influence level. The predicted prob-
abilities give the likelihood that the parcel will
be allocated to ending use /(agriculture, forest,

or urban). In our simulations, these predicted

probabilities  serve as sets of rules governing

parcel-level changes in land use.

The probabilities in equation (12) are func-
tions of the net revenue from forestry. As in
the theoretical analysis, a per-acre afforesta-
tion subsidy (5,) is added to forest net rev-
enues for land starting in agriculture. In the
simulation, we measure the effects of the sub-
sidy relative to a baseline scenario with S, =
0. The logistic specification in equation (12)
results in baseline transition probabilities that
lie within the unit interval, implying non-zero
baseline land-use changes. To discourage land
from leaving forest, we apply a deforestation
tax, also equal to S, The deforestation tax
is subtracted from agricultural and urban net
revenues for land starting in forest. Similar to
the theoretical model (equation 2), the two-
part forestation incentive increases the proba-
bility that a parcel initially in agricultural use
switches to forest and reduces the probability
that a forest parcel moves to urban or agricul-
tural use.

Computing  Expected Total Costs and Benefits

We compute expected total costs at each level
of the incentive. For this calculation, we need
information  on the expected forest area at
each level of the incentive. For given S, the
expected forest area in section m is denoted

15 The term “forestation” is used to refer to both afforestation
(the conversion of non-forest land to forest) and avoided defor-
estation (the retention of land in forest).

16 An additional data layer on ownership is used to remove pub-
licly owned parcels.
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A{,,(s,,,),where A{,,(O) gives the expected base-

line forest area. AJ:,,(S,,,) and A{,,(O) are com-
puted in two steps. First, the area of land in
each parcel is multiplied by the corresponding

probability, from (12), that the parcel will be
allocated to forest.”” When the incentive S, is
given, the probability is modified in the man-
ner described above. Second, these products
are summed to obtain the expected forest ar-
eas for each section and incentive level. For
incentive § >1, expected marginal costs in sec-
tion m are given by:

SAL(S) — (s — 1AL (s — )

(13) EMCm(S): Af(S‘)—Af S—l)

Because s is equal to the opportunity cost of the

last parcel converted to or retained in forest,
the numerator in (13) represents the change in
total cost from increasing the incentive from
s tos. The cost per unit ofland is obtained by

dividing this quantity by the associated change
in forest area.
We increase S, in $1 increments up to the

point at which all land besides urban and other
land is forested.® We refer to this maximum
amount of forest as the potential forest area.
Three issues deserve further comment. First,
because we have limited information on con-
version costs (Sp), we assume they equal zero.
This implies that EMC, =0 atsS,, =0, a point

we return to below. Second, reaching the po-
tential forest area requires that we simulate in-
centive levels outside the range of our data.”
This is an unavoidable limitation of our anal-
ysis. Third, the logit specification used for our
econometric model implies that changes in for-
est area are aconcave function ofthe incentive,

and therefore, the marginal cost function be-
comes convex as the maximum potential for-
est area is approached. Further, because the
logit probability is strictly less than one, the po-
tential forest area is reached only in the limit
with an infinitely high incentive. We increase
the incentive up to the level at which changes
in forest area become negligible.i" It is

'7 The time-step in the NRI data is five years and, thus, the sim-
ulated land-use changes occur over a five-year period.

18 Land in other uses includes public lands and any land not clas-
sified as agriculture, forest, or urban.

Y For example, net revenues from forest land vary from
$9/acrelyear to $38/acre/year in our data, while simulated subsidy
levels are as high as $137/acre/year.

2 Qur criteria for “negligible” are defined as the point at which
the change in the slope of the marginal cost curve exceeds one.
Further increases in the subsidy beyond this point have essentially
no effect on forest area.

010z ‘gl Aep uo Aeigit dopisaq [ebig s,yasn doibiq e Bio sjeuinofpioixo sefe woly pspeojumo(



1090 November 2009

assumed that any remaining landowners will
not convert to forest, no matter how large an
incentive is offered. To ease the calculation of
total costs-the integral of marginal costs-we
fit eighth-order polynomial functions (one for
each section) to the simulated data on marginal
costs. The functions fitthe data extremely well,
with R2 statistics exceeding 0.99 in all cases.

To derive expected total benefits, we com-
pute the expected number of core forest
parcels, which requires knowledge of the spa-
tial pattern of forest in each section. There
are many ways in which the spatial pattern
can change that will be consistent with the un-
derlying transition rules. Thus, to capture this
variation we simulate a large number of land-
scapes. To illustrate the approach, suppose that
the value of the agriculture-to-forest transition
probability is0.20 for a particular parcel. Then,
the owner of the parcel will convert to forest
20% of the time if the choice occasion is re-
peated enough times. To conduct the simula-
tions, a random number generator is used to
repeat the choice occasion 500 times for each
parcel in the landscape?--see Lewis (2005)
for a formal test of the appropriate number
of simulations. The ending use for each parcel
will, on average, satisfy the underlying tran-
sition probabilities (e.g., conversion to forest
20% of the time). The software Fragstats (v.3)
is used to calculate the number of core forest
acres in each section at the end of each simu-
lation round. A forested parcel is considered
core ifit is at least 200 m from the nearest for-
est edge, consistent with studies of edge effects
by avian ecologists.

The transition probabilities are modified
with different levels of the incentive in the
manner described above. Because the land-
scape simulations are computationally ex-
pensive, we simulate the baseline and five
incentive levels: $1, $10, $25, $40, and $70
per acre. For each incentive level and sec-
tion, we calculate the mean core forest acres,
Core,(s,), by averaging the results of the 500
simulations. We also calculate this statistic for
the baseline landscape and for alandscape that
achieves the potential forest area. The net ef-
fect of S; on mean core forest acres is denoted

2 To illustrate, suppose that a parcel is in agricultural use initially
and has a (.70 probability of remaining in agriculture, a 0.20 prob-
ability of converting to forest, and a .10 probability of converting
to urban use. A random draw is generated from a uniform distri-
bution defined on the unit interval. If the value is between 0 and
0.70, the parcel remains in agriculture, between 0.70 and 0.90, it
converts to forest, and between 0.90 and 1, it converts to urban
use.
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t,.Corem(sm) = Corem(sm) - Corem(0O). For
each section, polynomial functions are fitto the
simulated data to quantify the continuous re-
lationship between mean core forest acres and
forest area. We find that a third-order polyno-
mial fits the data extremely well (R2 statistics
exceed 0.99), and in the large majority of cases
the estimated function is convex.

To derive total expected benefits, we fo-
cus on a limiting case of the benefit function
in (1) in which 'Y= 0 for sm =0, 1,... ,8.
This implies that a forested parcel provides
the core forest benefit B only when it is com-
pletely surrounded by other forested parcels.
This assumption is consistent with the defini-
tion of core forest used in the ecology litera-
ture, and also greatly reduces computational
costs because it allows us to quickly compute
landscape metrics within Fragstatsr? Our as-
sumption about benefits, together with the as-
sumption from above that So = 0, implies that
EMBm is greater than or equal to EMCy, at Sm
= 0. In addition, the slope of EMBm may be
greater than, equal to, or less than the slope of
EMCyy,, at this point. As such, we avoid making
any assumptions in the empirical analysis that
predetermine a finding of corner or interior
solutions.

The Targeting Solution

We present the solution to the targeting prob-
lem as the optimal share of potential forest
area in each section to convert to forest. To
identify this solution, we compute expected net
social benefits, as in (9), for each section. Total
expected benefits are given by BrCore,(sy,,),
where B is the benefit from a core forest acre.
We do not have direct estimates of B and so we
consider a range of values, from $15 to $75 in
increments of $10. These values are compara-
ble to annual per-acre payments offered under
the CRP, which in some cases are provided for
the establishment of wildlife habitat.

The targeting solution is identified for each
section by increasing forest area in 100 equal
increments up to the potential forest area, and
determining the point at which expected net
social benefits are greatest (an approach that
ensures that we find a maximum and not a min-
imum). Shares of maximum potential forest

2 Fragstat computes the number of core forest parcels, but its out-
putdoes not include the number of forested neighbors for each par-
cel, information that would be needed to compute benefits when
0 <y < 1. Obtaining this information by other methods (see the
“core only” policy below) is prohibitively costly given the large
number of sections analyzed.
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Table 1. Landscape Conversion Under the Targeted Versus Uniform Policies
gf I;(;[éigiael Percentage of Landscapes (Quads) in Each Category under

the Targeted Policy
Forest
Converted B=$15 B=$25 B=$35 B=$%$45 B=$55 B=%65 B=$75
0-10% 91.80% 85.19% 80.25% T72.02% 63.37% 55.97% 48.56%
10-20% 6.56% 2.47% 3.29% 5.35% 4.53% 2.88% 1.65%
20-30% 0.82% 4.53% 1.23% 0.82% 041% 1.23% 0.41%
30-40% 0.00% 1.65% 0.41% 1.23% 0.00% 0.41% 0.41%
40-50% 041% 3.70% 0.82% 0.00% 041% 0.41% 0.00%
50-60% 0.00% 2.06% 2.47% 0.41% 041% 0.41% 0.00%
60-70% 0.00% 0.00% 2.88% 041% 1.23% 0.82% 041%
70-80% 0.00% 0.41% 6.58% 3.70% 1.65% 0.82% 2.06%
80-90% 0.00% 0.00% 2.06% 11.52% 8.64% 2.88% 4.12%
90-99% 0.00% 0.00% 0.00% 453% 18.93% 28.81% 30.86%
100% 0.00% 0.00% 0.00% 0.00% 041% 5.35% 11.52%
Targeted Policy
Increase in forest acres 32,043 79,382 138,870 224,098 370,131 523,647 722,805
Increase in core acres 39,879 101,138 207,308 377,034 665,605 951,235 1,281,199
Ratio of core to forest acres 1.24 1.27 1.49 1.68 1.80 1.82 1.77
Total cost ($1,000s) $395  $1,640  $4,858 $11,753 $26,380  $43,570 $66,632
Net social benefits ($1,000s) $202 $888  $2,396  $5212 $10,227 $18,259 $29,457
Uniform Policy
Increase in forest acres 46,020 114,482 210,551 352,220 598,956 837,352 1,092,374
Increase in core acres 31,801 76,157 133419 210,744 340,769 484,049 686,391
Ratio of core to forest acres 0.69 0.67 0.63 0.60 0.57 0.58 0.63
Total cost ($1,000s) $395  $1,640 $4.858 $11,753 $26,380  $43,570 $66,632
Net social benefits ($1,000s) $81 $263 -$189 -$2270 -$7.638 -$12,107 -$15,153

converted at each subsidy level, reported inthe
top part of table 1, indicate the prevalence of
near-corner solutions, i.e., shares close to zero
or one. When the value of core forest area is
low, the targeted policy results in conversion
of small shares (less than 10%) of maximum
potential forest. When the value of core for-
est area is high, the targeted policy converts
nearly all acreage in some sections and nearly
none in others. An examination of the sections
targeted for a large amount of forestation re-
veals that these sections tend to have relatively
large amounts of baseline forest and more po-
tential forest.

For each level of B, we report the total in-
crease in forest and core acreage for all sections
relative to the baseline, as well as the associ-
ated total costs and net social benefits (table 1).
The ratio of the increase in core forest acreage
to the increase in total forest acreage is always
greater than one. Conversion of a single forest
parcel can cause more than one neighboring
parcel to be surrounded by forest. This ratio
is increasing in B up to $65. As the landscape
becomes more heavily forested, conversion of
an additional parcel has a greater chance of

joining together separate forest parcels, a re-
sult related to the percolation threshold in
landscape ecology (Burel and Baudry 2003).
However, the increasing benefits of additional
forest parcels must be balanced against rising
marginal costs, and we find that the ratio is
lower for B =$75.Net social benefits are found
to be positive for all levels of B.

For comparison purposes, we also simulate
the effects of an incentive that is equal for all
sections. To determine the level of the uniform
incentive, the total cost associated with the tar-
geted policy for each level of B was taken as a
fixed budget. Then, we solved for the uniform
incentive that increases forest area at a social
cost equal to the fixed budget. This approach
ensures that the social cost of the targeted and
uniform policies are identical for each level of
B. Results are presented at the bottom of ta-
ble 1. The uniform policy maximizes the area
of land converted to forest for a given budget,
yielding for each B approximately 1.5 times
the amount converted under the targeted pol-
icy. However, because the uniform policy dis-
regards the benefits of core forest, it produces
far fewer core forest acres than the targeted
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policy. Only about 0.6 acres of core forest are
created for each acre of land converted to for-
est, compared to as many as 1.8 acres under
the targeted policy. Also of note are the neg-
ative net social benefits of the uniform policy
for all levels of B greater than $25. The differ-
ences in net social benefits are striking. At B =
$75, net social benefits are $29.4 million under
the targeted policy and -$15.2 million under
the uniform policy. Even when net social ben-
efits are positive under the uniform policy, they
are over three times higher with the targeted
policy.

Comparison to a "Core Only" Policy

An alternative policy mechanism isto only pay
for parcels that create at least one new core
forest parcel upon conversion. Since the reg-
ulator can observe which parcels are forested
initially, the payment can be refused if conver-
sion of the parcel will not create new core for-
est. There are multiple ways to structure such
a policy mechanism (e.g., Parkhurst et al. 2002;
Warziniack, Shogren, and Parkhurst 2007) and
a thorough treatment of alternative policy de-
signs is beyond the scope of this paper. The
most straightforward approach isto restrict the
subsidy offer in period ¢ to those parcels that
create new core forest upon conversion, up-
date the set of eligible parcels in #+1 to reflect
the changes that occurred in period ¢ and re-
peat. While this "core only" policy has an ob-
vious strength of only paying for core forest,
its efficiency relative to the targeted policy ex-
amined above is unclear. The targeted policy
may convert some parcels that do not create
new core forest. However, by allowing a larger
set of eligible parcels than the "core only" pol-
icy, it has the potential to create large areas of
new core forest at low cost by converting entire
sections of low-cost parcels to forest.

We use the empirical model to compare
the performance of the two policies. Empir-
ical implementation of the "core only" policy
proceeds over a thirty-year time period in five-
year increments with the following steps. First,
the set of eligible parcels is identified. Parcel
i is eligible to receive s if, upon conversion to
forest, either parcel i or one of its neighbors
becomes a core forest parcel. Second, the for-
est transition probability for eligible parcels is
augmented with the per-acre afforestation sub-
sidy s, while all other transition probabilities
remain at the baseline values (s = 0). Third,
we simulate land-use decisions for all parcels,
as above. Fourth, we re-calculate the set of
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eligible parcels accounting for the transitions
that occur during the five-year interval. We
repeat this process for six intervals, keeping
the subsidy rate the same, and calculate the
amount of core forest at the end of thirty
years.”> The entire process is repeated 500
times and for multiple values of s,, yielding
a distribution of core forest area for each level
of the incentive. As above, we use this infor-
mation to identify marginal cost and benefit
functions.

Simulating this "core only" policy is ex-
tremely expensive computationally because of
the need to repeatedly calculate the land uses
of each parcel's neighbors. Thus, we illustrate
the performance of this policy by examining
three sections that vary in their initial land-
scape conditions. Since the share of initial for-
est cover strongly affects the performance of
the targeted policy, we select landscapes with
35%, 50%, and 75% initial forest cover. Ex-
pected benefit and cost curves are estimated
for the "core only" policy as described above
and, for comparison, we also derive the tar-
geted solution on the same three landscapes.
We compare the relative efficiency of the two
policies by fixing B and converting land to for-
est under each policy approach until expected
net social benefits are greatest.

The results are presented in table 2 for differ-
ent levels of B. The "core only" policy gener-
ates higher net social benefits than the targeted
policy for low values of B ($15 through $35)
while the targeted policy generates higher net
social benefits at higher levels of B. The tar-
geted policy converts most of the agricultural
land to forest on the section with more initial
forest, while converting little land to forest in
the sections with less initial forest. While the
"core only" policy consistently has a high ra-
tio of core forest-to-forest acres converted, the
limited set of eligible parcels constrains the
overall amount of new core forest created at
high levels of B. Results in table 2 also demon-
strate the importance of the initial amount of
forest cover in determining whether the tar-
geted or "core only" policy is more efficient.
For landscape sections with low amounts of
initial forest, the "core only" policy is more ef-
ficient because it ensures that newly forested
parcels will create core forest. In contrast,
the targeted policy is more efficient on land-
scape sections that have high amounts of initial

23 Note that it is possible for a parcel that is core in early periods
to leave core forest status by year 30 due to conversions out of
forest by neighboring parcels.
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Table 2. Landscape Conversion Under the Targeted Versus “Core Only” Policies on Selected

Landscapes
B=$15 B=$25 B=$35 B=%$45 B=$55 B=$65 B=%75
Targeted Policy
Potential Forest Converted
75% initial forest 16.96% 30.78% 50.24% 82.21% 88.73% 93.08% 96.76%
50% initial forest 2.25% 3.49% 4.82% 6.24% 7.80% 9.52% 11.50%
35% initial forest 1.90% 2.68% 3.50% 4.34% 5.22% 6.15% 7.12%
Increase in Core Forest (Acres)

75% initial forest 1,038 2,070 3,940 9,636 11,237 12,203 12,931
50% initial forest 59 113 172 237 308 390 485
35% initial forest 25 46 67 89 113 138 165

Net Social Benefits ($1000s)
75% initial forest $7 $22 $51 $121 $227 $344 $470
50% initial forest $0.3 $1 $3 $5 $7 $11 $15
35% initial forest $0.2 $0.5 $1 $2 $3 $4 $6
Total $7.5 $23.5 $55 $128 $237 $359 $491
“Core Only” Policy

% Potential Forest Converted
75% initial forest 12.86% 14.95% 16.19% 17.13% 17.90% 18.57% 19.16%
50% initial forest 1.98% 337% 4.68% 5.84% 6.84% 7.71% 8.48%
35% initial forest 1.81% 3.10% 4.30% 5.34% 6.22% 6.97% 7.63%

Increase in Core Forest (Acres)

75% initial forest 1,411 1,634 1,766 1,865 1,947 2,018 2,081
50% initial forest 322 544 751 931 1,085 1,217 1,332
35% initial forest 295 503 696 862 1,001 1,119 1,222

Net Social Benefits ($1000s)
75% initial forest $s $21 $38 $56 $75 $95 $115
50% initial forest $2 $7 $13 $22 $32 $43 $56
35% initial forest $2 $6 $12 $20 $29 $40 $52
Total $9 $34 $63 $98 $136 $178 $223

forest, as the set of eligible parcels is larger un-
der the targeted policy and newly afforested
parcels are likely to be adjacent to forested
neighbors.

Conclusions

Habitat fragmentation poses a critical threat
to terrestrial biodiversity. In this paper, we ex-
amine the problem of how to spatially target
incentives to reduce forest fragmentation, an
important factor in the decline of many im-
portant wildlife species. Our study advances
the methodology for analyzing landscape-scale
conservation policy in several directions. First,
in contrast to most earlier reserve site selec-
tion studies, the regulator is able to modify the
existing habitat. Second, to make our analy-
sis relevant to landscapes with large numbers
of private landowners, we relax the assump-
tion of an omnipotent and omniscient regula-
tor. In our study, the regulator uses voluntary

incentives to increase forest area, and is as-
sumed to have incomplete information on
the opportunity costs of landowners. Finally,
rather than focusing on numerical optimiza-
tion, we present an analytical treatment of the
regulator's targeting problem.

In the theoretical model, the regulator
chooses an afforestation subsidy for each sec-
tion of the landscape to maximize expected net
social benefits. Habitat benefits depend on the
spatial configuration of forested parcels, and
the expected benefits of the policy are condi-
tioned on the initial spatial pattern. Our results
show how these initial landscape conditions af-
fect expected marginal benefits and, thereby,
influence the spatial targeting of the policy.
The key insight from this analysis is that cor-
ner solutions are likely to be optimal because
of the convexity of expected marginal bene-
fits. While Boscolo and Vincent (2003) show
how fixed logging costs and administrative con-
straints can lead to spatial specialization in the
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management of lands for forestry and biodiver-
sity, the convexity of marginal benefits in this
paper results from the spatial process generat-
ing core forest benefits and the regulator's in-
ability to control the exact location of forested
parcels. The results of the empirical applica-
tion confirm the prevalence of near-corner so-
lutions. For a large majority of 244 sections an-
alyzed, either less than 10% or more than 90%
of the available land should be converted to
forest.

When combined with results from the ear-
lier work of LP, this paper provides insights
into the importance of scale in the design of
spatially targeted conservation policies. While
targeting policies at the parcel scale has the po-
tential advantage of limiting payments for spa-
tially clustered habitat, such approaches can
be expensive because they restrict the regula-
tor's set of eligible parcels. Offering spatially
uniform payments within sections of the land-
scape, but allowing them to vary across sec-
tions, increases the set of eligible parcels and
has the potential to create large sections of
new core habitat. Results derived in this paper
highlight the efficiency gains of such a target-
ing approach. Future research could consider
mechanisms that might improve the efficiency
of fine-scale targeting by encouraging coordi-
nation across landowners (e.g., Parkhurst et
al.2002; Warziniack, Shogren, and Parkhurst
2007).

Incentive-based policies are increasingly be-
ing used to achieve wildlife conservation goals
through programs such as the U.S. Wildlife
Habitat Incentives Program (WHIP) and the
Conservation Reserve Program (CRP). In the
case of WHIP, while multiple factors are used
to determine payment levels, one common tar-
geting scheme-similar to the one considered
in this paper-is to offer payments only to in-
dividuals whose parcels lie in pre-defined por-
tions of the landscape. For example, Wisconsin
allocates 50% of its WHIP funds to a small set
of geographic regions, Iowa allocates its funds
for forestland by differentiating payments
across hundreds of pre-defined geographic re-
gions, and Georgia offers differential pay-
ments for Quail conservation across counties,
and in some counties provides no payments.
To the extent that species of conservation in-
terest are sensitive to habitat fragmentation,
our theoretical and empirical results provide
practical insights for conservation policy. To
reduce forest fragmentation, our results sug-
gest efficiency gains from employing a simple

Amer. J. Agr. Econ.

targeting rule in which all or none of a land-
scape section is converted to forest. Other
factors the same, sections targeted for af-
forestation should be those with significant
amounts of existing forest and more land avail-
able to be forested. In these sections, there is
a greater likelihood of joining together exist-
ing forest patches and creating core forest. In
the empirical analysis, this simple targeting ap-
proach is shown to greatly increase expected
net social benefits relative to an incentive ap-
plied uniformly across the landscape and, in
some cases, to outperform a policy focused
only on converting parcels that will create core
forest.

We analyzed the targeting of conserva-
tion payments to pre-determined geographic
sections. Additional welfare gains may be gen-
erated by defining the sections in an opti-
mal manner. From atheoretical perspective, as
long as the marginal net benefits of afforesta-
tion subsidies differ within a section, dividing it
into smaller geographic areas will improve the
efficiency of the incentive-based policy. How-
ever, the increased spatial differentiation of
the subsidy rates will make it more difficult
to implement. Thus, the optimal design of a
spatially differentiated, incentive-based policy
must consider both the increased economic
efficiency and the additional implementation
costs.

[Received October 2007,
accepted February 2009.]
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Appendix

Proof of Proposition 1: The proof of part (i) relies
on the properties of expected marginal benefits and
costs: (a) EMB,, isan increasing, convex function of
Sm and (b) EMC,, is an increasing, linear function of
S, If Condition 1 holds, (a) and (b) imply there is
at most one value of S,,, E (S, Sy) at which EMB,, =
EMCp. At the point of equality, (a) and (b) imply
dEMB,,/ds,, > dEMC,,/ds,,, which violates the

Amer. J. Agr. Econ.

second-order condition for a maximum. Therefore,
Condition 1 is a sufficient condition for a corner
solution. If Condition 2 holds, then the properties
of (a) and (b) imply that EMB,;, = EMCy, for s, g
(Sp, Sm) is possible only if Condition 1 is satisfied.
Therefore, Condition 2 is a sufficient condition for
a corner solution. Part (ii) follows immediately from
part (i). Either Condition 1 or Condition 2 is suffi-
cient for a corner solution. Therefore, violation of
both conditions is necessary for an interior solution.
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