View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Bowdoin College

Bowdoin College

Bowdoin Digital Commons

Economics Department Working Paper Series Faculty Scholarship and Creative Work

8-2013

Implementing the Optimal Provision of Ecosystem Services

Stephen Polasky
University of Minnesota

David Lewis
University of Puget Sound

Andrew Plantinga
University of California - Santa Barbara

Erik Nelson
Bowdoin College, enelson2@bowdoin.edu

Follow this and additional works at: https://digitalcommons.bowdoin.edu/econpapers

b Part of the Agricultural and Resource Economics Commons, and the Economics Commons

Recommended Citation

Polasky, Stephen; Lewis, David; Plantinga, Andrew; and Nelson, Erik, "Implementing the Optimal Provision
of Ecosystem Services" (2013). Economics Department Working Paper Series. 10.
https://digitalcommons.bowdoin.edu/econpapers/10

This Working Paper is brought to you for free and open access by the Faculty Scholarship and Creative Work at
Bowdoin Digital Commons. It has been accepted for inclusion in Economics Department Working Paper Series by
an authorized administrator of Bowdoin Digital Commons. For more information, please contact
mdoyle@bowdoin.edu.


https://core.ac.uk/display/214026105?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://digitalcommons.bowdoin.edu/
https://digitalcommons.bowdoin.edu/econpapers
https://digitalcommons.bowdoin.edu/economics-faculty
https://digitalcommons.bowdoin.edu/econpapers?utm_source=digitalcommons.bowdoin.edu%2Feconpapers%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/317?utm_source=digitalcommons.bowdoin.edu%2Feconpapers%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/340?utm_source=digitalcommons.bowdoin.edu%2Feconpapers%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.bowdoin.edu/econpapers/10?utm_source=digitalcommons.bowdoin.edu%2Feconpapers%2F10&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:mdoyle@bowdoin.edu

| mplementing the Optimal Provision of Ecosystem Services

Stephen Polasky, University of Minnesota
Email: polasky@umn.edlPhone: 612-625-9213

David J. Lewis, University of Puget Sound
Email: djlewis@pugetsound.ed®hone: 253-879-3553

Andrew J. Plantinga, University of California, Safarbara
Email: plantinga@bren.ucsb.edhone: 805-893-2788

Erik Nelson, Bowdoin College
Email: enelson2@bowdoin.ed®hone: 207-725-3435

Keywords ecosystem services; conservation; auctions; astnic information; land use

Author contributionsS.P., D.L., A.P., and E.N designed research; 8.R., A.P., and E.N
performed research; S.P., D.L., and A.P. wroteptqeer.

The authors declare no conflict of interest.

Abstract Many ecosystem services are public goods whasagon depends on the spatial
pattern of land use. The pattern of land usetenofietermined by the decisions of multiple
private landowners. Increasing the provision ofsgstem services, while beneficial for society
as a whole, may be costly to private landownersegulator interested in providing incentives to
landowners for increased provision of ecosystemices often lacks complete information on
landowners’ costs. The combination of spatially@tegent benefits and asymmetric cost
information means that the optimal provision ofg&iem services cannot be achieved using
standard regulatory or payment for ecosystem ses(leES) approaches. Here we show that an
auction that pays a landowner for the increasedevat ecosystem services generated by the
landowner’s actions provides incentives for landewsrto truthfully reveal cost information, and
allows the regulator to implement the optimal psom of ecosystem services, even in the case
with spatially-dependent benefits and asymmetiiarimation.
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1. Introduction

Ecosystems provide many goods and services thtlmate to human well-being
(“ecosystem services”). For example, ecosystemdagylocal climate through effects on water
cycling and temperature and global climate throcgtibhon sequestration, mediate nutrient
cycling and processes that enhance soll fertiliy @nprove water quality, and provide
opportunities for recreation and aesthetic apptiecigDaily 1997, MA 2005). Because many
ecosystem services, including climate regulaticsh\@ater quality improvement, are public
goods available to everyone without charge, priletedowners are often uncompensated for
their contribution to ecosystem service productiad under-provision of these services is a
likely result.

A potential solution to the under-provision of egstem services is to provide
landowners with payments for ecosystem serviceS)PAPES program is a voluntary
incentive-based program that pays landowners far tontribution to the provision of
ecosystem services. A prominent example of a PB&am is Costa Rica’s 1996 National
Forest Law that pays landowners to conserve fofestsarbon sequestration, water quality
improvement, habitat, and scenic beauty. Thouglonginally designed as a PES program, the
U.S. Conservation Reserve Program fulfills muchséw@e purpose by paying landowners to
retire land from active crop production, which admites to provision of a number of ecosystem
services (e.g., water quality improvement carbajusestration, habitat provision).

An optimal PES program will result in land being puits “highest and best use,” which
here is defined as the land use that maximizekheteefits to society, including the value of
ecosystem services. Optimal PES programs, or pthlares that involve provision of public

goods from landscapes, must overcome three retattbnges. First, provision of ecosystem
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services often depends on the spatial configuratfdand use. For example, in comparing
landscapes with the same overall amount of halbitatsuccess of many species tends to be
higher on landscapes where habitat is clusteréerahan fragmented (e.g., Fahrig 2003).
Second, the optimal provision of a public good amdiscapes requires coordination among
multiple private landowners. When spatial configiora matters, the contribution of each private
land parcel to aggregate ecosystem service pravigilb be a function of the decisions of all
other landowners; thus, optimal land-use decisayasanterdependent. Third, landowners
typically have private information about their cémt undertaking actions to increase ecosystem
service provision. The cost of increasing ecosystenice provision on a particular land parcel
will depend on parcel or landowner characterigtcg., land productivity or skills, knowledge,
and preferences of landowners) that are often krmviyby the landowner. In other words,
there is asymmetric information between an ageapyesenting the interests of society as a
whole in providing ecosystem services (hereafter,‘tegulator”) and the landowners whose
decisions affect the provision of these services.

The combination of spatially-dependent benefits mmdtiple landowners with private
cost information makes achieving optimal land usseedingly difficult. Simple top-down
regulatory approaches, such as zoning, will fadduse the regulator does not have information
about cost and so does not know the optimal solutdarget. Simple PES or other incentive-
based approaches that pay each landowner accdadingir actions alone will also fail because
they do not account for spatial interdependendgeatfits. An optimal solution requires taking
into account the information of landowners andgpatial interdependence of benefits across

landowners.
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In contrast, when the regulator has complete in&tdion about the cost to landowners of
increasing ecosystem service provision simple eggyy or PES schemes can be used to
maximize the net benefits from the landscape. Whedandowners’ costs are known, the
regulator can determine what land uses are opaaimélican either mandate this outcome via
regulation or offer payments to induce landownershioose this outcome. This approach works
equally well with spatially-dependent and spatiatigependent benefits. Finding an optimal
solution with spatially-dependent benefits can hallenging but spatial dependency by itself
does not pose an insurmountable obstacle to optim@émentation.

It is also the case that asymmetric informationtegif does not prevent implementation
of optimal PES programs (though it does preventgdtimplementation via top-down
regulation). When the contribution of a parceltle value of ecosystem services depends only
on the characteristics of the land parcel itsedf. (ithere are no spatial dependencies), the
regulator can implement an optimal solution by dingffering a payment equal to the parcel’s
contribution to benefits. Only landowners with @& costs below their parcel’s incremental
value will want to participate, accept the paymemd take actions to increase provision of
ecosystem services. In this case, the optimalisolig obtained despite asymmetric information.
Neither regulation nor simple PES mechanisms, hewechieve an optimal solution with the
combination of assymetric information and spatialgpendent benefits.

In this paper, we present a PES scheme that acheptanal provision of ecosystem
services with spatially-dependent benefits and asgtric information. Our approach builds
from the mechanism design literature in economicthe optimal provision of public goods
(Groves 1973, Groves and Ledyard 1977), combiniegpents of a Vickrey auction that induces

auction participants to truthfully reveal privatéarmation (Vickrey 1961), with Pigouvian
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subsidies that provide optimal incentives by payarglowners for their incremental

contribution to the value of ecosystem servicesddédour mechanism, landowners
simultaneously submit bids specifying the minimuncg they would accept to undertake an
action to increase provision of ecosystem senacetheir land. A landowner’s bid is accepted if
and only if doing so increases the value of ecesydervices from the landscape as a whole by
at least as much as the bid. If the bid is accepbedandowner is paid the value of their parcel’s
contribution to ecosystem services. Since the pay@@ount is independent of the landowner’s
bid, it is a dominant strategy for landowners t &xactly their cost. With this cost information,
the regulator can identify the set of parcels thakimizes the net benefits from the landscape,
determine the incremental benefits generated bly pacel selected for enrollment, and pay
landowners accordingly. With spatially-dependentdfigs, the value generated by an individual
parcel, and hence the payment to each landownarfuisction of land uses on all parcels and so
can only be determined once all bids are submitted.

Economists and others have recognized that implengeaptimal land use with
spatially-dependent benefits and private informmatgoa challenging but important task (e.g.,
Drechsler et al. 2010), which we briefly summafheee (see Supplementary Information Text
S1 for a more in-depth literature review). Onersdraf literature investigates the ability of
incentive policies to affect the spatial patterhasfd use and associated levels of ecosystems
services (e.g., Parkhurst et al. 2002, Lewis 2@l1), but none have identified a general
mechanism for achieving an optimal solution in #e#ing. A separate strand of literature finds
numerical solutions for optimal land use assumirggregulator has complete information as
well as control over all land-use decisions (eCdpurch et al. 1996, Polasky et al. 2008). Several

prior papers study auctions for land conservatiasthy with an emphasis on how auctions can
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be used to reduce government expenditures (eaneBam et al. 2003, Kirwan et al. 2005). Our
study is most closely related to papers in the ecocs literature on information-revealing
mechanisms for optimal pollution control (Kwerel7IQ Dasgupta et al. 2000, Montero 2008).

However, none of these papers consider spatialhguigent benefits.

2. A Simple Example

We start with a simple example of a landscape camgof a 2x4 grid of land parcels
(Fig. 1) to set ideas and demonstrate the challeh@ieding the optimal land-use pattern with
spatially-dependent benefits and asymmetric infélonaEach parcel can either be “conserved,”
in which case it provides ecosystem services tteapablic goods, or “developed,” in which case
it provides a monetary return to the landowner. @bst of conserving a parcel (foregone
development value) measured in monetary termgslisated by the top number in each parcel,
while the ecosystem services provided by conserfiagparcel, measured in biophysical terms
are indicated along the bottom (Fig. 1). The fimsiber is the ecosystem services provided
when the parcel is conserved and benefits areadlyatidependent or when benefits are spatially
dependent but no adjacent parcel is conserved. \Waeefits are spatially-dependent, the second
number is the level of ecosystem services providieen one neighboring parcel is also
conserved, and so on for two, and three consergrghinors. Only parcels that share a side (not
corners) are considered neighbors. The monetang\atla unit of ecosystem service is denoted
by V. The value of ecosystem services provided by aered parcel is equal Yomultiplied by
the biophysical units of ecosystem services pralide

For comparison purposes, we start with the cas® ajpatial dependencies and complete
information about costs. Given a value\gfthe optimal solution can be found by comparing th

benefits ¥ x units of services) to costs on each parcel andarving parcels whose benefits are
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at least as great as costs. For example, Wath25, the benefits from conserving A2 are 0.25x5
=1.25, which is greater than the cost of 1. Thieigon is also satisfied for B3 but is not for
other parcels. I¥/=0.33, then B2 is optimally conserved along with a2 B3.

We next add spatial dependencies but continusgonae complete information about
costs. Because the level of the services incraslses we add spatial dependencies, the
solutions to the spatially independent and spgtidipendent net benefits maximization
problems at a given value Wfare not comparable. Consider the optimal landsedyan
V=0.25. The optimal solution can be determined hynggrating all possible conservation
combinations and determining which combinationdsehe highest net benefits (code for
finding the optimal landscape can be found in tap@ementary Information SI Text 5). In this
case, the optimal solution is to conserve Al, A?, B2, and B3, which yields benefits of
(11+10+3+9+8)*0.25, and a cost of (3+1+1+1+1), gatieg net benefits of 3.25. For
comparison, the next highest potential net benefigshieved by conserving A2, B2, and B3,
which generates net benefits of 3. Comparing thdeeefits from these two potential solutions
highlights the role of spatial dependencies in wheiteing the optimal landscape. Adding Al and
B1 to the configuration of A2, B2, and B3 increasessystem service provision because: i) two
new parcels are conserved, and ii) the additiofloincreases the provision on neighboring
parcel A2 and B1, while the addition of B1 incresaiee provision on neighboring parcels Al
and B2.

With complete information about costs of conseorgtthe regulator can implement the
optimal solution by targeting payments to the plartdeat make up the optimal solution (e.g., A2
and B3 in the spatially independent case, and 21 ,BA, B2, and B3 in the spatially dependent

case). The only requirement is that payments eguaxceed landowners’ costs. Thus, to
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conserve Al, A2, B1, B2, and B3, the regulator sgedffer payments of at least 3, 1, 1, 1, and
1, respectively. This type of targeting approachksavhether benefits are spatially independent
or spatially dependent.

With incomplete information about costs, howevetaer approach is needed. In the
case of spatially-independent benefits, the regulzn still obtain the optimal solution using a
payment to each landowner equal to the benefitergéed by their parcel when conserved. To
implement the solution from above involving A2 &8, all landowners are offered 0.25 times
the ecosystem services provision of their pardeis @mount is greater than or equal to costs
only for A2 and B3 and, thus, only these two landevg agree to conserve their parcels.

Implementing the optimal solution is much more ptew with both asymmetric cost
information and spatially-dependent benefits. s tase, the regulator cannot achieve an
optimal solution by targeting payments or settimgn equal to a parcel’s contribution to
benefits. With spatially-dependent benefits, thedbiés of conserving any individual parcel
cannot be determined without knowledge of whicleottarcels are also conserved. But without
information about costs, the regulator cannot ifgtite set of parcels that are optimal to
conserve. For example, net benefits decrease wtier A1 or B1 are separately added to the
configuration of A2, B2, and B3. However, addindtbAl1 and B1 to the configuration of A2,
B2, and B3 increases net benefits from 3 to 32%nlthe other hand, the costs of conserving
B1 were 2 instead of 1 then it would not be optitoatonserve either A1 or B1. The optimal
landscape cannot be determined without cost infoomdor each parcel.

A regulator that only uses available informationb@mefits may obtain a solution that is
far from optimal because parcels with high benefits/ also have high costs and generate

relatively low net benefits. For example, A3 alwaysvides higher benefits than B1 with any
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number of conserved neighbors, and yet B1 is opigrcanserved and A3 is not. Starting with
the optimal landscape, if A3 is conserved rathantB1, net benefits fall to 2.25 from 3.25 under
the optimal solution.

In sum, with spatially dependent benefits, the faobof finding the optimal land-use
pattern that provides the highest level of net bBeneannot be solved on a parcel-by-parcel
basis. Finding the optimal solution involves cadting benefits across the entire landscape to
factor in spatial dependencies and requires infaonabout costs. Simple mechanisms
sufficient for cases without asymmetric informatmmspatially dependent benefits do not solve
the problem with both asymmetric information andtsdly dependent benefits. We develop an

alternative approach that solves this problem enrniéxt section.

3. The Auction Mechanism

There ar@ = 1, 2, ...,N land parcels in a landscape, each owned by aelifendividual.
On each parcel, the landowner chooses betweerdaitsthat potentially provides a greater
level of ecosystem services but lower direct mayateturn to the landowner (“conservation”),
or one that provides a low level of ecosystem ses/but higher direct monetary return
(“development”).. Lek; = 1 when parcdlis conserved and 0 when parced developed. The
binary vectorX = (X, X2, ..., Xy) describes the landscape pattern of conservedareloped
parcels. It is straightforward to expand the nundidand use alternatives available to
landowner but doing so complicates notation witremdding more insight so we stick to binary
choice representation here.

The functionB(X) converts the landscape patteX) ito the monetary value of

ecosystem services provided on the landscape. Beadispatial interdependence, the increase
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in B when parcei is conserved may be a function of the patterroatervation on other parcels

] #i. We assume that the benefits funct&{X) is common knowledge.

The owner of parcelearns a returg > 0 if the parcel is developed and O if the parsel i
conserved (i.eg; is the cost of conservation). We assume ¢higtknown only by the owner of
parceli, while all other landowners and the regulator dagw the distribution of possible
values ofc;. Because we solve for the dominant strategy kgiuin, assumptions about the
distribution ofc; do not affect the analysis (Montero 2008).

The regulator wishes to implement the land-useepatk* = (x1*, Xo*, ..., Xy*), that

maximizes net social benefits. The optimal landpetern is given by:

X* =argmax[B(X) —ZN: XC].

i=1
If the regulator knew eadh then, in principle, this solution could be solweidhout the auction
mechanism. In practice, finding the optimal solatean be a difficult problem and often search
algorithms that find good, though not necessariyoal, solutions are used (e.g., Polasky et al.
2008). However, without knowledge of costs, thetian is needed to reveal costs in order to
determine the optimal solution..

In the auction, each landownesimultaneously submits a bd Upon receiving the bids
the regulator decides which bids to accept and lwtuaeject. If the bid of landowners
accepted, parcelis conserved and the regulator pays the landoamamounp;. If the bid of
landowneli is rejected, parcelis developed and the landowner receige8Ve assume no
collusion in bids across landowners, and elabaratde importance of this assumption in the
discussion section.

To determine which bids to accept and the amouptagient to a landowner whose bid
is accepted, the regulator first calculates thesetgul social benefits of conserving paicalW.
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To do this calculation, the regulator assumesttiebid of landownerris equal to the cost of

conserving parcel(i.e.,s = ¢). Since the regulator knows the benefits functmrthe landscape

B(X), observings (assuming thag = ¢;) means the regulator can calculate the expeciadlso

net benefits of conserving parc¢elhe regulator calculates the expected socialflisrod

conserving parce] AW, with the following steps:

1)

2)

3)

4)

5)

Solve for the set of parcels to conserve that meparsocial net benefits assuming that
parceli will be conservedX* = (Xii*, Xai*,..., %1%, 1, Xis1i*, ..., Xni¥);

Solve for the set of parcels to conserve that meparsocial net benefits assuming that
parceli will not be conserved-i* = (X1-*, Xo~*,..., X-1~%, 0, Xis1~%, ..., Xn=~i¥);

Find the social net benefits when paticisl conserved net of the cost for paicel

W (X;*) = B(X;*) _zcjxji *;

j#i
Find the social net benefits when patricisl not conserved:

W (X_*) =B(X,*) _zcjxj—i )

j#i
Take the difference betwed (X, *)andN (X, *):
AW, =W, (X;%) =W, (X_*)

=B(X,*) - Y ¢, * —[B(XJ) -3 e %, }

j#i j#i

The regulator accepts the bid from landowinéand only if AW > s; and pays

landownern p; = AW if and only if the bid is accepted. We assume thetauction mechanism

is common knowledge.

Note that each landowner does not know the exdae\a AW, = p when bids are

submitted because this amount depends in part achwlther landowners bids will be accepted.
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However, landownerunderstands that the paymenis independent of the bilas the
landowner’s bid is not used in steps 1-5 above.[ditidevel only affects whether or not the bid
is accepted, not the amount of the payment if thesbaccepted.

If benefits are spatially-independent, th&W is only a function of conservation on
parceli. The only change betweégr and X-* is that parcel is conserved iX;* and developed
in X-*. With spatially-dependent benefits, however, the®d not be the case. Removing a
conserved parcel from the optimal solution may nega reconfiguration of conserved and
developed parcels. For example, suppose thetavarparcels (1, 2) witB(0, 0) = 0,B(1, 0) =
B(0, 1) = 2,B(1, 1) = 8,c; = ¢, = 3. In this case it is optimal to conserve bathcpls so thaX*
= (1, 1). If, however, parcelis left out of the solution, then it is better notconserve parcglas

conserving one parcel alone generates benefitdat 2osts of 3. Therefor¥..i* = (0, 0).

4. Results
We first show that it is a dominant strategy focteéandowner to bid their cost=c¢
under this auction mechanism (Proposition 1) aed that the auction mechanism yields an

optimal solution (Proposition 2).

Proposition 1: Under the auction mechanism described abov®aidominant strategy for each

landowneii to bids =c. (See Sl Text S2 for a formal proof).

The intuition for Proposition 1 can be seen bytpigtthe range of potential payments to

parceli (p;) versus the range of potential bid3 (n relation to the cost. (Figure 2). When the

landowner overbidss(> ¢)), there is the possibility that the bid will bgaeted & > p;) even
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though pi > ¢ so that the landowner would be better off withservation. When the landowner
underbids § < ¢), there is the possibility that the bid will becapted § < pi) even thoughp; <
¢ so that the landowner would be better off witkelepment. Bidding the opportunity cost,

S = G, eliminates risk of losses from both over- anderdgidding.

For the landowner, it does not matter whether #reekits of conservation are simple or
complex; what matters is whether or not their billl me accepted, and if it is accepted that the
payment from conservatiopi) is higher than the payment from developmept Truthful
bidding is the dominant strategy given the aucti@cthanism. This result relies on the

independence of payments and bigs:= AW, does not depend an The bid only affects

whether or not the bid is accepted, not the paynteelf. The payment to landowniedepends
on the value of increases in ecosystem servicésasitservation, and the bids of landowners
other thani. This is true whether or not other landownersdudurately. The landowner then
should choose to have the bid accepted if andibnfy = ¢; which they can guarantee by
choosings; =¢;.

Truthful revelation of costs is needed for implernagion of the optimal solution with
spatially-dependent benefits. The conservationsitation some parcgkan affect the expected
benefits of conserving parcelThus, without exact information about costs ochgaarcel the
regulator’s solution may deviate from the optimiith cost information, the regulator can
choose which bids to accept and make the asso@atgdents to get to an optimal solution.
Proposition 1 shows it is a dominant strategy fmhelandowner to choose= ¢;. The following

proposition shows that the auction mechanism aelsien optimal solution.
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Proposition 2: When benefits are spatially-dependent, the anctiechanism generates the

optimal solution when the regulator 1) accepts Hidsd only if 5 < AW, and 2) pays

landownern p =AW if the bid is accepted. (See Sl Text S3 for a &irproof).

In an optimal solution it must be the case thatdocial benefits of conservation are at
least as great as the costs of conservation faoalerved parcels, and less than for all
developed parcels. Defining net benefit®y, as the difference between the highest net banefit
when parcel is included (but excluding the cost of panjednd the highest net benefits when
parceli is not included, ensures that this is the proplker defining an optimum. W is greater
thanc;, then it is optimal to conserve parceds it implies the net benefits of conserving phirc
are positive. When the converse is true, then pasteuld not be conserved.

Together, propositions 1 and 2 show that the régutaan implement an optimal land-use
pattern with spatially-dependent benefits throdghduction mechanism described. Spatially-
dependent benefits can make finding an optimaltswlunore difficult and magnifies potential
losses from mistakes but does not interfere wighiticgentive mechanism that enables the

regulator to implement the optimal solution.

5. Thesimple examplerevisited

To illustrate the auction mechanism, we returthesimple example from section 2 with
V=0.25. As discussed earlie¢* entails the conservation of parcels Al, A2, B1, &2d B3,
providing total net benefits @&(X*) = 3.25. Table 1 shows the calculation of camagon
payments under the auction mechanism. For eaclelpare compute the optimal landscape with

parceli (X*), the net benefits oXi* without including the cost of parce(W(X*)), the optimal
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landscape without conserving parc€K-*), and the net benefits &f~* (Wi(X-*)). From Table
1 we can see that the optimal payment AW, is greater than or equal to the cost of
conservationg;, for optimally conserved parcels, apd= AW < ¢; if parceli is optimally

developed.

6. Discussion

This paper examines the implementation of a PE§ramo through an auction
mechanism when ecosystem service provision depemtise spatial pattern of conservation
across multiple landowners, each with private infation about their cost of conservation.
Spatial dependencies characterize many ecosyst®mese with habitat provision, pollination
and nutrient filtering for clean water being thpeminent examples. Because the opportunity
cost of conservation will almost always dependamdbwner characteristics that are privately
known (e.g., landowner skills and preferences)masgtric information is an important feature
of most voluntary PES programs. Spatial dependenciply that the benefit of conserving a
given parcel will depend on the optimal patterrcafservation (i.e., what other parcels are also
conserved), but this cannot be determined withafermation on each landowner’s cost. Hence,
an optimal PES program for spatially-dependent ystesn services cannot be implemented
without first addressing the problem of asymmaetiformation.

The auction mechanism proposed in this paper pesvédsurprisingly simple solution to
the optimal provision of ecosystem services. Thehmaaism differs from traditional PES
schemes by breaking the problem into two stagest, Bine auction mechanism is used to
generate information on each landowner’s cost. S&dhe regulator uses the cost information

to find a solution to the landscape level cons@mwngbroblem and implements this solution by
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targeting payments to the owners of parcels th&ienu@ the optimal solution. By paying each
landowner an amount equal to the increase in sberafits with conservation of their parcel, an
amount that is independent of their bid, the auctieechanism applies the fundamental insight
of Vickrey auctions to break the link between aianwner’s bid and their payment, thereby
inducing truthful revelation of cost in the biddistage.

Several additional issues deserve attention inection with the auction mechanism
developed in this paper: i) potential collusion agdéandowners in bidding, ii) the commitment
of the planner to pay landowners the increase ¢rakbenefits of conservation even when bids
come in far lower than benefits, and iii) the cagere it is costly to raise and distribute program
funds (i.e., there is a concern about the distigloubf rents), or where there is a fixed
conservation budget.

In the auction it may be possible, though extrenddfycult in practice, for landowners to
collude and, thereby, raise the payments the grecgives from the regulator. A group of
landowners could potentially underbid in order éodwarded a conservation contract that would
not occur with truthful bidding. Underbidding aseam can be profitable even though it might
not be socially optimal. Consider a slight variatio the two-parcel example given above with
B(0, 0) =0,B(1, 0) =B(0, 1) = 2,B(1, 1) = 8. Now assume thet=c, = 5 (rather than 3). Here
the optimal the solution is to conserve neithecplamiowever, if each landowner bids 2 rather
than their cost of 5, the regulator will choosebmserve both parcels. The regulator will pay
each landowner 6 because in this case:

AW = W( X*) = W X*) =8 -2) -0 =6.

Successful collusion requires both landowners gk their bids in a coordinated fashion. This

outcome is similar to each player in a Prisoneiilsima game having a dominant strategy to
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defect while both are better off with cooperatiblowever, underbidding in this fashion is risky
because it is possible that landowners will be pesd than their cost. In general, successful
collusion has high information requirements. Torguéee success, a group of landowners would
need to compute the optimal solution to predictdlamner’s outcome. But, to compute the
optimal solution the landowners would need privafermation about the costs of other
landowners as well as information about benefigmdowners would also require an approach to
share collusive profits such that team membersadavish to deviate from the collusive strategy
(Montero 2008).

Truthfully bidding cost is a dominant strategy &ach landowner when the regulator
commits ex-ante to paying landowners the socialevaff their increase in services. However, if
landowners believe the regulator will renegotidterabids have been submitted, then truth-
telling is no longer necessarily a dominant stratég this case, there would be an incentive to
inflate bids to mitigate the potential for downwaeshegotiation of payments. Therefore,
implementation of the auction mechanism requiras tie regulator can credibly commit to
enforcement of the payment plan.

Under our auction mechanism, payments are bas#uearontribution of a landowner’s
parcel to the increase in the value of ecosystemices provided, which will in general be larger
than the landowner’s cost. The difference betwesrebts and cost, also referred to as
“information rents,” reflect the fact that landowsenust be paid something to disclose their
private information. Information rents are an unidable feature of incentive schemes in the
presence of asymmetric information. Paying anytiésg than full benefits in an effort to reduce
information rents risks having some landownersabom conservation is socially beneficial

choose not to conserve. Spatial dependencies cegase the size of information rents (see Sl
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Text S4 and Sl Figures 1 and 2 for more analyste®information rents generated in our simple
example).

Economists have studied mechanisms designed teeediormation rents associated
with environmental policies (see Lewis, 1996, fmuavey and Mason and Plantinga, 2013, for a
recent application). Mechanisms to reduce inforamatents involve a tradeoff between
maximizing social net benefits and reducing thedatidry costs of the regulating agency. If the
regulator must stay within a fixed budget, thereagyuarantee that the (unconstrained) optimum
can be obtained. In this case, there can be pdoreihich social net benefits of conservation
are positive but that cannot be afforded. It i€aagal finding of the mechanism design literature
that no balanced-budget mechanism can be founlveys implement the optimal solution
(Walker 1980). Intuitively, by changing their bidandowners can affect which parcels can be
afforded and so they may try to alter their bidst@nipulate the outcome of the auction.

In general, even with complete information aboutsayvation benefits and costs, solving
for the optimal land-use pattern can be difficultem there are spatial dependencies. Benefits
functions may be highly non-linear and the disaeress of the choice problem (e.g., conserve or
develop) introduces further complications. Furthere) the optimal solution may not be unique.
In some applications, researchers use heuristibadstto find good — though not necessarily
optimal — solutions (e.g., Nalle et al. 2004, Nalgtb al. 2008, Polasky et al. 2008). Lewis et al.
(2011) apply such methods to a large-scale integggramming problem for the Willamette
Basin of Oregon. They approximate the optimal sotutinder the assumption that the regulator
has complete information about costs and evalueaege of targeted PES policies under the
assumption that the regulator knows only the catidution. They find that the net benefits

under the (approximate) optimal solution are alwlayger — and typically much larger — than
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those generated by the targeted PES policies. Teea#s suggest that the proposed auction
mechanism will greatly outperform policies that dexeloped with incomplete information
about costs. Regardless of whether the optimuiouisd, or just approximated, the auction
mechanism developed in this paper can be usedpiement the desired solution identified by
the regulator.
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Figurel. Costsand biophysical

rovision of services from land conservation
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Figure 2: lllustration of Potential L osses from Over- and Under-Bidding. The landowner
would like to conserve if and only if pcci. Any bid ) and price |§) combination under the 45
degree line results in bids being rejected. Any(kidand price |§) combination over the 45
degree line results in bids being accepted. Thagies show potential losses from over- or
under-bidding.

pi

Losses from
underbidding =

Ci-Pj

Losses from
i overbidding =
L P~ Cj

45° '

C; i
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Table 1. Optimal Paymentsin the Simple Example

Parcel Cost | X; wi(X) | X Wi(X2) AW,
Optimally Conserved Parcels
Al 3 | A1-A2,B1-B3 6.25 A2,B2-B3 3 3.25
A2 1 | A1-A2,B1-B3 4.25 B2-B3 1.5 2.75
Bl 1 Al-A2,B1-B3 4.25 A2,B2-B3 3 1.25
B2 1 | A1-A2,B1-B3 4.25 A2-A3,B3 0.75 3.5
B3 1 Al-A2,B1-B3 4.25 Al-A2,B1-B2 2 2.25
Non-Conserved Parcels

A3 3 | A1-A3,B1-B3 5.75 Al1-A2,B1-B3 3.25 2.5
A4 3 All 5 Al-A2,B1-B3 3.25 1.75
B4 3 | A1-A2,B1-B4 6 Al1-A2,B1-B3 3.25 2.75
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SUPPORTING INFORMATION

Sl Text

Sl 1. Relationship to Previous Literature on Spatially-Dependent Provision of Ecosystem
Servicesunder Asymmetric Information

Previous studies have examined incentive poliaesdfect the spatial pattern of land use
and associated levels of ecosystems services omt Imave identified a general mechanism for
achieving an optimal solution in this setting. Eaample, Smith and Shogren (1) evaluate an
optimal contract scheme for land preservation \gmmetric information but consider only the
special case of two adjacent landowners. Parkletiiat (2), Parkhurst and Shogren (3), and
Drechsler et al. (4) have studied an “agglomerabonus” that provides an additional payment
to landowners who conserve adjacent habitat.

There is also a large literature devoted to findpgmal landscape patterns assuming
full information. A number of studies solve for treserve network that maximizes quantitative
biodiversity indices subject to various constrai@g., 5 — 9). In some cases, these studies
account for spatial dependencies in the objectivetion (e.g., 10 — 14).

Lewis and Plantinga (15) and Lewis et al. (16) adersalternative approaches for
targeting afforestation payments designed to reftuest fragmentation when the regulator does
not have full information on landowners’ willingreeg-accept (WTA) to participate in
afforestation. Lewis et al. (17) consider a suitpdicies that target enrollment based on
observable parcel characteristics that proxy forgnal benefits and costs. They evaluate the
performance of the policies relative to the solutrchen the regulator has full information about
WTA and show that these targeted policies typicatlifieve a small fraction of the benefits that

are obtained by an optimal conservation policy uridé information. While solving for the
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optimal landscape with spatial dependencies catiffieult even with full information, Lewis et
al. (17) find that even an approximately optimduson developed under full information
greatly outperforms policies developed under incletepcost information.

The use of auctions in the context of conservatias been examined in a set of papers
(18 — 22). This literature has emphasized theabbctions in reducing information asymmetry
(18), the link between the information structureairctions and landowner incentives (20), and
the ability of auctions to reduce costs to the goneent (21). These papers typically consider
auctions in which payments are linked to the bidmsitted by landowners, giving incentives for
landowners to inflate bids. In a study of U.S. €envation Reserve Program (CRP) contracts,
Kirwan et al. (21) find evidence that landownerstsynatically inflate their bid above cost.

Our auction mechanism differs from the prior comagon auction literature in that we
build from the fundamental insight from Vickery {2hd decouple payment from the
landowner’s bid. As such, our study is most clpselated to the literature on information-
revealing mechanisms. Kwerel (24) develops a biedaermit and subsidy scheme in which it
is a Bayesian-Nash equilibrium for competitive farto truthfully reveal private information
about pollution control costs and implement anraptipollution abatement solution. Dasgupta
et al. (25) and Kim and Chang (26) develop mecmasithat implement an optimal solution
even with imperfect competition. Montero (27) deps a uniform-price auction that achieves
an optimal solution in which firms submit a demaatiedule, and based on this, the regulator
sets the number of permits for sale and a paglate of auction revenues. These mechanisms
achieve an optimal solution in the context of piddin reduction because they induce firms to
correctly reveal information about cost of emissioaductions and provide incentives so that

firms choose the efficient emissions level. Our hagtism works similarly to Montero’s
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mechanism but in the context of providing ecosyssenvices. However, the benefit function in
our problem is more complex than in the pollutiomtrol problem because the provision of
conservation benefits can be spatially-dependemnt,the net benefits of conservation on one
land parcel depend on whether or not specific f@ghg parcels are conserved. The benefits of
emissions control considered in the papers merdiabeve, though they can depend on

aggregate pollution, are not spatially dependeim asir problem.

S| 2. Proof of proposition 1

Suppose the landowner bigs=¢;. If 5 <AW, the landowner’s bid will be accepted and the
landowner will receive a paymem =AW >¢; . If 5 >AW, the landowner’s bid will be

rejected and the landowner will receiye We prove that bidding = ¢; is a dominant strategy
by showing that this strategy generates equaleatgr payoffs than overbidding ¢ ¢;) or

underbidding § < ¢;) over the range of possible values/ .

Overbidding (s> ¢ )

Case (i):AW 2¢;. WhenAW = ¢, then either apAW = s, in which case the
landowner’s bid will be accepted and the landownidirreceive a paymenp, =AW > ¢, which
is the same outcome as bidd®g c;, or b) AW <s;, in which case the landowner’s bid will be
rejected and the landowner will earn a payoftofk AW, . In particular, whergy <AW <g§,

overbidding,s > ¢, generates a lower payoff for the landowner thiddibg s = ¢;.
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Case (ii):AW <c¢;. WhenAW <, thens; > AW and the landowner’s bid will be

rejected. The landowner will develop the land eathc;, which is the same outcome as would
have occurred had the landowner gid c..

Therefore, overbiddings > ¢;, is dominated by bidding = ¢..

Underbidding(s <c)

Case (i):AW =2 c¢;. WhenAW, = ¢, thens < ¢, the landowner’s bid will be accepted
and the landowner will receive a paymegnpt= AW, = ¢; , which is the same outcome as bidding
S =G

Case (ii):AW <c;. Whens < AW <¢;, the bid is accepted and the landowner receives
a paymentp; = AW <c;. Thus, biddings < ¢; generates lower payoffs than biddse c. If
s > AW, the landowner’s bid is rejected and the landoveaensci, which is the same outcome

as would have occurred had the landowneisb#dc,;.

Therefore, underbiddingsi(< ¢) is dominated by bidding =¢. QED

S| 3. Proof of Proposition 2

With full information about costs, the regulatonclve forX* that maximizes social net
benefits. Proposition 1 proves that landowners lzagleminant strategy to bgl=¢; under this
auction mechanism. Given that landowners bid tulith s = ¢;, we show that the auction
generates the optimal solution.

In an optimal solution it must be the case th¥¢ > ¢; for all conserved parcels K¢

andAW <¢; for all developed parcels i&*, otherwise net social benefits could be incredsed
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making a different choice about the conservatiopasteli. The social net benefits of

conservation conditional on paraddeing included in the solution is given by:

NB(X,") = B(X,") - 3. (%,)c,

j=1
whereX* includes the optimally chosen set of other pafeli. The net social benefits of

conservation conditional on pardeiot being conserved is given by:

NB(X_%) = B(X_,*) = . (x,*)c,

A
If the inclusion of parcdlincreases net social benefits, then

NB(X") —NB(X~")>0

WI(X') =G —W(X~') >0

AW, > ¢
In the auction mechanism, parcevill be conserved if and only ifW; > s, . Because

landowners bid truthfully (Proposition 2), so tsat ¢;, we have that parcewill be conserved

if and only if AW, >¢;. QED

S| 4. Simulating the simple landscape

In the text we illustrate the problem of findingetbptimal landscape pattern with
spatially-dependent benefits and asymmetric infoionaon cost. Further, we describe how the
auction mechanism works on a 2 x 4 grid of land@larwith arbitrarily chosen parameter values
(Figure 1). Here we explore the performance ofahetion mechanism on the simple landscape
over a large range of monetary values for a ungaoisystem servic&/ and random draws of
cost for conservation on a given parag). (Each time we solve for the optimal landscape we
record payments to landowners, conservation chstgaim of cost across parcels that are
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awarded a conservation contract), and informatmsr (the payment to the landowner minus the
COst).
Our simulation of optimal landscapes uses the Wahlig process,

1. We set an initial value of: V = 0.02

2. We randomly select @ value for each parcel on the landscape over tiegén range
[0,4].

3. Using the spatial distribution of ecosystem serviealues from Figure 1 we solve for the
optimal landscape and record all the relevant diatdydingB(X*), sum of conservation
payments, the sum of conservation costs, and sunfarfnation rents.

4. We conduct steps 2 through 3 1,000 times.

5. We increas®&/ by 0.02 units and repeat steps 2 through 4.

6. The simulation stops once steps 2 through 4 hage benducted foy = 1.

In Figure S1 we graph the simulated mean dheril 95' percentile values of aggregate
conservation payment and conservation opportuiisy cn optimal landscapes over the range of
modeledV (the MATLAB code for this simulation is found i $ext 5).

AsV increases parcels receive higher conservation patgn AtV values of 0.4 and
greater all parcels on the 2 x 4 landscape arenaiff conserved no matter the distribution of
costs. At very low values &f the information rents generated on the landscepectatively
low. For example, fron¥ = 0.02 toV = 0.30 and at simulation means (the black diamamdis
black circles), the aggregate information rent gateel on the optimal landscape (the vertical
distance between black diamonds and black circdem) par with the optimal landscape’s

conservation cost. However, ¥sncreases to the point and beyond where the datidscape is
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optimally conserved\y > 0.4) and conservation opportunity costs do hange a¥ increases,
information rents generated on the landscape groukly.

We also use the simulation to determine the effétandscape heterogeneity on
information rents. Specifically, does a more umidalistribution of costs across the landscape
lead to increased or decreased information refmtsanswer this question use a mean-preserving
spread on the random distribution of cost to isothe impact of WTA variance on information
rents. We calculate the average ratio of aggragésemation rent to conservation cost
generated on the optimal landscape over two diroassthe value 0¥ and the variance in
WTA values (Figure S2). (The MATLAB code for thismulation is in SI Text 6.)

At low levels ofV, greater heterogeneity in cost across the landsgaperates greater
information rents on average. At the highest IewéV, greater homogeneity in cost leads to
slightly higher information rents. This latter uéscan be explained by the fact that low levels of
variance in cost means that few to no low costglarare present on the landscape while
increasingv means that is optimal to pay all parcels a corsdEmn payment. At the same time
payment levels are increasing\agets larger. Therefore, a combination of highrpamts
across all parcels and little to no low cost anywelan the landscape means the regulator can

expect relative aggregate information rent to by ¥egh.

Sl 5. MATLAB codefor thissimulation graphed in Figure S1

% The code is constructed for a 2 x 4 landscape wit h spatially dependent

% benefits. The rows are labeled A and B in the pa per and the columns are
% labeled 1 through 4 in the paper. A letter-numbe r combination, for

% example, A4, gives the parcel's address on the ma p.

% The C matrix gives conservation costs.

% The B1 matrix gives the conservation benefit (b) when no neighboring
% parcel is conserved.

% The B2 matrix gives the conservation benefit (b) when one neighboring
% parcel is conserved.
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% The B3 matrix gives the conservation benefit (b)
% parcels are conserved.

% The B4 matrix gives the conservation benefit (b)
% parcels are conserved.

% To solve the spatially-independent problem define
% B1=B2=B3=B4.

iterations=0;
for z=0.02:0.02:1
iterations = iterations + 1;

for zz=1:1000

C =randi([0,4],2,4);

when two neighboring

when three neighboring

B1 and then set

% WTA for each parcel is randomly assigned on the

% uniform distribution (0,4).

B1=[6542;1356];
B2=[9855;26809;
B3=[111077;3810 11];
B4=[01190;09 11 0];

% User input.
% User input.
% User input.
% User input.

V=2 %Userinput.

% Find optimal landscape. (Find X-star-i) vector, n

% calls the function ‘findoptimal.m.’
conserveoption=ones(2,4);
[NB,BSumFinal,Pattern,FinalB,CSum]=findoptimal(C,B1
OptNB=NB; OptBSum=BSumFinal; OptPattern=Pattern; Op

% OptPattern gives a value of '1'in a cell if the
% a 0 otherwise.

%Find W(X-star-i) for each conserved parcel i.
for j=1:2; for k=1:4;

index=ones(2,4); index(j,k)=0; BV(j,k)=BSumFina
end; end;
W=BV.*Pattern;

% on the landscape.

% Find X-star-~i for each conserved parcel i.
count = 0;
Whnoti=zeros(2,4);
for j=1:2; for k=1:4;
if OptPattern(j,k)==1
count = count + 1,
conserveoption=ones(2,4);
conserveoption(j,k)=0;
[NB,BSumFinal,Pattern,FinalB,CSum]=findoptim
OptNBnoti(count,1)=NB; OptBSumnati(count,1)=
1)*2)+1:count*2,1:4)=Pattern; OptBnoti(((count-1)*2

% Find W(X-star-~i) for each conserved i.
Whnoti(j,k)=BSumFinal-sum(sum(C.*Pattern));

end; end; end

% Calculate Delta-W(i)and calculate other solution

et benefit, etc. This
,B2,B3,B4,V,conserveoption);
tB=FinalB;

parcel is optimally conserved and

I-sum(sum(C.*Pattern.*index));

% The matrix 'W' gives the values of "W(X-star-i)".
% The value for each parcel is given at the parcel'

s location

al(C,B1,B2,B3,B4,V,conserveoption);
BSumpFinal; OptPatternnoti(((count-
)+1:count*2,1:4)=FinalB;

% The matrix 'Wnoti' gives the
% values of "W(X-star-~i)".

% The value for each parcel is given
% at the parcel's location
% landscape.

on the

data
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deltaWi = W - Wnoti;
sumdeltaWi(iterations,zz) = sum(sum(deltaWi));
finallandscape=zeros(2,4);
finallandscape(deltawi>0)=1;
% payment.
finalcost=C.*finallandscape;
finalcostsum(iterations,zz)=sum(sum(finalcost));
finalcostvar(iterations,zz)=var([C(1,:) C(2,:)]);

end; end

% Place simulation results in summary tables.
sumdeltaWiAvg = mean(sumdeltaWi,2);
sumdeltaWiPerc = prctile(sumdeltawi,[0 5 95 100],2)
finalcostsumAvg = mean(finalcostsum,2);
finalcostsumPerc = prctile(finalcostsum,[0 5 95 100

zzz = 0.02:0.02:1;

finaloutputsummary = [zzz' sumdeltaWiAvg sumdeltaWi
finalcostsumPerc];

clearvars

-except  finaloutputsummary

% Function that is called by code above.
function  [NB,BSumFinal,Pattern,FinalB,CSum] =
findoptimal(C,B1,B2,B3,B4,V,conserveoption)

NB=0; % Initialize NB at O
Pattern=zeros(2,4); % Initialize landscape at 0
%Finds optimal landscape. (X-star-i). Loops over al
given ‘conserveoption’ restrictions.
for a=0:conserveoption(1,1);

for d=0:conserveoption(1,4);

for e=0:conserveoption(2,1);

for h=0:conserveoption(2,4);

for

for f=0:conserveoption(2,2);

B =B1;
if b==1]| e==1; B(1,1)=B2(1,1); end;
if b==1&& e==1; B(1,1)=B3(1,1); end;

if
if

a==1|| c==1 || f==1; B(1,2)=B2(1,2);
(a==1 && c==1) || (a==1 && f==1) || (c==1 && f==1)

end;

if (a==1&& c==1 && f==1); B(1,2)=B4(1,2); end;
if b==1|| d==1|| g==1; B(1,3)=B2(1,3); end;

if (b==1&& d==1) || (b==1 && g==1) || (d==1 && g==1)

if (b==1&& d==1 && g==1); B(1,3)=B4(1,3); end;
if c==1]|| h==1,; B(1,4)=B2(1,4); end;

if c==1&& h==1; B(1,4)=B3(1,4); end;

if a==1||f==1; B(2,1)=B2(2,1); end;

if a==1 && f==1; B(2,1)=B3(2,1); end;

if b==1|| e==1|| g==1; B(2,2)=B2(2,2); end;

if (b==1&& e==1) || (b==1 && g==1) || (e==1 && g==1)

if (b==1&& e==1 && g==1); B(2,2)=B4(2,2); end;
if c==1||f==1|| h==1; B(2,3)=B2(2,3); end;

if (c==18&&f==1) || (c==1 && h==1) || (f==1 && h==1)

if (c==1 && f==1 && h==1); B(2,3)=B4(2,3); end;
if d==1|| g==1; B(2,4)=B2(2,4); end;

if d==1&& g==1,; B(2,4)=B3(2,4); end;

b=0:conserveoption(1,2);

% Payments given out to each parcel owner.
% Sum of payments.

% Initialize the landscape.

% A parcel is assigned a value of 1 if given a

% Map of opportunity cost (OC) of conservation.

% Total OC of conservation.
% Variance in OC of conservation
% across parcels.

1,2);

Perc finalcostsumAvg

| possible conservation patterns
for c=0:conserveoption(1,3);

for g=0:conserveoption(2,3);

; B(1,2)=B3(1,2); end;
; B(1,3)=B3(1,3); end;
; B(2,2)=B3(2,2); end;
; B(2,3)=B3(2,3); end;
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BSum=sum(sum(B.*[a b ¢ d; e f g h]))*V; % Total conservation benefit on landscape.
CSum=sum(sum(C.*[ab c d; e f g h])); % Total cost on landscape.

% Retain the landscape that maximizes NB. The lands cape that maximizes NB is passed
% back to the main program.
if BSum-CSum>NB
NB = BSum-CSum; BSumFinal = BSum; Pattern=[a b c d; e fgh]; FinalB = B;
end

end; end; end; end; end; end; end; end;
% If no landscape generates positive NB a null solu tion is passed back to the main
% program .
if NB==
BSumFinal=0; Pattern=zeros(2,4); FinalB = 0; CS um=0;
end

end

Sl 6. MATLAB codefor thissimulation graphed in Figure S2

% The code is constructed for a 2 x 4 landscape wit h spatially dependent
% benefits. The rows are labeled A and B in the pa per and the columns are
% labeled 1 through 4 in the paper. A letter-numbe r combination, for example, A4,

% gives the parcel's address on the map.
% The C matrix gives conservation costs.

% The B1 matrix gives the conservation benefit (b) when no neighboring
% parcel is conserved.

% The B2 matrix gives the conservation benefit (b) when one neighboring
% parcel is conserved.

% The B3 matrix gives the conservation benefit (b) when two neighboring
% parcels are conserved.

% The B4 matrix gives the conservation benefit (b) when three neighboring
% parcels are conserved.

% To solve the spatially-independent problem define B1 and then set B1=B2=B3=B4.
iterations=0;
for z=0.02:0.02:1

iterations = iterations + 1;

for zz =1:1000

% Ensures that the distribution of costs over lands cape for each iteration has a
% mean between 1.95 and 2.05 where costs are dr awn from a uniform distribution on
% the interval(0,4).
avgC =0;

while avgC > 2.05 || avgC < 1.95
C =randi([0,4],2,4);
avgC = sum(sum(C))/8;

end
B1=[6542;1356]; % User input.
B2=[9855;26809]; % User input.
B3=[111077;381011]; % User input.
B4=[01190;09 11 0]; % User input.
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V=2 % Userinput.

% Find optimal landscape. (Find X-star-i) vector, n

% calls the function ‘findoptimal.m.’
conserveoption=ones(2,4);
[NB,BSumFinal,Pattern,FinalB,CSum]=findoptimal(C,B1
OptNB=NB; OptBSum=BSumFinal; OptPattern=Pattern; Op

% OptPattern gives a value of '1'in a cell if the
% a 0 otherwise.

% Find W(X-star-i) for each conserved i.
for j=1:2; for k=1:4;

index=ones(2,4); index(j,k)=0; BV(j,k)J=BSumFina
end; end;
W=BV.*Pattern;

% on the landscape.

%Find X-star-~i for each conserved i.
count = 0;
Whnoti=zeros(2,4);
for j=1:2; for k=1:4;
if OptPattern(j,k)==1
count = count + 1,
conserveoption=ones(2,4);
conserveoption(j,k)=0;
[NB,BSumFinal,Pattern,FinalB,CSum]=findoptim
OptNBnoti(count,1)=NB; OptBSumnati(count,1)=
1)*2)+1:count*2,1:4)=Pattern; OptBnoti(((count-1)*2

%Find W(X-star-~i) for each conserved i.
Whnoti(j,k)=BSumFinal-sum(sum(C.*Pattern));

end; end; end

% Calculate Delta-W(i)and calculate other solution
deltaWi = W - Wnoti;
sumdeltaWi(iterations,zz) = sum(sum(deltaWi));
finallandscape=zeros(2,4);
finallandscape(deltawi>0)=1;
% payment.
finalcost=C.*finallandscape;
finalcostsum(iterations,zz)=sum(sum(finalcost));
finalcostvar(iterations,zz)=var([C(1,:) C(2,:)]);

end; end

% Place simulation results in summary tables.
sumdeltaWiAvg = mean(sumdeltaWi,2);
sumdeltaWiPerc = prctile(sumdeltawi,[0 5 95 100],2)
finalcostsumAvg = mean(finalcostsum,2);
finalcostsumPerc = prctile(finalcostsum,[0 5 95 100

zzz = 0.02:0.02:1;

finaloutput = [zzz' (sumdeltaWi-finalcostsum)./fina
finaloutputsummary = [zzz' sumdeltaWiAvg sumdeltaWi
finalcostsumPerc];

et benefit, etc. This
,B2,B3,B4,V,conserveoption);
tB=FinalB;

parcel is optimally conserved and

I-sum(sum(C.*Pattern.*index));

% The matrix 'W' gives the values of "W(X-star-i)".
% The value for each parcel is given at the parcel'

s location

al(C,B1,B2,B3,B4,V,conserveoption);
BSumpFinal; OptPatternnoti(((count-
)+1:count*2,1:4)=FinalB;

% The matrix 'Wnoti' gives the
% values of "W(X-star-~i)".

% The value for each parcel is given
% at the parcel's location
% landscape.

on the

data.

% Payments given out to each parcel owner.
% Sum of payments.

% Initialize the landscape.

% A parcel is assigned a value of 1 if given a

% Map of opportunity cost (OC) of conservation.

% Total OC of conservation.
% Variance in OC of conservation
% across parcels.

1,2);

Icostsum finalcostvar];
Perc finalcostsumAvg

35|Page



clearvars -except  finaloutput finaloutputsummary
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S| Figure Legends

Figure S1: Simulated mean and"&and 9%' percentile values of the sum of conservation
payments and conservation opportunity cost on xaenple landscape for various levelsvof

Figure S2: Simulated mean ratio of aggregate information teronservation opportunity cost
generated on the optimal landscape across twodapdslimensions: variance in WTA avid

38|Page



© o
© o
*»
= 2
.
K2

80 - 3’
70 - 1S4
60 - ‘8 .
50 - ’30.
40 - R332
30 %

| 3o

*
*

4 . -
10 . od 0° °°°°°o°ooooooooo°°°oooo°°°o°oooo

0 - esss880890s8e
0 01 02 03 04 05 06 0.7 08 09 1

V

Opportunity cost of conservation and sum of
conservation payments across the landscape
*

€ Mean sum of payments @ @ 5th /95th perc. sum of payments

O Mean opportunity cost © O 5th / 95th perc. opportunity cost
Figure S1

39|Page



>3.75 3.07
3.25-3.75 2.80
O
>
T Y 275-325 2.72
> ©
< O
E.‘g 2.25-2.75 2.66
e
c O
= 175-225 2.61
(ORNY,}
2 o
1z o  1.25-175 2.60
(T
>
0.75-1.25 2.52
0.25-0.75 2.50

0.1-0.2 0.2-03 03-04 04-05 05-06 06-0.7 0.7-0.8 0.8-0.9 09-1

Range of V
FigureSI2

40 |Page



41 |Page



	Implementing the Optimal Provision of Ecosystem Services
	Recommended Citation

	Untitled

