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Executive Summary
Introduction

Chomitz et al. (1999) recommended a framework to guide the application of incentive-based
policies for encouraging the provision of environmental services — including biodiversity conser-
vation — by landholders. This framework, they propose, would enable the simulation of alterna-
tive schemes that would “encourage clarity in the definition of goals and permit the development
of simple, implementable strategies to reach those goals” (Chomitz et al. 1999, p. 168). Be-
cause land use, opportunity costs, and biodiversity value vary spatially, the framework was en-
visioned as a means to exploit that variation to craft simple, implementable policy options.

In this report we describe an implementation of an analytical framework based upon the sugges-
tions in Chomitz et al. (1999). Specifically, we outline the framework and its basis in current
conservation science and economic theory, which are used to define the desired landscape
configuration for the conservation objectives. We then present a case study in the “Mata Atlan-
tica,” or Atlantic Forest, region of south Bahia state in Brazil to illustrate an application of the
framework, named TAMARIN (Toolbox for Analysis of Mata Atlantica Restoration Incentives).
We demonstrate TAMARIN by comparing a series of scenarios, including the present situation
and the likely future trend. The results indicate the tradeoff between the suitability of sites for
conservation with their value for other purposes.

TAMARIN performs two sets of GIS-based procedures, using a representation of the study area
divided into 98.01 ha planning units (990 x 990 m). First, it assists planning teams to design
scenarios and second to evaluate their economic and ecological consequences. Scenarios can
be created by drawing on an electronic map, by defining rules for selection based on conserva-
tion and/or economic criteria, or by an external optimization model developed for the project.
Scenarios can be constrained by a maximum budget limit or can be unconstrained with the total
costs being calculated as a consequence of the plan. The framework can then calculate the
effects of the scenario and create a series of GIS themes, tables, graphics, and reports that
summarize the salient features for comparison with the present situation and other scenarios.

In addition to TAMARIN, the project developed an external optimizing land allocation model
(Optimal Habitat Patch Selection or OHPAS) that selects the most cost efficient set of areas for
conservation action that satisfies the desired future landscape configuration, if feasible within
the budget constraint. The optimal solution is then evaluated in terms of the same socioeco-
nomic and environmental factors as other scenarios inside TAMARIN. The optimal scenarios
therefore set benchmarks against which scenarios for various policy instruments can be com-
pared.



GIS data
compilation
[ models

)

1. Define
scenario
objectives

2. Select
planning
units

3. Project
future land
use/cover

TAMARIN

)
4a. Evaluate
socio-
economic
impacts
)

)

4b. Evaluate
landscape

Design and

implement
incentive
program

impacts
 /

Monitor .
Monitor

land use
change

landscape
configur-
ation

Central Atlantic Forest Corridor

The Atlantic Forest, Mata Atlantica, is by far the most threatened major ecosystem in Brazil, with
less than 8% of its original area remaining. Conservation International places it third on its list of
the 19 highest-priority habitats for conservation on the planet (based on the combination of
threat and uniqueness). Within the Mata Atlantica, the area in southern Bahia is considered one
of the highest priorities. In response to this global importance, the Programa Estadual para a
Conservacgéao da Biodiversidade (PROBIO) has funded a major biodiversity assessment and
planning project for south Bahia. The project area is named the Central Atlantic Forest Corridor
(hereafter referred to as the “Corridor”) (see location map below). The dimensions of the Corri-
dor are approximately 580 km (north-south) by 150-250 km (east-west).
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Bioregions in Central Atlantic Forest Corridor.

Within a tropical area this large, there is naturally a significant variability of landscapes and land
uses. Nine distinct bioregions are recognized in the Corridor. Along the immediate coast lies a
narrow band of coastal, wetland, and riverine ecosystems. From east to west, the wetter biore-
gions support a tropical wet forest that grades into moist or semi-deciduous forest in the interior.
Field surveys conducted by the PROBIO project have revealed a remarkable species replace-
ment in both flora and fauna across the north-south gradient of the corridor. In particular, the



Rio de Contas and Rio Jequitinhonhia form biogeographic barriers that foster speciation. Con-
sequently, the vegetation types and rivers divide the Corridor into nine bioregions.

Besides the biological differences between bioregions, there are related differences in land use
and land tenure. The northern and central lowland forest bioregions are dominated by cabruca,
a form of shade plantation for cocoa. Cabruca provides better habitat for forest canopy species
than most other forms of agriculture but is not as suitable for understory birds as primary forest.
Unfortunately, global market forces, government policies, and invasion of a devastating crop
disease, are inducing farmers to convert cabruca to pasture. Farm size tends to be smallest
and population density is greatest in this part of the Corridor. The southern tabuleiro forest bio-
region retains some of the largest forest fragments in the corridor region. Farm size tends to be
larger, and as a result, population density tends to be lower than in the northern bioregions.
The interior semi-deciduous forest bioregions have been largely converted from forest to pas-
ture, with only clusters of very small forest fragments remaining. Of the 74, 219 km? in the Cor-
ridor, only 8.8% remains as primary forest.

Principles

TAMARIN is based on conservation principles of representation, resilience, and redundancy.
These are translated into the following specific criteria used in designing TAMARIN: 1) entire
environmental/species gradients should be represented, 2) at the biogeographical scale, repre-
sentation should only be counted if a forest fragment is larger than the area needed to maintain
viable populations of focal species, 3) edge habitat is less suitable for interior forest species and
should not count toward the representation goals, 4) several such forest fragments are neces-
sary in each region as backups in case of catastrophic loss of any single fragment, and 5) resto-
ration is most likely to be successful in close proximity to primary forest fragments.

From theoretical and empirical economics studies, we incorporated the following economic prin-
ciples into TAMARIN: 1) opportunity costs vary spatially in response to relatively predictable
biophysical and socioeconomic factors; 2) recognition of the variability may lead to more cost
efficient conservation strategies; 3) economic incentives will more likely elicit the desired behav-
ior from private landholders than command-and-control strategies; and 4) policy instruments de-
rived from these principles must be based on a relatively simple set of rules that address the
conservation objectives, yet are understandable and equitable to all stakeholders. Part of the
challenge is that policies are directed towards changing land uses with the hope that those
changes will produce the desired outcomes in landscape structure/function/composition.

Assumptions

We designed TAMARIN to be extremely flexible in allowing users to change many of the as-
sumptions underlying it. Based on discussions with local experts, we made a number of basic
baseline assumptions about future land use trends, the ability of the land to be restored to for-
est, the role of reserves, the minimum size forest patch needed to maintain viable populations
for focal species, and other landscape ecological factors. We assumed that recent land use
trends will continue over the next one or two decades if conservation interventions are not ap-
plied:

* Primary forest will no longer be converted to other uses because it primarily remains on
marginal lands and has legal protection, but it will be degraded into secondary forest. Sec-
ondary forest will be permanently converted to pasture or agriculture except where adjacent



to primary forest. Cabruca will be entirely replaced by other forms of agriculture. Pasture
and agricultural lands and eucalyptus plantations will persist.

Agricultural land and pasture that is abandoned will be recolonized by forest within a rela-
tively short period (circa two decades). Cabruca, because it retains most of the native can-
opy trees, will recover more quickly.

Primary forest in existing reserves will be protected from serious degradation, and disturbed
sites in reserves will gradually recover.

A conservation program for the corridor can either purchase land or purchase easements on
the land. Purchase of the land will cost the market value of the property. We assume that
to purchase a conservation easement, an owner must be paid an incentive at least equal to
the foregone opportunity cost of the land in addition to the management costs.

We defined the desired forest landscape configuration in terms
of representation, redundancy, and resilience parameters. It
was decided to require representation of at least two forest
habitat units in all seven forest bioregions. A contiguous area
of forest (primary and, if necessary, restored forest) had to be at
least 10,000 ha, based on unpublished analysis of extinction
probabilities for the Cebus xanthosternos, the yellow-breasted
capuchin. A contiguous habitat unit of this size is expected to
give 95% probability of survival for 100 years. Because C. xan-
thosternos can traverse nonforest habitats to reach other forest
fragments, we relaxed the contiguity requirement by allowing
fragments within 1000 m to be considered part of the same
functional habitat unit. (Photo by Russell Mittermeier).

Edge effects will degrade small forest fragments over time, rendering them of low biodiver-
sity value. We assume a depth-of-edge-influence extending 300 meters from edges into
forest fragments (Gascon et al. 2000). Core forest was defined for this study as primary or
restored forest greater than 300 m from an edge of agriculture/pasture or urban area.

Application of TAMARIN

We used TAMARIN to design and evaluate five basic scenarios, including three stylized ap-
proaches that conservationists in the corridor had previously suggested. This provided an op-
portunity to demonstrate TAMARIN to a workshop in Salvador, Bahia, in June 2001, illustrating
the tradeoffs inherent in corridor planning and the value of a formal framework for doing it. We
also include one of the optimal scenarios here as a benchmark for comparison with other de-
signs.

The scenarios were:

Current—an evaluation of the present situation according to the landcover map, which was
derived from 1997 satellite imagery. This defines a benchmark of how the landscape is cur-
rently configured.
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» Business-as-usual—our assumption about the likely future if no conservation interventions
were applied except for existing reserves.

» Cabruca—a restoration of cabruca (i.e., select all cells with greater than 50 ha of cabruca).

» Link reserves—Ilinking the existing reserves with a series of connecting swaths of habitat of
1-2 km wide. The highest cumulative path of habitat suitability, analogous to a least cost
path, determined linkages.

* Viable islands—manually selecting blocks of planning units to meet the conservation objec-
tives in high suitability/low cost areas. This scenario was an attempt to manually emulate an
optimization approach to show, to a first approximation, how efficiently the objectives might
be met.

e Optimal benchmark—a least cost scenario (based on OHPAS) that ensures that at least two
habitat blocks are protected per bioregion, and that the blocks are at least the minimum size
and contain at least 1,000 ha of primary forest.

Scenarios were evaluated according to ecological and socioeconomic criteria. The ecological
goals of representation, resilience, and redundancy were deemed met if each of seven distinct
bioregions encompassed at least two protected ‘viable habitat units’ of 10,000 connected hec-
tares each. Habitat in the viable habitat units could consist of primary forest or abandoned land
(secondary forest, cabruca, or agriculture/pasture) assumed to regenerate into forest. Addi-
tional ecological criteria included area of primary forest placed under protection, the number of
habitat units with at least 1,000 ha or primary forest as a source of propagules, and proportion
of total forest exposed to edge effects. Socioeconomic criteria included affected population and
opportunity cost of conservation. We considered two alternative assumptions about the oppor-
tunity cost of conservation. The high assumption used the full market value of the land; the low
assumption assumed that landholders derived some benefits from the land even if agricultural
uses were restricted, and hence that a conservation easement could be purchased for less than
the full market value®.

The following table summarizes key results for the six scenarios. There are several striking re-
sults worth noting in the table. First, in the current scenario the conservation objectives are met
in six of the seven bioregions, but the majority of remaining forest consists of small patches
(mostly edge forest) within the gap crossing distance. That is, very few of the fragments are
large, relatively round blocks of core habitat. As a consequence of our business-as-usual as-
sumptions, the percentage of primary forest significantly declines in the other four scenarios
(from 8.8% to less than 2% in most cases). Much of this decline is in the loss of small, scat-
tered fragments consisting of mostly edge forest (note that % of remaining forest is in the edge
zone in the Current scenario). This lack of remaining large fragments required the restoration of
nearly half of the planning units selected in both the Viable islands and the optimal benchmark
scenarios. In addition, the habitat-friendly cabruca land use disappears by assumption in all
future scenarios, thus lowering the habitat quality of the matrix (the nonforest agricultural lands
surrounding natural habitat). Maintaining cabruca as a strategy (while failing to conserve pri-
mary forest) entails very high loss of primary forest and extremely high financial cost, while still
not achieving the conservation objectives in two bioregions where cabruca is not found. By fo-
cusing directly on the stated conservation objectives, a corridor can apparently be designed at a
remarkably low financial cost, as low as $6 million US (R$12 Brazilian) for easements or envi-

! Easement_Value4 option was used for easement opportunity costs. See description of this assumption in the users
manual in the appendix.
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ronmental compensation, by our initial estimates for the optimal benchmark scenario. However,
the optimal benchmark was unable to find a second planning patch or block in the Northern
Semi-deciduous bioregion that was of minimum size and also contained enough primary forest.

Baseline Scenarios

Present

Business-
as-usual

Restore
cabruca

Link re-
serves

Viable is-
lands

Optimal
benchmark

# planning units
selected

N/A

N/A

7,801

5,203

1,670

1,339

# regions with 2
habitat units >
10,000 ha

# viable habitat
units with >
1000 ha of pri-
mary forest

12 of 12

4 of 4

5 0f 19

10 of 12

13 of 15

13 of 13

% of corridor in
forest

8.8

1.1

11.3

6.9

3.1

2.7

% of forest in
depth-of-edge-
influence zone

74

14

33

12

12

12

Total easement
value of se-
lected units
(million reais)

N/A

N/A

140

96

14

12

Optimization Model

TAMARIN assists users to craft conservation strategies and evaluate them but does not enforce
the desired landscape configuration objectives. As such the process is essentially rule-based,
where the rules are the criteria a planner thinks might create a plausible policy option. We also
wanted to have a tool that would select planning units for conservation that did ensure that the
landscape objectives were achieved and do so at least cost. Such optimal solutions may not
always be feasible to implement for other reasons, but they provide a benchmark to measure
how much more it will cost to select a suboptimal solution. The optimization reserve design
process involves the following three steps:

1. Determine for each planning unit the environmental compensation costs and suitability in
terms of amount of primary (and potentially restorable) forest. This was easily done
through queries of TAMARIN’s database.

2. The size of the basic planning unit is small in regard to what would be minimally accept-
able as a viable conservation area. A Planning Patch is defined as a set of connected
planning units, which in concert meet the conditions of resilience. In this second step,
we generate a large number of planning patches, from which to design a reserve sys-
tem. This patch growing process (PGP) is based upon a computer algorithm that sys-
tematically generates possible patches for consideration that contain a minimum of
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10,000 ha of primary and/or restored forest. Further, each Planning Patch must contain

at least 1,000 ha of primary forest.

Patch 412

b

3. The third step involves a large-scale optimization model (OHPAS) that selects a set of
Planning Patches that together optimize a set of objectives and constraints. The idea is
that the set of possible planning patches spans the set of representative design alterna-
tives. The selection of the optimal set involves minimizing cost as well as meeting all of
the desired constraints. The selection of Planning Patches is also subject to the need to
represent different bioregions. Regional distribution constraints maintain that at least a
minimal set of Planning Patches is selected in each region.

Conclusions

TAMARIN was developed to facilitate
the design and evaluation of alternative
scenarios for application of economic
incentives to identify priority sites within
a large region for rainforest conservation
or restoration. In particular, our goal
was to integrate current principles in
conservation biology with economic the-
ory in a GIS framework that makes ex-
plicit the costs and benefits of each in-
centive option. Compensation of the
opportunity costs of conservation is em-
ployed here as an incentive to modify
behavior as an alternative to outright ac-
quisition or command and control strate-

gies such as agroecological zoning. Although we made many assumptions for our example



scenario concerning the desired landscape configuration, opportunity costs, and trends in land
use change, the framework is very flexible in allowing stakeholders and planners to substitute
competing assumptions and objectives. These substitutions can be made as new GIS themes
or simply as parameters to be entered when defining a scenario. We also discovered that users
of the TAMARIN framework invented a mode of flexibility we had not foreseen. At a workshop
held in Salvador, Brazil, in June, 2001, planning groups spontaneously began applying different
economic incentives in different locations as they allocated a hypothetical budget.

The suite of models for optimization of the conservation and economic objectives constitute an-
other significant contribution of the project. The patch growing process, PGP, used GIS data
from TAMARIN to generate a set of sample planning patches that were guaranteed to satisfy
the landscape criteria for minimum patch size and minimum amount of primary forest. Thus any
patches selected automatically achieved the conservation objectives. The OHPAS optimization
model then did the actual selection of the desired number of patches, controlled the amount of
overlap allowed among them, and minimized the cost. This report presents only the initial appli-
cation of this set of models for the corridor. We have only begun research on the implications of
varying assumptions and objectives.

The real value of TAMARIN is not in assisting with making better decisions per se but in facili-
tating the planning process by interpreting spatial information to understand the tradeoffs be-
tween conservation and other social goals. Stakeholders and planners are forced to be explicit
and quantitative in defining the desired future landscape configuration, to think not just about the
current landscape but how it is likely to change, and to be creative in formulating equitable and
affordable economic policies that can achieve the desired landscape with minimal disruption to
the social fabric. The details of designing an incentive program, including the identification of
exactly which parcels are eligible, would still need to be developed at a finer scale with more
stakeholder involvement. Although TAMARIN was tailored to the planning issues and data
sources of south Bahia, the ecological and economic underpinnings make it adaptable to many
other locations.

There are many potential enhancements to TAMARIN that would increase its utility for regional
conservation planning. Several that have immediate value include:

* Allow users to identify a nucleus of a forest block and have an option where the software
would automatically expand each nucleus to a viable fragment, much like the planning
patch program does.

» Developing a formal land use change model was beyond he scope of this project, but
could be a valuable addition to TAMARIN.

< Add an option to design feasible alternative policy instruments for a range of environ-
mental services (carbon sequestration and watershed services) and natural capital (bio-
diversity) and explore the tradeoffs between them.

This project focused on tool development rather than analysis. Thus there are many opportuni-
ties for additional analysis of alternative assumptions, trade-offs, and weights in both the
TAMARIN framework and the optimization tools. We have not yet begun to formally study the
implications of alternative policy options for economic incentives. The incorporation of other
conservation benefits, such as carbon sequestration and watershed services, would make a
richer research and planning environment for determining the relationship between biodiversity
conservation and incentives for other conservation issues.



In the near future, TAMARIN will be made publicly accessible along with the GIS data from our
project collaborators for use in conservation planning in south Bahia. Check our web site at
http://www.biogeog.ucsb.edu/projects/wb/wb.html for updates on its status and applications.

Presentations of the results of this project have been made at two scientific conferences:

TAMARIN: A landscape framework for evaluating economic incentives to foster rainforest resto-
ration. David Stoms. Presented at the 17" Annual Symposium of the International Asso-
ciation for Landscape Ecology, US Regional Association, Lincoln, Nebraska, April 2002.

Solving a large scale reserve design problem in Bahia, Brazil. Richard Church, Ross Gerrard,
and David Stoms. To be presented at the INFORMS Annual Meeting, San Jose, Califor-
nia, November 2002.
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1. INTRODUCTION
1.1 NEED FOR A CONSERVATION PLANNING FRAMEWORK IN MATA ATLANTICA

The extensive deforestation in many tropical regions has had a devastating array of impacts on
biodiversity loss, release of carbon to the atmosphere, and degradation of other ecosystem ser-
vices such as soil productivity and water purification. The most direct and widely used approach
to habitat preservation has traditionally been the management of a network of protected areas.
For the most part, the strategy has been to concentrate first on setting aside sites known to be
extraordinarily ecologically rich or unique, and on remote sites without strong competing eco-
nomic or political claims (Pressey et al. 2000). It is now widely recognized, however, that con-
servation needs both to expand the system of protected areas and to attend to the wider land-
scape outside existing protected areas. There are two reasons for this:

1. Existing conservation areas provide incomplete species and ecosystem representation. The
ad hoc, opportunistic assembly of protected areas has resulted in networks in which some
sets of species and habitats are over-represented while others are left unprotected.

2. Protected areas are often too small or provide too few replications to ensure viable popula-
tions. Inadequate habitat size results in species populations that are too small to maintain
within-species genetic diversity and are susceptible to extinction from systemic stress. Too
little redundancy of habitat patches makes the network susceptible to random catastrophic
shocks. Hence species and ecosystem survival depends on what happens to contiguous
habitats outside the protected areas.

The need to expand spatial coverage of conservation, however, can conflict with other legiti-
mate social goals. To minimize this conflict, agroecological zoning techniques have been insti-
tuted to regulate land use over large areas. Zoning aims to direct development to areas of high
agricultural potential and to restrict land use in ecologically significant and sensitive areas. A
particularly important variant of this approach is the zoning of biodiversity management areas
(Davis et al. 1996) that enhance the viability of the ecosystems involved.

The experience with zoning, however, has been disappointing. Zoning can only achieve its
goals if enforced. Zoning enforcement has typically relied on a command and control approach
rather than on economic incentives. In practice, enforcement has been problematic where zon-
ing imposes potentially large costs on private actors and where political support is lacking. This
points to a need for a deeper economic analysis of the basis of zoning, and of instruments and
institutions that reconcile zoning objectives and landholder incentives.

Emerging market-based instruments for conservation finance may facilitate that reconciliation of
landholder incentives with forest conservation. These include the potential sale of carbon emis-
sions reductions under the Kyoto Protocol, payments for environmental service benefits
(Chomitz et al. 1999) provided by forest habitats, and the potential to establish tradable devel-
opment rights, whereby landholders in environmentally sensitive areas could sell development
rights to those in non-sensitive areas. All these instruments could, in theory, mobilize substan-
tial funds and induce the conservation of areas with high environmental value and low economic
value.

The operational problem in tropical rainforest ecosystems is to deter further forest conversion
and to induce abandonment of pasture in the interstices between forest fragments. This will re-



sult in forest regeneration, reconnecting fragments into viable habitats for all native species.
Stakeholders often have “solutions” in mind of what lands to protect. The overall objectives are
seldom formulated, however, and therefore the tradeoffs between conservation and other objec-
tives are rarely examined.

The spatial variability of environmental and socioeconomic features is complex. The conserva-
tion value of a site is a function both of the site’s attributes and its landscape context, which
changes over time and in relation to other protected areas. Thus selecting a conservation strat-
egy is far from easy and obvious. The challenge for planners is to help define the parameters of
the desired future conditions and then identify affordable and enforceable policies that are likely
to achieve them. Systematic integrated planning forces clarification and quantification of the
conservation and other objectives and evaluation of alternative scenarios.

Chomitz et al. (1999) recommended a framework to guide price setting and prioritization of
lands for financing environmental services, including conservation of biodiversity. This frame-
work, they propose, would enable the simulation of alternative schemes that would “encourage
clarity in the definition of goals and permit the development of simple, implementable strategies
to reach those goals” (Chomitz et al. 1999, p. 168). Because land use, opportunity costs, and
biodiversity value vary spatially, the framework was envisioned as a means to exploit that varia-
tion to craft simple, implementable policy options.

1.2 OBJECTIVES OF THE RESEARCH

In this report we describe an implementation of an analytical framework based upon Chomitz’
suggestions. Specifically, we outline the framework and its basis in current conservation sci-
ence and economic theory, which are used to define the desired landscape configuration for the
conservation objectives. We then present a case study in the “Mata Atlantica,” or Atlantic For-
est, region of south Bahia state in Brazil to illustrate an application of the framework, named
TAMARIN (Toolbox for Analysis of Mata Atlantica Restoration Incentives). We demonstrate
TAMARIN by comparing a series of scenarios, including the present situation and the likely fu-
ture trend. The results indicate the tradeoff between the suitability of sites for conservation with
their value for other purposes.

TAMARIN is a planning support system to assist in regional conservation planning. It is a cus-
tomized ArcView project file, with scripts written specifically for this application in south Bahia
for the Central Atlantic Forest Corridor project. It has been tailored to the GIS data sets com-
piled by our collaborators for this project. It was designed as an exploratory tool for testing vari-
ous strategies and assumptions about future land use in south Bahia against a set of descrip-
tors of the desired forest landscape configuration that is believed adequate to meet biodiversity
conservation objectives. The toolbox is NOT intended as a decision-making device to usurp the
role of policy makers.

TAMARIN performs two sets of GIS-based procedures. First, it assists planning teams to de-
sign scenarios and second to evaluate their economic and ecological consequences. Scenarios
can be created by drawing on an electronic map, by defining rules for selection based on con-
servation and/or economic criteria, or by an external optimization model developed for the pro-
ject. Scenarios can be constrained by a maximum budget limit or can be unconstrained with the
total costs being calculated as a consequence of the plan. The framework can then calculate
the effects of the scenario and create a series of GIS themes, tables, graphics, and reports that
summarize the salient features for comparison with the present situation and other scenarios.



In addition to TAMARIN, the project developed an external optimizing land allocation model that
selects the most cost efficient set of areas for conservation action that satisfies the desired fu-
ture landscape configuration, if feasible within the budget constraint. The output can be con-
verted to an ArcView shapefile of the selected set of planning units, which is then evaluated in
terms of the same socioeconomic and environmental factors as other scenarios inside TAMA-
RIN. The optimal scenarios therefore set benchmarks against which scenarios for various pol-
icy instruments can be compared.

1.3 OUTLINE OF THE REPORT

The report is intended to describe the conservation and economic principles incorporated into
the TAMARIN framework tool and to summarize its primary features, as these would be helpful
to corridor planners. We begin in the next major section with an overview of the planning con-
text and issues in the Central Atlantic Forest Corridor in south Bahia, Brazil. The third section
summarizes the conservation and economic principles that underpin the framework. Section 4
describes the conservation objective for this particular corridor based on the principles in Sec-
tion 3. We then outline the assumptions that we made or that were recommended by our col-
laborators, concerning the likely future land use of the corridor region in the absence of conser-
vation interventions and about the ecology of forest restoration and edge effects. The frame-
work is flexible enough to allow planners to test alternative assumptions. Section 5 outlines the
basic procedures used to design a corridor, while Section 6 works through a sample exercise.
Section 7 describes the development of the optimization model and companion software by Rick
Church and colleagues to provide benchmark scenarios for TAMARIN. The report concludes
with the significant findings of the project, including the results of a workshop in Brazil in June
2001, in which TAMARIN was introduced to and exercised by a diverse group of Brazilian bi-
ologists, conservationists, and agency staff. We also sketch out how TAMARIN would be modi-
fied to accommodate revisions in the database and more broadly the revisions needed to adapt
it to other corridor projects. The appendix contains a detailed user manual for operating TAMA-
RIN.

1.4 DEFINITIONS

Before describing the software and its use, here are definitions of key terms that are used
throughout the report:

» bioregion—a subdivision of the planning region or corridor that distinguishes distinct biologi-
cal composition. In south Bahia, bioregions were delineated by vegetation formations (east
to west) and assemblages of endemic flora and fauna (north to south). Representation (see
below) goals are set for each bioregion.

* business-as-usual scenario—a future land use pattern that is expected from current trends if
no conservation intervention occurs. One such scenario is provided with TAMARIN, but the
system allows users to substitute their own projections.

e cabruca—a traditional system of growing cocoa under the shade of native overstory trees,
often with intervening patches of primary forest, and therefore considered important for the
preservation of flagship primate species in the corridor (Alger and Caldas 1994).

» core forest—primary or restored forest (see below) that is beyond the influence of edge ef-
fects and thus provides habitat for forest interior-dwelling species.



corridor—a planning region comprising a mosaic of land uses, including a network of parks,
reserves and other areas of less intensive use whose management is integrated to ensure
the survival of the largest possible spectrum of species unique to that region.

depth-of-edge influence zone—the transition zone between the edge of agriculture, pasture,
or urban land uses (see below) and core forest (see definition above) in which it is assumed
that ecological processes such as fire regime and microclimate are altered. In TAMARIN,
users can specify the distance of the depth-of-edge influence zone, although we provide a
default value of 300 m based on Gascon et al. (2000).

easement opportunity cost—this represents an estimate of the opportunity costs to the land-
owner if their land were included in the conservation corridor. Because the owner maintains
title to the land and some opportunities to use it, this value is less than the land value (see
below). Several estimates of easement value were made based on different assumptions of
the opportunity costs for forest and cabruca land.

edge forest—forest adjacent to agriculture, pasture, or urban land uses and therefore sub-
ject to conditions hostile to forest regeneration, which leads to a decline in its value as forest
habitat for interior-dwelling species (in contrast to core forest) (Gascon et al. 2000).

Environmental Benefits Index—we use this term that was coined for the USDA Conservation
Reserve Program (described in Chomitz et al. 1999) as a measure of the desirability of re-
storing or protecting a planning unit, based on simple ecological and economic criteria.
Several versions of an environmental benefits index are provided in TAMARIN based on dif-
ferent assumptions of the value for secondary forest and cabruca land.

framework—we refer to TAMARIN as a framework because it structures the design and
evaluation of alternative conservation strategies. We prefer this term to “model”, which im-
plies an underlying ecological or social process.

gap-crossing distance—the distance across non-forest habitat that a species is known or
believed to be able to traverse to move between forest patches. Patches of forest sepa-
rated by less than this distance are considered part of the same functional patch. In TAMA-
RIN, we assume this distance to be 1km, based on expert opinion about the ecology of the
yellow-breasted capuchin, although users have the option to modify this variable.

incentive offer— a potential payment to a landowner in exchange for a modification in land
use that will achieve desired conservation objectives, prescribed by a formula or schedule.
Landholders accept or reject the offer depending on whether it is greater or less than the
opportunity costs associated with the change in land use. In TAMARIN, we assume that in-
centive offers are equal across the entire corridor, although the user can specify the amount
in a given scenario.

land value—the market value of the land and improvements, as imputed from a survey of
~250 farms in the corridor. This represents the price of acquiring title to the land.

matrix—the dominant land use or land cover of a region in which forest fragments are em-
bedded. Some matrix types are more conducive to biodiversity conservation than others.
For instance, a matrix of cabruca is more valuable to the maintenance of forest primates
than a matrix of pasture.



optimization—a model from operations research that selects planning patches that achieves
the conservation objectives at the least possible cost.

planning unit—the spatial unit used to analyze patterns of biotic diversity and land values in
order to identify priority areas. For this project, we have chosen square cells of 990 meters
on a side as the planning units. These units are large enough to compensate for uncertainty
in the spatial data and to keep the size of the analysis manageable, yet small enough to al-
low flexible selection of alternative scenarios that respond to spatial variation in costs, resto-
ration suitability, and existing land uses.

planning patch—a set of connected planning units, which in concert, meet the required con-
ditions of size, quality, compactness, and shape for the optimization model.

redundancy—designating multiple sites for each element of biodiversity as backups to guard
against catastrophic environmental or population fluctuations (Shaffer and Stein 2000).

representation—maintain the full range of biodiversity, including species, habitats, environ-
mental types, and genetic variation by designating a network of sites that saves some of
everything (Shaffer and Stein 2000).

reserves—Ilands legally protected for biodiversity conservation.

resilience—designating sites of adequate size so that natural processes can operate at their
characteristic spatial and temporal scales and increase the likelihood of maintaining species
(Shaffer and Stein 2000).

restored forest—forest that regenerates spontaneously (if near existing primary forest or
cabruca) or through reforestation (if isolated from existing forest) if the current land use is
abandoned, such as in response to an incentive payment to the landowner.

scenario—an alternative strategic allocation of land uses guided by a set of assumptions
and choice of planning units for conservation intervention.

viable habitat unit—a patch, or functionally connected set of patches (within the gap-
crossing distance—see above), that is at least as large as the specified minimum size to
maintain a population of one of the flagship species of the corridor, the yellow-breasted
capuchin. A viable habitat unit can include both core and edge forest, although scenarios
are evaluated in part by the proportion of edge forest. In TAMARIN, we assume that this
minimum area is 10,000 ha, based on a population viability analysis, although users can
modify the size for a scenario.



2. CENTRAL ATLANTIC FOREST CORRIDOR

The Atlantic Forest, Mata Atlantica, is by far the most threatened major ecosystem in Brazil, with
less than 8% of its original area remaining. Conservation International places it third on its list of
the 19 highest-priority habitats for conservation on the planet (based on the combination of
threat and uniqueness). Many have recognized this ecoregion as a global (Myers 1988, Mitter-
meier et al. 1998, Olson et al. 1998) or regional priority (Dinerstein et al. 1995). The environ-
ment is highly variable in its topography, soils, climate, and land use history. This environ-
mental diversity has generated a unique biota with large numbers of endemic species adapted
to living in small populations in semi-isolated habitats (Brown and Brown 1992).

Within the Mata Atlantica, the area in southern Bahia is considered one of the highest priorities
(Conservation International 1994). It is considered a significant center of endemism for several
taxonomic groups (Thomas et al. 1998). In response to this global importance, the Pilot Pro-
gram for the Brazilian Rain Forest (PPG-7) has funded a major biodiversity conservation project
for south Bahia. The project area is named the Central Atlantic Forest Corridor (hereafter re-
ferred to as the “Corridor”) (see location map below). The dimensions of the Corridor are ap-
proximately 580 km (north-south) by 150-250 km (east-west).

Within a tropical area this large, there is naturally a significant variability of landscapes and land
uses. Nine distinct bioregions are recognized in the Corridor. Along the immediate coast lies a
narrow band of coastal, wetland, and riverine ecosystems. From east to west, the wetter biore-
gions support a tropical wet forest that grades into moist or semi-deciduous forest in the interior
(Fonseca 1985, and Thomas et al. 1998). In the far north, this semi-deciduous forest grades
into scrubby, savanna-type vegetation known as caatinga. Field surveys conducted by the
PROBIO project and others (Thomas et al. 1998) have revealed a remarkable species replace-
ment in both flora and fauna across the north-south gradient of the corridor. In particular, the
Rio de Contas and Rio Jequitinhonhia form biogeographic barriers that foster speciation. Con-
sequently, they further divide the vegetation types into bioregions. Of the nine bioregions,
seven originally had primary forest typical of the Mata Atlantica and will be used in Corridor
planning for setting representation goals. The coastal/wetland/riverine and the Northern caat-
inga bioregions contain different forms of vegetation that would require different conservation
strategies from those evaluated here.

Besides the biological differences between bioregions, there are related differences in land use
and land tenure. The northern and central lowland forest bioregions are dominated by cabruca,
a form of shade plantation for cocoa. Cabruca provides better habitat for forest canopy species
than most other forms of agriculture but is not as suitable for understory birds as primary forest.
Unfortunately, global market forces, government policies, and invasion of a devastating crop
disease, are inducing farmers to convert cabruca to pasture (Alger and Caldas 1994). Farm
size tends to be smallest and population density is greatest in this part of the Corridor. The
southern tabuleiro forest bioregion retains some of the largest forest fragments in the corridor
region (Fonseca 1985). Farm size tends to be larger, and as a result, population density tends
to be lower than in the northern bioregions. The interior semi-deciduous forest bioregions have
been largely converted from forest to pasture, with only clusters of very small forest fragments
remaining. Eucalyptus plantations managed by large resource corporations to produce wood
pulp are becoming a major land use in this bioregion. Of the 74, 219 kmz in the Corridor, only
6,458 kmz (645,800 hectares or 8.8%) remains as primary forest.
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Despite the significant loss of forest habitat, there have been no unequivocal species extinctions
in this ecoregion (Brown and Brown 1992). Brooks and Balmford (1996) predict, however, that
extinctions will accelerate after a relaxation period if sufficient habitat is not restored promptly.
This threat of mass extinction is further exacerbated by gloomy prospects that current trends in
forest loss and fragmentation will abate. Preserving individual fragments will probably be insuf-



ficient to reverse these trends, as many fragments are too small to maintain viable populations
of many species (i.e., low resilience). Current law and precedent are ineffective, if not counter-
productive, to preserving and restoring forest ecosystems and their wealth of species. Without
interventions to maintain, expand and link forest habitats, the forest ecosystems of the southern
Bahian Atlantic Forest and much of its biodiversity appear to be doomed to extinction within the
next ten years. Further, these interventions must be applied throughout the Corridor region, or
many locally endemic species will be lost.
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Land reform is an important social issue in the Corridor. The government has transferred land
in small tracts to groups of landless workers for them to settle and provide their livelihood.
These often are lands with low value because they are marginal for agricultural production. Not
coincidentally, these same lands frequently contain fragments of primary forest. Allocating such
lands to a conservation scenario might conflict with the original goal of land reform. However, if
forest land in these settlements were to be part of a conservation strategy, it would provide an
opportunity for the settlement to receive incentive payments that may outweigh the potential in-
come from farming.



3. CONSERVATION AND SOCIOECONOMIC PRINCIPLES IN THE FRAMEWORK
3.1 CONSERVATION PRINCIPLES (REPRESENTATION, REDUNDANCY AND RESILIENCE)

Conservation science has identified three fundamental principles for conservation of biodiver-
sity: representation, resilience, and redundancy (Shaffer and Stein 2000). It is critical to main-
tain the full range of biodiversity, including species, habitats, environmental types, and genetic
variation by representing this range in a network of sites managed primarily to ensure their per-
sistence. Besides affirming the intrinsic value of biodiversity, representation is a hedge against
the loss of species that play a crucial but undiscovered role in ecosystem functioning or that
could be a source of new biotechnological material. Even with samples of all biodiversity ele-
ments represented in multiple sites, each site must be resilient or resistant to impacts from ad-
joining landscapes. The most basic solution to this is to protect or restore sites of adequate size
so that natural processes can operate at their characteristic spatial and temporal scales. If only
a single large, resilient sample of each species or habitat is preserved, catastrophic environ-
mental or population fluctuations could still extirpate it. Therefore, the redundancy principle pre-
scribes managing multiple sites for each element of biodiversity. This replication of sites also
reinforces the representation goal by requiring samples across environmental gradients with the
corresponding variation in genotypic and ecotypic responses. With limited resources, planners
must choose between optimizing for resilience (larger but fewer reserves) and redundancy more
but smaller reserves). Cost considerations may come into play here, as it may be more difficult
and expensive to construct large reserves. Other things equal, Pelletier (2000) found that if
species survivability is low in the matrix of surrounding land uses, then single large reserves are
optimal over many small reserves. In other words, the minimal strategy to protect the whole en-
semble of biodiversity in a region is to manage a system of relatively large sites that represents
several viable populations of all species.

Many studies have reported on the degradation of forest fragments in a zone around their pe-
rimeter (e.g., Gascon et al. 2000). Adjacent land use practices such as burning modify the dis-
turbance regime, which in turn can change the structure, composition, and function of the forest
edge for hundreds of meters. Not only does this alteration reduce the resilience of the fragment,
it is a dynamic process of attrition that in a harsh landscape matrix will continue to penetrate in-
ward and reduce the size of the core habitat. In fact, fragments as large as 1000 hectares could
be entirely within this altered edge zone (Gascon et al. 2000) and thus be poor representatives
of primary forest habitat.

Conservation science has been more equivocal on the subject of connectivity and distance be-
tween (or proximity of) protected sites (Shafer 2001). As habitat becomes more fragmented, the
individual patches tend to become more isolated from one another. What was once a large sin-
gle population may become a metapopulation with periodic extinctions and recolonization of in-
dividual patches (Hanski 1994). With even further patch isolation, recolonization may become
impossible and the entire metapopulation may be at risk. Having patches near each other,
however, increases the risk of extinction from catastrophic events such as wildfire, disease, and
extreme climate events. Habitat connectivity can be maintained with corridors or linkages (in-
cluding “stepping stones”) between habitat patches. These linkages contain the same habitat
as the patches or at least habitat that is adequately suitable for a species to traverse. The cor-
ridor literature is ambivalent about the pros and cons. Species differ in their behavioral re-
sponse to corridors. Some species use them; some do not. The value of a corridor depends on
its length and width, and thus a linkage of suitable habitat types is not automatically of benefit to
a species. Long thin corridors by definition contain mostly edge habitat. For many species, this
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may increase their exposure to predators. Ecological theory also suggests that maintaining lar-
ger patches outweighs the negative effect of greater isolation for the same total area of habitat,
particularly in cases where patches are already so isolated that there is no dispersal or coloniza-
tion between them (Harrison and Fahrig 1995). At the biogeographic scale of the study area in
south Bahia, we have not found adequate supporting information to justify the specification of
linkages between forest patches as a requirement of the desired landscape configuration. Con-
sequently, we have chosen to emphasize resilience (habitat block size) over connectivity in de-
signing the Central Atlantic Forest Corridor.

If we assume there are two forest patches in a planning region, one larger and one smaller.
There are at least five strategies, according to Possingham et al. (in press) regarding where to
invest in a fixed amount of restoration, each of which increases representation equally in terms
of hectares protected:

1. Make the existing large patch bigger (increase resilience);
2. Make the existing small patch bigger (increase resilience);

3. Link the two patches (increase connectivity with mixed effects on resilience, decrease
redundancy);

4. Make one large patch (increase resilience, decrease redundancy);
5. Make many small, widely distributed patches across the region (increase redundancy).

Each strategy helps achieve some conservation objectives, such as representation across envi-
ronmental gradients, connectivity, or viability through larger contiguous habitats. Yet each
strategy alone cannot satisfy all objectives simultaneously. The implications of the strategies on
their relative effectiveness are not always obvious. The implications of various strategies on
other land uses, regional economics, etc. must also be considered. Thus planners must exam-
ine the trade-offs between strategies.

Surprisingly, most published studies of reserve siting models focus almost exclusively on the
representation objective and give only tacit acknowledgment to the need for resilience and re-
dundancy. Often representation is quantified as a single occurrence of a species or a habitat
type (e.g., Kirkpatrick 1983, Margules et al. 1988, Church et al. 1996). Some projects have
gone beyond this simple representation to achieving some quantitative level of representation
such as setting areal objectives for each habitat type (Davis et al. 1999). Conservation planning
for The Nature Conservancy in the United States has embraced the redundancy principle by
aiming for representation of multiple occurrences in an ecoregion (Davis et al. 1999). We have
seen few examples where resilience is directly addressed (e.g., Swetnam et al. 1998). It is indi-
rectly considered in the areal representation goals (e.g., at least x hectares), but there is no
guarantee that this will be achieved in patches of adequate size. At best, resilience is deferred
to the reserve design stage of conservation planning by choosing boundaries that enclose ade-
guate habitat (Kremen et al. 1999).

In summary, we extract the following conservation goals from these conservation principles—1)
entire environmental/species gradients should be represented, 2) at the biogeographical scale,
representation should only be counted if a forest fragment is larger than the area needed to
maintain viable populations of focal species, 3) edge habitat is less suitable for interior forest
species and should not count toward the representation goals, 4) several such forest fragments
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are necessary in each region as backups in case of catastrophic loss of any single fragment,
and 5) restoration is most likely to be successful in close proximity to primary forest fragments.
The TAMARIN framework was designed to evaluate and compare proposed landscape configu-
rations in terms of these factors. It should be noted that whereas biological theory says repre-
sentation, redundancy, resilience, and connectivity are all important, it cannot currently guide
planners about the relative importance when choices must be made between them
(Possingham et al. 1997). For instance, there are no clear guidelines between making a re-
serve larger (more resilient) versus adding more reserves (redundancy) of the same total area
or cost.

The goal of virtually most biodiversity conservation programs is to maintain viable, self-
sustaining populations of native species and ecosystem processes that sustain their habitats.
At the same time, societies generally have other goals regarding issues such as economic pro-
duction and growth, social equity, and land rights. Often the attempt to balance these poten-
tially conflicting goals has resulted in a network of protected nature reserves in locations with
the least competition with resource extraction. Thus these networks tend to be biased towards
the least fertile and most rugged landscapes, which represent only part of a region’s biodiversity
(Pressey et al. 2000).

3.2 ECONOMIC PRINCIPLES (LEVEL OF SPECIES RISK, OPPORTUNITY COSTS, ECONOMIC INCEN-
TIVES)

Shogren et al. (1999) identified three reasons why conservation planning should consider eco-
nomics: 1) to determine the level of risk to species, 2) to account for opportunity costs of fore-
gone resources, and 3) to formulate incentives that can effectively shape human behavior to
achieve conservation objectives. We address the latter two aspects in relation to economic the-
ory and the formulation of the TAMARIN framework.

Despite the view of some conservationists that preserving biodiversity is a fundamental ethic
beyond consideration of economic value, the practical reality is that many decision-makers give
prominent attention to the direct and indirect costs of conservation. Command-and-control
strategies for conservation impose potentially large costs on private actors, and political support
is often lacking. This points to a need for a deeper economic analysis and design of instru-
ments and policies that reconcile conservation objectives and landholder incentives.

Habitat loss is the primary factor in species endangerment, and habitat conversion predomi-
nantly occurs on the highest valued, most productive land. Theoretical spatial models of rural
land value and land use date back to the von Thinen model of 1826. The von Thiinen model
explains land values as a function of farmgate price, in turn dependent on distance to the mar-
ket. The Ricardian tradition emphasizes the role of soil quality as the determinant of land value.
The ability to estimate and implement such models empirically became feasible only with the
advent of relatively inexpensive and accessible GIS (geographic information systems). These
permit the creation of databases which link agroclimatic and geographical descriptors of large
numbers of land plots. Using this approach, Mendelsohn et al. (1994) used a 'Ricardian' model
to estimate county-level rural land values in the USA as a function of agroclimatic variables and
used the model to predict spatial changes in land value as a function of climate change. In the
context of tropical deforestation, Chomitz and Gray (1996) derived and estimated a reduced-
form bid-rent model in which the value of a particular plot of land for a particular use depended
on its agroclimatic suitability, accessibility to market, and tenure characteristics; land was as-
sumed to go to its highest-valued use, or remain idle if no use had a value over some threshold.
The model was estimated on sample points selected using a regular lattice across the land-
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scape. This allowed continuous imputation of bid-rents or conversion probabilities across the
landscape.

Among the indirect costs are opportunity costs, the economic value of land and resource use
that is foregone by allocation of land to another use such as conservation (Shogren et al. 1999).
Until recently, the reserve site selection literature did not include opportunity costs of protection.
That is, all sites were implicitly assumed to have equal cost per unit area and only varied in their
perceived biological value. The pioneering work of Magrath et al. (1995) was to stress the im-
portance, and spatial variability, of opportunity costs. That paper attempted to impute both bio-
diversity values and economic opportunity costs over the landscape of West Kalimantan prov-
ince, Indonesia. Economic opportunity costs were based on imputed farm profits, unadjusted
for geographical variation in farmgate prices; timber values were not considered. Faith et al.
(1996) examined tradeoffs between a biodiversity measure and opportunity costs of forestry
production in southeast Australia.

Emerging market-based instruments for conservation finance may facilitate that reconciliation of
landowner incentives with forest conservation. These include the potential sale of carbon emis-
sions reductions under the Kyoto Protocol, payments for environmental service benefits
(Chomitz et al. 1999) provided by forest habitats, and the potential to establish tradable devel-
opment rights, whereby landholders in environmentally sensitive areas could sell development
rights to those in non-sensitive areas. All these instruments could, in theory, mobilize substan-
tial funds and induce the conservation of areas with high environmental value and low economic
value.

Conserving biodiversity is a social goal that often exacts a cost on individual landholders. As
mentioned above, enforcement can be problematic if these costs are high, which if imposed ex
post might be construed as a legal “taking” or reduction in the utility value of an owner’s land.
Economic incentives are an alternative approach to elicit the desired behavior either by offering
a payment (increase income) or financial relief (decrease costs). Such incentives have been
more widely implemented in pollution reduction programs for air and water quality objectives,
but there are examples in biodiversity conservation as well. In Scotland, the government pays
farmers to restore woodland. The rate of payment is based on the costs of reforestation. Mac-
millan et al. (1998) used a cost-effectiveness analysis to evaluate the program by comparing the
cost of restoration with the potential for restoration. They concluded that the most promising
and least expensive restoration practices were natural regeneration near existing woodland,
whereas the incentive program encouraged restoration far from woodland patches where the
most labor intensive practices were required for success. Basing payments on landowner costs
rather than conservation benefits may be appropriate when mandatory regulations are imposed
but not for voluntary programs (Macmillan et al. 1998). Rather than excluding areas with low
conservation value or high restoration costs a priori from consideration, they recommend em-
ploying a transparent system like bidding or points and let owners decide what is in their best
interest. This recommendation is similar to the Conservation Reserve Program in the USA
(cited in Chomitz et al. 1999), although eligibility is restricted to broad areas of conservation pri-
ority. Chomitz et al. (1999) also remark that a truly market-based approach cannot fully
monetize the conservation value of individual properties. The level of biodiversity protection is
an attribute of the entire landscape, so any single parcel’'s marginal contribution is dependent on
the overall landscape configuration and complementarity with other conserved parcels and
therefore is not predictable a priori. Some researchers have formulated the total benefits of re-
serve selection as the marginal ecological benefits summed over the selected set of planning
units (Hyman and Leibowitz 2000), but we contend that the benefits are a global property of the
whole region.
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From these theoretical and empirical studies, we incorporated the following economic principles
into TAMARIN: 1) opportunity costs vary spatially in response to relatively predictable biophysi-
cal and socioeconomic factors; 2) recognition of the variability may lead to more cost efficient
conservation strategies; 3) economic incentives will more likely elicit the desired behavior from
private landholders than command-and-control strategies; and 4) policy instruments derived
from these principles must be based on a relatively simple set of rules that address the conser-
vation objectives, yet are understandable and equitable to all stakeholders. Part of the chal-
lenge is that policies are directed towards changing land uses with the hope that those changes
will produce the desired outcomes in landscape structure/function/composition (Ofiate et al.

2000).
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4. ASSUMPTIONS

We assumed that recent land use trends will continue over the next one or two decades if con-
servation interventions are not applied. Specifically, we assumed:

Land use trends under a Business-as-usual scenario

Primary forest will no longer be converted to other uses because it primarily remains on
marginal lands and has legal protection. However, it will continue to be degraded into sec-
ondary forest through firewood gathering and other resource extraction, hunting, and other
human-related impacts. Secondary forest will be permanently converted to pasture or agri-
culture except where adjacent to primary forest. Because of the declining economics of co-
coa production in the corridor, cabruca will be entirely replaced by other forms of agriculture
including sun-grown cocoa, coffee, or crops or pasture. Pasture and agriculture and euca-
lyptus plantations will generally remain. Urban land uses and other habitat types (e.g.,
mangrove, wetlands, water bodies, etc.) cannot be converted into forest and are assumed to
remain in their present condition. The modeling framework allows substitution of other fu-
ture scenarios, but we limit our discussion here to this ‘business-as-usual’ scenario.

Agricultural land and pasture that is abandoned (no longer actively kept free of trees) will be
recolonized as secondary forest within a relatively short period (circa two decades). It may
take many decades, however, before it becomes suitable habitat for interior forest-dwelling
species (Sorensen and Fedigan 2000). We assume that these lands can eventually recover
as forest if they are located within 1 km of primary forest that functions as a seed source.
Otherwise, they tend to only partially recover as scrubby second growth known locally as
‘capoeira.” Cabruca, because it retains most of the native canopy trees, will recover more
quickly. Beyond 1 km of forest, reforestation requires manual intervention for planting at a
cost of $1000/ha.

Primary forest in existing reserves will be protected from serious degradation, and disturbed
sites in reserves will gradually recover (with only modest additional protection costs).

Opportunity costs and other conservation costs

A conservation program for the corridor can either purchase land or purchase easements on
the land. Purchase of the land will cost the market value of the property. Because use of
forested land is already restricted, but forested land nonetheless has value, we assume that
the cost of a conservation easement is less than the cost of outright purchase. In either
case additional recurrent management costs are necessary.

Conservation goals

Using a formal framework to design the Corridor forces conservation planners to be con-
crete about the specifications of a minimum acceptable landscape configuration that is nec-
essary (to the best of our scientific understanding) to preserve and restore this section of the
Mata Atlantica. We consulted with biologists working in the corridor area to develop these
specifications, which we defined in terms of representation, redundancy, and resilience pa-
rameters. To conserve the full range of endemic species, and in the absence of compre-
hensive species data, it was decided to require representation of forest habitat in all seven
forest bioregions delineated by Thomas and colleagues (unpublished data). Redundancy
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was evaluated by seeking at least two of these forest habitat units in each ecoregion. To
count toward the representation and redundancy goals, a contiguous area of forest (primary
and, if necessary, restored forest) had to be at least 10,000 ha. This figure was based on
unpublished analysis of extinction probabilities for the Cebus xanthosternos, the yellow-
breasted capuchin, (Adriano Pereira Paglia, unpublished data), a primate considered one of
the range-demanding or “umbrella” species of the corridor. A contiguous habitat unit of this
size is expected to give 95% probability of survival for 100 years. Because C. xanthoster-
nos can traverse nonforest habitats to reach other forest fragments, we relaxed the contigu-
ity requirement by allowing fragments within 1000 m to be considered part of the same habi-
tat unit.

» Edge effects will degrade small forest fragments over time, rendering them of low biodiver-
sity value. We assume a depth-of-edge-influence extending 300 meters from edges into
forest fragments (Gascon et al. 2000). Core forest was defined for this study as primary or
restored forest greater than 300 m from an edge of agriculture/pasture or urban area.

These were our working assumptions as a baseline for analysis. However, TAMARIN is config-
ured such that most of these assumptions can be modified by a user, either by changing values
in a text box in a dialog form or substituting a different spatial theme for our original one.

We readily acknowledge that additional conservation objectives, including connectivity, are
important and that saving a handful of modest size forest fragments is insufficient to maintaining
all biodiversity of the Central Atlantic Forest Corridor. Many species are endemic to a single
watershed or hillside and are not likely to be represented in this admittedly sparse network of
reserves. We emphasize, however, that our guideline from our collaborators was to design the
first stage of a corridor program. They believed that it was critical to save the larger fragments
first, since their fate was extremely precarious. Once they were lost, a viable corridor would not
be possible.
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5. TAMARIN OPERATION

TAMARIN performs two sets of GIS-based procedures. First, it assists planning teams to de-
sign scenarios and second to evaluate their economic and ecological consequences. Scenarios
can be created by drawing on an electronic map, by defining rules for selection based on con-
servation and/or economic criteria, or by an external optimization model developed for the pro-
ject. Scenarios can be constrained by a maximum budget limit or can be unconstrained with the
total costs being calculated as a consequence of the plan. The framework can then calculate
the effects of the scenario and create a series of GIS themes, tables, graphics, and reports that
summarize the salient features for comparison with the present situation and other scenarios.
The section that follows summarizes the procedures. They are described in detail in the user
manual in the appendix.

5.1 PROCEDURES FOR CREATING A SCENARIO

The procedures for selecting are divided into three sequential steps. First the planner defines
the parameters of a scenario in a form or dialog box. Next the planner selects planning units for
the scenario by one of four methods as described below. The final step applies the budget con-
straint, if appropriate, to further refine the selection of planning units.

Each scenario will have different parameters. The first step is to define what those parameters
will be, through a series of dialog boxes or forms, scrolling lists of files, and radio buttons.
These represent factors such as the budget, payment method, desired landscape configuration,
and assumptions.

A planner can select planning units through one of three methods. The first method is interac-
tively using ArcView's selection tool, either by clicking on planning units individually or clicking
and dragging the cursor across a rectangular area. This works well when a planner has specific
sites in mind for a scenario.

Alternatively, a planner may not know exactly where to restore forest but has a good under-
standing of the characteristics of the best locations. Then they can query the attributes of the
planning unit coverage in terms of Boolean logic. For instance, a planner can query for units
with attribute values =, >=, <= some value for land value or restoration suitability.

The planner or someone else may have created a shapefile (either previously or using the Arc-
View graphic tool and converting the graphic into a shapefile) that portrays a potential conserva-
tion corridor. By choosing the ‘Select by Theme’ option, this shapefile can be selected with the
browser and have it select all planning units that occur within the boundary of its features. One
example of the Select by Theme option is to evaluate an optimal scenario derived from the ex-
ternal optimization model (OHPAS) developed by Dr. Richard Church and colleagues for this
project (see Section 7).

It is possible for the planner to select so many planning units that the initial scenario may ex-
ceed the budget specified in the scenario definition step. TAMARIN checks if a budget limit was
set. If the planner did set a budget limit, the planning units are sorted either by their
‘Land_Value’ or ‘Easement_Value’ attribute in ascending order or the mean suitability attribute
in descending order and sums the appropriate costs until the budget constraint is reached. The
choice of which cost to use is based on the selection of whether to purchase land or easements
in defining the scenario. Planning units below the constraint are then selected, while those be-
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yond the constraint are deleted from the scenario. Thus the procedure selects either the least
expensive units or those with the greatest relative suitability for restoration or conservation for
the budget. After running this step, a new shapefile named after the scenario name will be cre-
ated and added to the Analysis View.
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5.2 EVALUATING A SCENARIO

Once the scenario parameters have been defined and the set of planning units has been se-
lected, the next group of procedures perform the evaluation of the scenario, including the fore-
cast of future land cover/use; a summary of the economic and environmental effects; a series of
landscape indices regarding the resulting landscape configuration relative to the conservation
objectives; and preparing a summary report about the scenario.
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The first evaluation step combines the data from the restoration option for selected planning
units with the business-as-usual grid for the remaining lands to create a future land use forecast
for the scenario. It is also necessary to derive some summary measures about it that can be
compared to other scenarios, to the current situation, to the business-as-usual scenario, and to
the conservation objectives. TAMARIN computes the summaries and prints them to a series of
tables, including the future percentage of land cover/use types, the percentage of forest and
cabruca types by each biophysical zone in the future land use scenario, and the total costs and
restoration suitability for the selected planning units. The framework also derives a set of land-
scape measures on the size of fragments, the proportion of core vs. edge forest, and the num-
ber of fragments by bioregion the exceed the minimum habitat size and therefore contribute to
the conservation objectives.
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6. APPLICATION OF TAMARIN

We used TAMARIN to design and evaluate five basic scenarios, including three that conserva-
tionists in the corridor had previously suggested. These are highly stylized scenarios for illustra-
tive purposes, and are not intended to represent actual attempts at corridor design. This pro-
vided an opportunity to demonstrate TAMARIN to a workshop in Salvador, Bahia, in June,
2001, illustrating the tradeoffs inherent in corridor planning and the value of a formal framework
for doing it. The results presented here differ slightly from those presented at the workshop be-
cause there have since been modifications in land values, planning units, and bioregions. We
also include one of the optimal scenarios here as a benchmark for comparison with other de-
signs.

The scenarios were:

» Current—an evaluation of the present situation according to the landcover map, which was
derived from 1997 satellite imagery. This defines a benchmark of how the landscape is cur-
rently configured.

* Business-as-usual—our assumption about the likely future if no conservation interventions
were applied except for existing reserves.

» Cabruca—regenerate forest from current cabruca areas(i.e., select all planning units with
greater than 50 ha of cabruca).

* Link reserves—Ilinking the existing reserves with a series of connecting swaths of habitat of
1-2 km wide. The highest cumulative path of habitat suitability, analogous to a least cost
path, determined linkages.

* Viable islands—manually selecting blocks of planning units to meet the conservation objec-
tives in high suitability/low cost areas. This scenario was an attempt to manually emulate an
optimization approach to show, to a first approximation, how efficiently the objectives might
be met.

* Optimal benchmark—a least cost scenario that ensures that at least two habitat blocks are
protected per bioregion, and that the blocks are at least the minimum size and contain at
least 1,000 ha of primary forest (see Section 7 for an explanation of the optimization model).

Scenarios were evaluated according to ecological and socioeconomic criteria. The ecological
goals of representation, resilience, and redundancy were deemed met if each of seven distinct
bioregions encompassed at least two protected ‘viable habitat units’ of 10,000 connected hec-
tares each. Habitat in the viable habitat units could consist of primary forest or abandoned land
(secondary forest, cabruca, or agriculture/pasture) assumed to regenerate into forest. Addi-
tional ecological criteria included area of primary forest placed under protection, the number of
habitat units with at least 1,000 ha or primary forest as a source of propagules, and proportion
of total forest exposed to edge effects. Socioeconomic criteria included affected population and
opportunity cost of conservation. We considered two alternative assumptions about the oppor-
tunity cost of conservation. The high assumption used the full market value of the land; the low
assumption assumed that landholders derived some benefits from the land even if agricultural
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uses were restricted, and hence that a conservation easement could be purchased for less than
the full market value®.

The following table summarizes key results for the six scenarios. There are several striking re-
sults worth noting in the table. First, in the current scenario the conservation objectives are met
in six of the seven bioregions, but the majority of remaining forest consists of small patches
(mostly edge forest) within the gap crossing distance. That is, very few of the fragments are
large, relatively round blocks of core habitat. As a consequence of our business-as-usual as-
sumptions, the percentage of primary forest significantly declines in the other four scenarios
(from 8.8% to less than 2% in most cases). Much of this decline is in the loss of small, scat-
tered fragments consisting of mostly edge forest (note that % of remaining forest is in the edge
zone in the Current scenario). This lack of remaining large fragments required the restoration of
nearly half of the planning units selected in both the Viable islands and the optimal benchmark
scenarios. In addition, the habitat-friendly cabruca land use disappears by assumption in all
future scenarios, thus lowering the habitat quality of the matrix (the nonforest agricultural lands
surrounding natural habitat). Maintaining cabruca as a strategy (while failing to conserve pri-
mary forest) entails very high loss of primary forest and extremely high financial cost, while still
not achieving the conservation objectives in two bioregions where cabruca is not found. By fo-
cusing directly on the stated conservation objectives, a corridor can apparently be designed at a
remarkably low financial cost, as low as $6 million US (R$12 Brazilian) for easements or envi-
ronmental compensation, by our initial estimates for the optimal benchmark scenario. However,
the optimal benchmark was unable to find a second planning patch or block in the Northern
Semi-deciduous bioregion that was of minimum size and also contained enough primary forest.

2 Easement_Value4 option was used for easement opportunity costs. See description of this assumption in the users
manual in the appendix.
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Baseline Scenarios

Present
(Curr97)

Business-
as-usual
(BAU)

Restore
cabruca
(Cabruc)

Link re-
serves
(Link)

Viable is-
lands
(Island)

Optimal
benchmark

# planning units
selected

N/A

N/A

7,801

5,203

1,670

1,339

# regions (of 7)
with 2 habitat
units > 10,000 ha

# viable habitat
units with > 1000
ha of primary for-
est

12 of 12

4 of 4

5 0f 19

10 of 12

13 of 15

13 of 13

% of corridor in
primary (and re-
stored) forest

8.8 (0.0)

0.7 (0.4)

0.7 (10.6)

2.1 (4.8)

1.5 (1.6)

1.4 (1.3)

% of forest in
depth-of-edge-
influence zone

74

14

33

12

12

12

Largest fragment
(ha)

74,468

21,508

108,837

104,260

21,508

26,059

% of forest to be
restored

N/A

34

91

67

49

46

Total land value
of selected units
(million reais)

N/A

N/A

373

199

41

33

Total easement
value of selected
units (million
reais)

N/A

N/A

140

96

14

12

Total reestab-
lishment costs of
selected units
(million reais)

N/A

N/A

Population in se-
lected planning
units (1000s)

N/A

N/A

264

130

23

14

N/A — not applicable
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7. THE OPTIMIZATION MODEL
7.1 BACKGROUND

TAMARIN assists users in crafting conservation strategies and evaluate them but does not en-
force the desired landscape configuration objectives. As such the process is essentially rule-
based, where the rules are the criteria a stakeholder or planner thinks might create a plausible
policy option. We also wanted to have a tool that would select planning units for conservation
that does ensure that the landscape objectives are achieved and at the least cost. Such optimal
solutions may not always be feasible to implement for other reasons, but they provide a bench-
mark to measure how much more it will cost to select a suboptimal solution. Alternatively, an
optimal solution could form the basis for crafting and implementing a policy option (Davis et al.
1999). To that end, we adapted and developed a suite of tools to support the selection of a
least-cost set of forest patches that met all conservation objectives. These tools are not incor-
porated within TAMARIN itself, but are loosely coupled with it by exchanging GIS files.

Reserve design, at its best, is an ill-defined problem, that involves multiple and conflicting objec-
tives and surrogate measures of goodness. Simply put, ecologists and biologists cannot state
what exactly is needed for the preservation of most species. This is especially true for regions
that contain a plethora of species not yet categorized or studied. Liebman (1976) would classify
such public decision problems as wicked. Decision Support Systems are designed to help
characterize such ill-defined problems, as well as attempt to generate alternatives that are top
performers.

It is important in the design of Decision Support Systems to create the ability to manually craft
solutions, track progress and performance, etc. If a set of different solutions is then crafted,
then it is important to provide the capability to compare and contrast each solution as well as to
test potential modifications of any one of those solutions. When design problems allow tremen-
dous flexibility in decisions, involve multiple and conflicting objectives, and include structural
constraints, then the problem is likely to be large and complex enough that manual methods of
solution crafting will fail to identify the best solutions. To address this need, many DSS systems
utilize optimization models and solution algorithms. In fact, the General Algebraic Modeling
System (GAMS) was developed by World Bank Staff to meet the needs to quickly develop and
apply an optimization model for project analysis. The size of the reserve design problem for the
Bahia region is large enough that even tools like GAMS with a solver routine would be rendered
ineffective by complexity and problem size. The focus of this section of the report is on the de-
velopment of an optimization model and solution routine for selecting areas for conservation and
habitat restoration.

A general modeling construct was selected that consists of three main models. This model set,
when used together, can generate optimal plans for corridor design. The proposed modeling
process is based upon an approach developed for protecting the San Joaquin Kit Fox in a two-
county region of California (Gerrard et al. 2001, Church et al. 2002). Researchers at UCSB and
UC San Diego developed the kit fox reserve design model with the support of the National Cen-
ter for Ecological Analysis and Synthesis (Gilpin et al 1998). Subsequent work on this model-
ing process has been supported by the Western Ecological Research Center of the U.S. Geo-
logical Survey, supplemented here by the World Bank. The work presented here builds upon
elements provided by the USGS project.
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7.2 DEFINING THE CORRIDOR DESIGN OPTIMIZATION PROBLEM FOR BAHIA
The corridor design model involves the following three steps:

1. Characterize the suitability of planning units for conservation and/or restoration and their
costs: Assume that we have collected appropriate spatial information for a region and
have stored that information within a GIS. From this information, define a suitability
score process, which when applied to the geographic data can be used to determine the
suitability of each planning unit for use in a conservation reserve. In the case of Bahia
we used the planning units, approximately 1 square kilometer (98 ha). Admittedly, this is
a relatively coarse grid, spatially, but is realistic in terms of the quality and variability of
the data available. The suitability score for each planning unit is the area of remaining
primary forest plus the area that could be reasonably restored as forest (i.e., not urban,
water, eucalyptus plantations, and non-forest habitat types). Costs are the opportunity
cost or environmental compensation payment for each planning unit, plus any costs to
manually re-establish forest cover in sites far from any remaining forest fragments. Suit-
ability and cost data were derived from attributes of the planning unit theme in TAMARIN
and converted into raster cells the same size as the units.

2. Adggregate cells into planning patches that meet the size requirement: It is assumed that
the size of the basic planning unit (grid cell or polygon) is small in regard to what would
be minimally acceptable as a stand-alone conservation area. Specifically, the planning
units (grid cells) would never be chosen alone, but in groups of cells that meet some de-
sired set of conditions, like a minimal combined size, standards on overall condition or
guality, compactness and shape. A Planning Patch is defined as a set of connected
units, which in concert meet these conditions, corresponding to what we have defined as
resilience. In this second step, we generate a large number of planning patches, from
which to design a corridor. This process is based upon a computer algorithm that sys-
tematically generates possible patches for consideration. The fundamental premise is
that the basic decision making unit in the conservation and habitat reserve design prob-
lem will be the Planning Patch. Any set of connected units, isolated from other selected
areas, but smaller than a Planning Patch, are assumed to be too small to be fully func-
tional. Additionally, groups of connected units having at least the nheeded amount of
combined area may not meet other conditions, like quality. The Planning Patch is de-
signed so that it meets the standards of acceptance as a viable reserve unit (based upon
the preset conditions). For example, for Bahia it was proposed that the minimally ac-
ceptable stand-alone conservation unit would be 10,000 ha of primary and potentially re-
storable forest (or at least 103 planning units in size). Further, each Planning Patch
must contain at least 1,000 ha of primary forest. The process of building a possible
patch given a starting unit is described in Section 7.3 in more detalil.

3. Select a set of Planning Patches that meet the representation objectives at least cost:
This step involves a large-scale optimization model that selects a set of Planning
Patches that together optimize a set of objectives and constraints. The idea is that the
set of possible planning patches spans the set of representative design alternatives.
The selection of the optimal set involves minimizing cost as well as meeting all of the
desired constraints, such as the need to represent different bioregions. Regional distri-
bution constraints maintain that at least a minimal set of Planning Patches is selected in
each bioregion. It is possible that two feasible Planning Patches may overlap. Such
overlap may be too large and this should prevent choosing both patches for the same
solution. On the other hand, a small level of overlap could be desirable in some conser-
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vation planning problems, as it would represent the design of a larger-connected re-
serve. The optimization model is described in more detail in Section 7.4.

The rest of this section details the development of tools to support the above three-step proc-
ess. Incorporating flexibility into the tools was a key design criterion, so that it would be possi-
ble to test variations in conservation objectives, assumptions about suitability (relative value of
existing to restored forest), the patch-growing process parameters, and other parameters in the
patch selection model.

7.3 PATCH GROWING PROCESS (PGP)

Various types of spatial units can be considered in natural reserve planning. These have in-
cluded 7.5-minute quadrangle boundaries (in the United States, developed by the Geological
Survey), watershed boundaries, or other regular units such as hexagons or the 98 ha square
planning units employed in TAMARIN. An alternative and more innovative approach is to con-
struct appropriate units based on environmental attributes as they vary across the landscape.
The original idea of a "patch" as a conservation unit was associated with meeting the require-
ments of a single species, likely an "umbrella” species with relatively large spatial requirements.
In a previous application, researchers constructed patches designed to meet the requirements
of the San Joaquin Kit Fox in northern California (Gilpin et al. 1998, Gerrard et al. 2001, Church
et al. 2002).

The TAMARIN database contained data from which conservation suitability could be derived.
Brookes (1997) has observed, however, that suitability by itself may not be sufficient for design-
ing a corridor reserve system because the highest ranked sites may not cluster into blocks of
adequate size. Conversely, some contiguous clusters of highly ranked sites may contain many
feasible sites that are not identified individually. Several researchers have developed algo-
rithms to address this problem of growing or building sites from smaller building blocks (re-
viewed in Church et al. 2002). Others have designed optimization approaches to the problem,
using objectives and constraints such as size and shape. These optimization approaches for
patch growing are limited to the size of problem they can accommodate (Church et al. 2002).
The Central Atlantic Forest Corridor contains tens of thousands of planning units to be grouped
into patches on the order of 100 units each, far beyond the capacity of current optimization ap-
proaches. Consequently, a patch growing process (PGP) similar to that of Brookes (1997) was
adopted. PGP is only summarized here (see Church et al. 2002 for additional details).

Spatial data on forest cover (primary and potentially restored) for the Bahia region was summa-
rized for the approximately 77,000 planning units each of 98 ha in size and converted to a raster
suitability map. Patches are built by starting at a single planning unit ("seed" unit) and building
outward, adding planning units and enlarging the patch until a final patch that satisfies certain
criteria is completed. These criteria are:

1. Primary and restorable forest are equally important for patch growing.

2. Patches need to contain 10,000 ha of restorable and/or primary forest.

3. A patch must contain at least 1,000 ha of primary forest.
The PGP is implemented through a significant programming effort. The patches are built out of

the 98 ha units on the combined grid of primary and restorable forest. The combined grid was
formed simply by summing the grids of the two forest types to yield units whose values are the
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number of hectares of both primary and restorable forest (we rounded off to integer values).
This grid may be termed the landscape values (comparable to suitability) grid. Starting with a
random seed unit, PGP constructs patches by adding units in successive iterations until the
patch is large enough to contain the requisite amount of total landscape value (forest cover). An
"iteration” involves considering units lying on the perimeter of the existing patch. The highest-
value units are the most likely candidates for being added to the existing patch, creating a new,
larger patch unit. The value of a unit for inclusion in the patch is the amount of primary + re-
storable forest in the unit, plus a term reflecting its connectivity to the existing patch. The more
of its sides that a unit shares with a patch, the higher its connectivity value (which is multiplied
by a user-selected coefficient that allows one to vary the desirability of favoring highly con-
nected units). In each iteration, the perimeter units are considered in terms of their total value,
and then a percentage of the top-valued units (typically 20%) is added to the patch. After some
number of iterations, the patch will be large enough in area and composed of the right units to
reach the requirement of 10,000 ha of landscape value (primary + restorable forest). At this
point, patch accretion is terminated (see flowchart below).

The process just described would be sufficient, except for a secondary requirement unique to
the Bahia application. This is requirement (3) above, requiring that at least 1,000 ha (or about
10%) of a patch be composed of primary forest. This requirement exerts a strong control over
where in Bahia valid patches may be created, since primary forest is not present everywhere.
Once a patch has been finished, having reached the 10,000 ha condition, our program checks
to see if 1,000 ha of primary forest exist in the patch. If so, we make a final acceptance of the
patch as valid for consideration in the selection heuristic. If not, the patch is rejected and not
considered further. In order to promote the generation of patches that can meet the 1,000 ha
condition on primary forest, our code tries to start patches in promising areas. This is accom-
plished by considering the 3x3 unit neighborhood surrounding a chosen seed unit. If these nine
units contain at least 10% primary forest, patch development is continued from this 3x3 "starter."
If not, another seed unit is chosen and its 3x3 neighborhood considered. Also, no seed unit
containing less than 90 ha of forest cover is considered. This leaves over 90% of all units in
Bahia as potential seed units.
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Flowchart of the Patch Growing Process (from Church et al. 2002).

We ran PGP as a batch process to generate 100 patches in each bioregion, starting from ran-
domly selected seed units on the landscape values grid. We considered 100 patches adequate
to cover the conservation options in this corridor. (Note that in two small bioregions, only 50
patches were generated). The vast majority of patches contain ~103 units. This is not surpris-
ing as most of the landscape is composed of units that have close to 98 ha of forest cover (pri-
mary + restorable). In order to achieve 100 valid patches, additional patches were actually
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generated, with some dropped because they failed to meet the 1,000 ha criterion on primary
forest. The "wastage" rate of approximately 15% is not considered overly large. Other factors
that control how patches are grown, such as the initial seed patch size, the connectivity multi-
plier, and percentage of best cells to accrete to the patch at each iteration, are described in
Church et al. (2002).

Upon termination of the batch process, we have 100 candidate patches per bioregion that are
passed to the patch selection heuristic for consideration. One hundred is a sufficiently large
number that there is likely overlap among patches. Two different seed units, close to each
other, would likely spawn a very similar patch or even the exact same patch. Every patch cre-
ated by the PGP is stored in the form of an ESRI grid so that it may be easily viewed if desired.
In addition, a file containing metadata about each patch is generated. Another file contained
data on the cost of each cell in any planning patch. Note that cost was not used in patch grow-
ing, only in patch selection. Finally, a single file is generated that stores all 100 patches in a
compact format specially designed for passage to heuristic. Two sample patches are illustrated
in figures below.

For the corridor project, there are two additional factors in growing and selecting patches. First,
the conservation objectives seek redundancy of representation within each bioregion. Second,
paved roads were treated as barriers to resilient habitat patches. That is, a patch could not
cross a paved road. We addressed the first factor by growing planning patches and solving the
patch selection optimization separately for each bioregion. Thus we avoided the problem of
having a candidate patch spanning a regional boundary, with each portion being too small to
meet the conservation objectives for its respective region (Note that TAMARIN does not check
for this problem). We elected not to exclude planning units crossed by paved roads from being
included in a planning patch, but chose instead to make the cost of such a unit prohibitively high
so that it would never be selected. Other options would overly constrain the patch growing
process.

The patch generation code produces a compact, but readable output format of the patches that
are generated. This output format is a specially defined and abbreviated form of the export grid
format of ESRI. This format codes grid cells in a patch as core, edge, or just outside on the
edge. We have developed a program that can read this file and compute for each potential pair
of patches, the total number of units that occupy both patches (total overlap), the number of
edge units in a patch that share an edge with the other patch, and the amount of core unit over-
lap. This patch analysis code has now been written and tested and is now operational as a
stand-alone program as an MS windows console application. The output of this program is a
data file that will be read into the optimization/patch selection routine and used to prevent the
selection of adjacent patches that have too much overlap (as defined by the user). A second
version of this code was written in order to add the capability of generating for each potential
pair of patches, a list of units involved in the overlap (or shared by each patch). In a test data
set of 100 patches, there were only 645 pairs out of a possible 4,950 that had overlap, or an av-
erage of 6.5 nearby overlapping patches per patch. These shared unit lists will be used in the
optimization routine, to efficiently account for costs and habitat protection without double count-
ing any units in terms of costs or habitat values.
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Patch 412

In the close-up of Patch 412, the red box is the seed unit, the blue are the perimeter units of the

final patch, the orange are ‘near-perimeter’ units which are members of the patch which border

perimeter units, and the green are interior units. This information can be used in assessing the
amount and type of overlap between patches in the patch selection routine.

Conceivably, millions of possible Planning Patches exist, although many of these would be
small variations of one another. We realize that such a large potential number do exist, but we
are interested in those that are both viable and generally representative of options, rather than
representing all of the potential small nuances. Consequently, our process for generating
patches is based upon starting at a given “unit” with good habitat values and asking the follow-
ing type of question: “If this unit is part of feasible planning patch, just what surrounding units
would be included in such a patch?”
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Sample patch on the rainforest data of Bahia, Brazil. The patch is composed of 103 planning
units. The background layer shows the remnant primary forest (dark green); tan areas are agri-
culture and pasture; dark brown is cabruca.

Same sample patch on the cost data of Bahia, Brazil. The background layer shows the ease-
ment value from lowest (dark green); medium (light colors), to high (brown). Cost was only used
for patch selection, not in patch growing.

7.4 OPTIMIZATION MODEL FOR PATCH SELECTION

The main reason for generating patches is to select a number of them to constitute a reserve
system or corridor. By expending the effort to build the patches carefully, we can have a degree
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of confidence that when we select one for a reserve, there is reason to believe that it is viable
for our selected umbrella species (i.e., Cebus xanthosternos). As part of our research, an inte-
ger programming optimization model was developed that selects patches according to multiple
criteria. The model is called OHPAS (Optimal Habitat Patch Selection model). OHPAS seeks
to minimize the “cost” and maximize the biological value of selected patches. For any specified
number of patches, different objective weights can be used to put a different amount of empha-
sis on cost versus biological value. It also includes a routine for controlling the amount of spatial
overlap allowed for the patches in a solution, in case overlap is desired or acceptable.

Although this report does not give a formal mathematical construct of that model, we have de-
veloped a formulation for this problem that will be documented in a future paper. We used this
formal mathematical model as the basis for an application using a general-purpose software
code for a very small planning problem. Because, the Bahia planning example is relatively
large, we have concentrated our efforts at developing a special heuristic algorithm for solving
this problem. OHPAS was solved by the Patch Selection Heuristic (PSH1) program, written
by Rick Church in Visual Fortran. The general structure of the PSH1 is based upon a defined
“search neighborhood” about a trial solution with the desired number of planning patches. This
“search neighborhood” allows several possible heuristic solution strategies to be implemented
(including Tabu search and simulated annealing). The code was developed using a Lambda-
Opt approach as originally developed by Lin and Kernighan for the traveling salesman problem.
Constraints on overlap from no overlap to maximum allowable amounts of overlap will also be
easy to set.

OHPAS is designed as a general-purpose model. Not all its features were utilized for this corri-
dor design project. For instance, OHPAS has features for controlling the amount of overlap be-
tween selected planning patches, which may be appropriate in conservation problems where
connectivity or creating reserves larger than a planning patch are important. Because the speci-
fied objectives here only involved selecting two planning patches, overlap was not desirable.
Another feature in OHPAS is a control on the compactness of selected planning patches, which
can be traded-off against cost. This is particularly useful when a planning patch consists of a
large number of planning units or cells that may form a highly irregular patch. For the Bahia
data, planning patches were relatively small, roughly 100 cells each, and these tended to be
very compact. We determined that it was unnecessary to add compactness (perimeter/area ra-
tio) to the objective function, since adequate compactness was automatically achieved at no
additional cost.

7.5 THE OPTIMAL BENCHMARK SCENARIO

Only one scenario was generated for this study as a benchmark for comparison with the other
scenarios described in Section 6. Therefore, we applied the same conservation objectives as
before (two viable habitat units greater than or equal to 10,000 ha per bioregion, with at least
1,000 ha of primary forest in each selected planning patch). For the optimization scenario, the
objective function is to minimize the cost of meeting these conservation objectives (or con-
straints). The PGP generated the set of candidate planning patches, with 100 in each bioregion
except for the two smallest regions where only 50 were generated. The PGP ensured that the
planning patches were of adequate size and contained sufficient primary forest.

PSH1 was run with patch and cost data for each bioregion independently. The program, which
executed in seconds, identified the two planning patches that cost the least. The selected
patches from all bioregions were used to select their planning units in TAMARIN. Then a sce-
nario was run in TAMARIN as with other scenarios to evaluate future land use and the land-
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scape metrics. PSH1 and TAMARIN are only loosely coupled. Files are shared but the plan-
ning patch files must be integrated into TAMARIN through GIS operations and is not currently
automated.

Planning patches selected by the PSH1 program (in red). Blue lines indicate outlines of existing
reserves. Black lines are the bioregion boundaries.

As expected, PSH1 tended to select planning patches associated with existing reserves where
possible, because these were assigned zero cost. One planning patch was associated in the
Una Biological Reserve, and two were associated with reserves in the Southern Tabuleiro bio-
region (Parque Nacional de Pau Brasil and Parque Nacional de Descobrimento). Another plan-
ning patch was selected just north of Una Reserve, presumably because the sandy soils led to a
low cost. This apparently made it more attractive than expanding the Conduru State Park,
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which is surrounded by relatively expensive land near roads and the coast. The other planning
patches were selected in locations of remaining forest fragments and relatively low cost. There-
fore this initial solution appears to have selected planning patches that are quite reasonable in
terms of the data and the objectives and constraints. The details of the evaluation of this sce-
nario were presented in Section 6 with the other scenarios.

Interestingly, there was no feasible solution for the Northern Semi-deciduous bioregion. This
region is relatively small and contains very little primary forest with which to generate a planning
patch. As a result, all candidate patches significantly overlapped, and thus did not meet the re-
dundancy objective. For the TAMARIN evaluation, we selected one planning patch to represent
this region.

Caveats: Although we called this scenario an optimal benchmark, readers should realize that
this represents one solution from a family of solutions that are nearly as good. Further, this so-
lution was based on a sample of potential planning patches. It is possible, therefore, that there
are other potential planning patches that would yield a (slightly) less expensive solution. Also,
cost was not a factor in growing planning patches, so there may be other potential patches that
would include more of the existing reserves (no cost) and require fewer cells adjacent to re-
serves. Readers should not conclude that the scenario presented in this report should neces-
sarily be implemented. Our purpose was only to illustrate the utility of an optimization model, in
conjunction with the patch growing process, in decision support for the design of a conservation
corridor.
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8. CONCLUSIONS

8.1 SUMMARY OF SIGNIFICANT FINDINGS

TAMARIN was developed to facilitate the design and evaluation of alternative scenarios for ap-
plication of economic incentives to identify priority sites within a large region for rainforest con-
servation or restoration. In particular, our goal was to integrate current principles in conserva-
tion biology with economic theory in a GIS framework that makes explicit the costs and benefits
of each incentive option. Compensation of the opportunity costs of conservation is employed
here as an incentive to modify behavior as an alternative to outright acquisition or command and
control strategies such as agroecological zoning. Although we made many assumptions for our
example scenario concerning the desired landscape configuration, opportunity costs, and trends
in land use change, the framework is very flexible in allowing stakeholders and planners to sub-
stitute competing assumptions and objectives. These substitutions can be made as new GIS
themes or simply as parameters to be entered when defining a scenario. We also discovered
that users of the TAMARIN framework invented a mode of flexibility we had not foreseen. At a
workshop held in Salvador, Brazil, in June, 2001, planning groups spontaneously began apply-
ing different economic incentives in different locations as they allocated a hypothetical budget.

The real value of TAMARIN is not in assisting with making better decisions per se but in facili-
tating the planning process by interpreting spatial information to understand the tradeoffs be-
tween conservation and other social goals. Stakeholders and planners are forced to be explicit
and quantitative in defining the desired future landscape configuration, to think not just about the
current landscape but how it is likely to change, and to be creative in formulating equitable and
affordable economic policies that can achieve the desired landscape with minimal disruption to
the social fabric. The details of designing an incentive program, including the identification of
exactly which parcels are eligible, would still need to be developed at a finer scale with more
stakeholder involvement. Although TAMARIN was tailored to the planning issues and data
sources of south Bahia, the ecological and economic underpinnings make it adaptable to many
other locations.

In June, 2001, a workshop was held in Salvador, Bahia, for biologists, conservationists, agency
staff, and the directors of the program to design a biosphere reserve for south Bahia. The pur-
pose of the workshop was to present the results of the PROBIO project to date and the TAMA-
RIN model. The attendees were randomly divided into three working groups of about 15 people
each and asked to develop a conservation scenario for the Central lowland forest bioregion. All
three groups were asked to select and evaluate their best set of planning units, either through
purchase or environmental compensation, subject to a R$2 million budget. Each group was as-
signed a facilitator who was familiar with the bioregion and with TAMARIN, and a GIS operator
to do the actual processing (Photo below of one of the working groups, led by Paolo Cordero
and assisted by Karl Morrison of Cl). The intent was not to generate a real conservation plan
but to give firsthand experience with TAMARIN to a group of potential users. Our hope was
both to get potential users excited about the software for exploring and discussing options and
to get feedback on it for any final revisions.
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The workshop exceeded our expecta-
tions. The groups appeared to grasp the
concepts relatively quickly and began to
test different policy instruments and dif-
ferent approaches to selecting sites.
Some groups even tried splitting their
budget, spending part on land purchases
and part on easements. The manual or
graphic selection method appeared to be
more popular than the query method,
because participants knew the biore-
gion’s biodiversity patterns and the land-
owners. The feedback was generally
positive, with many people wanting to
know when TAMARIN and the related
GIS data would be available.

The development of TAMARIN at UCSB was part of a wider collaboration of researchers. The
GIS data needed to run the software was compiled by these collaborators and thus is not ours
to distribute. The intent is to work with these collaborators to assemble a single package on
CDROM with the TAMARIN software (excluding the optimization model set), the GIS data lay-
ers, and appropriate documentation that can be freely distributed by summer, 2002. Toward
this end, we have prepared a ‘Proprietary Rights and Disclaimer’ statement (see the user man-
ual in the appendix) that clarifies the rights and responsibilities assumed by the University of
California, Santa Barbara, and places the software in the public domain.

The suite of models for optimization of the conservation and economic objectives constitute an-
other significant contribution of the project. The patch growing process, PGP, used GIS data
from TAMARIN to generate a set of sample planning patches that were guaranteed to satisfy
the landscape criteria for minimum patch size and minimum amount of primary forest. Thus any
patches selected automatically achieved the conservation objectives. The OHPAS optimization
model then did the actual selection of the desired number of patches, controlled the amount of
overlap allowed among them, and minimized the cost. These tools were already under devel-
opment for a research study involving the San Joaquin kit fox (Gerrard et al. 2001, Church et al.
2002). The Central Atlantic Forest Corridor project provided an opportunity for further develop-
ment of these tools and to begin testing their application. This report presents only the initial
application of this set of models for the corridor. We have only begun research on the implica-
tions of varying assumptions and objectives. Some ideas for future research in this area are
discussed in section 8.4.

In addition to the workshop in Bahia, presentations of the results of this project have been made
at two scientific conferences:

TAMARIN: A landscape framework for evaluating economic incentives to foster rainforest resto-
ration. David Stoms. Presented at the 17" Annual Symposium of the International Asso-
ciation for Landscape Ecology, US Regional Association, Lincoln, Nebraska, April 2002.

Solving a large scale reserve design problem in Bahia, Brazil. Richard Church, Ross Gerrard,

and David Stoms. To be presented at the INFORMS Annual Meeting, San Jose, Califor-
nia, November 2002.
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8.2 UPDATING THE DATABASE

TAMARIN was developed with the GIS database that existed at the time. Some of the data
layers were draft versions or need some fine-tuning before final analysis. At least four types of
revisions may be involved: substitution of a newer version of a theme (e.g., a final land cover
theme that fills in cover types where clouds obscured the ground in the initial version), substitu-
tion of a new value for an attribute (e.g., revised model results for predicted land value), re-
placement of derived GIS themes as a result of revision in the primary data layer (e.g., updating
the business-as-usual scenario which is derived from the landcover theme), and creating new
themes as alternatives (e.g., creating your own business-as-usual scenario based on different
assumptions about the future). Refer to the user manual in the appendix for details on these
updating procedures.

8.3 WIDER APPLICABILITY OF TAMARIN TO OTHER CORRIDORS

Conservation International has expressed interest in adapting the basic TAMARIN framework to
other conservation corridors, such as the Philippines and eastern Madagascar (Keith Alger, per-
sonal communication). This section briefly summarizes what would be involved in such an ad-
aptation.

Conservation planning for the Central Atlantic Forest Corridor was based primarily on meeting
broad conservation objectives (i.e., representation, redundancy, and resilience) in the most
economically efficient manner possible. The Corridor has been severely deforested, with only
about 9% on the region remaining in primary forest, mostly in small fragments. The focus in this
project was to decide on the best combination of protecting remaining fragments and restoring
forest to expand, connect, or complement those fragments. TAMARIN may not be particularly
useful in planning efforts where the conservation issues are significantly different than those in
Bahia. For instance, TAMARIN would not be useful where the objective was to represent many
different habitat types to some specified level.

The GIS themes used in the analysis procedures in TAMARIN must be included for projects for
other corridors as well. In addition, they are generally referenced by their name in the View ta-
ble of contents, so they must be given the same names in other applications. Furthermore, the
attributes of the themes, particularly for the planning units theme, must exactly match those in
the Bahia project, both in attribute name and its definition (e.g. width, type, decimal places). Itis
recommended that the themes be placed in the same folders as their counterparts in the Bahia
project.

The other issue in adapting TAMARIN to other areas is that much of the scripting was hard-
coded for the Bahia database. A prime example is where processing is based on specific cover
class values in the Landcover theme. A user in a new corridor has two choices: either reclassify
the landcover theme to match the existing script or modify the script to match the new classifica-
tion. ldeally, the scripts would be modified so that they were more generic and adapted to
whatever the inputs in a particular region were rather than forcing the data to match a precon-
ceived classification. This is particularly important since classifications will rarely be identical
between two regions.

Other examples of hard coding are in the summary analyses and reporting functions. For in-
stance, in the Central Atlantic Forest Corridor, evaluating the impacts of conservation scenarios
prime farmlands was an issue. Other corridors will have different issues and corresponding GIS
layers. Ideally, there would be some setup procedure to customize TAMARIN for a particular
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region and that would only be run once at the beginning of the planning process (not for each
scenario). Perhaps this could take the form of having the planner select the set of themes for
which land cover summaries are to be made and automatically revise the summarization script
to treat each theme. The user manual in the appendix lists the scripts under each section of the
software to help programmers identify where changes should be made.

Thus, the best use of TAMARIN in other corridors may be as an exemplar of a planning support
framework that structures the process of setting conservation objectives, designing scenarios,
and evaluating them in terms of the objectives and other socioeconomic and environmental cri-
teria. The basic framework could be reproduced even though the details of implementation
might vary significantly.

8.4 FUTURE RESEARCH OPPORTUNITIES

Having TAMARIN as a planning framework opens several avenues for further development and
research. These avenues can be categorized as enhancements to the basic framework itself to
make it more useful and flexible, additional analyses to test the sensitivity of research assump-
tions and tradeoffs between objectives, utilizing the framework to develop and test alternative
policy options for payment of conservation incentives, and integration of additional objectives for
ecosystem services.

The current version of TAMARIN is flexible in scenario design, but it does not automatically
generate potential blocks that contain the minimum viable area. One possible enhancement
would be to have users identify a nucleus of a forest block and have the software expand each
nucleus to a viable fragment, much like the planning patch-building program does.

Assumptions about future land use ends have a major impact on corridor design. Here we used
a simple forecast of land use change in the absence of conservation intervention, based on
what we were told by individuals who are familiar with the corridor. Developing a formal land
use change model was beyond he scope of this project, but could be a valuable addition to
TAMARIN.

This version of TARMARIN evaluates scenarios in terms of a number of measures of represen-
tation, resiliency, redundancy, and cost, but it stops there. There is currently no decision sup-
port mechanism to assist a user in weighing the competing conservation and economic objec-
tives and then determine which scenario best meets them. As mentioned in the section of the
report that presented the underlying conservation principles, scientific theory offers little guid-
ance in the relative importance of the conservation principles or objectives. This portion of deci-
sion analysis moves into the realm of policy and opinion. Techniques such as the Simple Mul-
tiattribute Ranking Technique, or SMART, could be implemented as an enhancement for rank-
ing and comparing scenarios (Rothley 1999). SMART also allows planners to examine the sen-
sitivity of the ranking to the weights chosen, as a means of determining how robust a choice of
scenario is.

The second category of future research ideas includes a number of analyses and further explo-
ration of the patch growing and patch selection models that were not performed during this pro-
ject. For instance, in this report we have only considered one set of criteria for patch growing

and one set of objectives for representation and redundancy in patch selection. We only con-

sidered one option for calculating suitability for patch growing, namely that primary and restored
forest had the same weight or value. Other possibilities include giving higher weight to primary
forest, because it has higher habitat value immediately, and to give higher weight between cur-
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rent land use types for their restorability. For instance, cabruca would regenerate (and provide
higher quality habitat) faster than pasture. It would be instructive to consider a range of redun-
dancy objectives from one to many planning patches per bioregion in patch selection to deter-
mine the marginal rate of increase in cost. That is, what is the cost of additional increments of
conservation? Likewise one could explore the tradeoffs between objectives such as the relative
differences in cost and habitat value with changes in size of planning patch, number of patches
selected, connectivity or patch overlap, and bioregional representation. As an example, would it
be cheaper to select four 5,000 ha planning patches per bioregion than the original objectives of
two patches of 10,000 ha (i.e., resiliency vs. redundancy). We constrained the initial set of can-
didate planning patches to contain 1,000 ha of primary forest as a source of propagules for
natural regeneration. Did this force the process to build patches with higher easement values
than unconstrained patches? And if so, would the savings in environmental compensation to
land owners be offset by the additional cost that manually assisted regeneration incurred? This
constraint automatically precluded patch generation in many locations in the corridor where no
forest, or only tiny fragments, remain. We did not test the feature in OHPAS that also attempts
to maximize patch compactness by minimizing the perimeter/area ratio. What would be the
tradeoffs between compactness, with the benefit of a higher proportion of core forest, and cost?

The TAMARIN framework was developed to support the exploration of alternative policy options
for economic incentives to achieve conservation objectives. The framework has been devel-
oped in this project, but the actual research on policy options is yet to come. For instance,
Parkhurst et al. (2002) have demonstrated how, at least in an experimental setting, bonuses can
be used to encourage collaboration among neighbors to create large contiguous reserves volun-
tarily.

Other conservation goals are also likely to mobilize significant financial resources as compensa-
tion for environmental services such as carbon sequestration and watershed services (Chomitz
et al. 1999). Policy instruments designed for these services may also benefit biodiversity, but
research is lacking that would suggest the degree to which the two policies are mutually benefi-
cial (Balvanera et al 2001). For instance, a carbon sequestration incentive program might focus
on the most productive soils, which would ignore biodiversity found in other landscape types
and thus fail to achieve representation goals. A useful enhancement to TAMARIN, therefore,
would be option to design feasible alternative policy instruments for a range of environmental
services and natural capital (biodiversity) and explore the tradeoffs between them. An ideal
planning support system would facilitate both the design of such instruments, including the
amount of incentives, and the evaluation of such collective conservation proposals.
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10. ArPENDIX: TAMARIN USER’S MANUAL
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