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Optimal Wildlife Reserve Site Selection with Spatially Correlated Risk
Ying Xu

ABSTRACT

As more emphasis is put on biodiversity conservation, how best to select
a system of protected areas for wildlife conservation is an issue of great
Importance. There is arich economics literature on the reserve site selection
problem. However, most economic studies assume the independence of risks
that affect wildlife species, leaving the issue of spatially correlated risk

largely unexplored.

This study contributes to the literature in twoaspects. First, this study
incorporates spatially correlated risk, into a reserve site selection model.
And second, this study incorporates heterogeneous spatial risk, in the
context of land development risk in Virginia, both with and without a budget

constraint.

To evaluate the significance of spatially correlated risk in conservation
design, | apply the reserve site selection model to a Virginialandscape. In a

basic setting, a hazard is introduced which is allowed to spread to adjacent



land parcels, where | investigate the impact of spatiallyredated risk at
three spatial scales: one-county, four-county, and #atd- Optimal reserve
designs are characterized by similar spatial patternsatidig that spatially
correlated risk plays an important role in the selectionatpls for reserve.
Specifically, as spatially correlated risk increases,ndfithat, in general,
reserve connectivity decreases. | also examine a settitighgterogeneous
risk and observe similar patterns in the optimal reservegdesfind that the

reserve becomes more dispersed in higher risk areas pigmiamally, |

explore the tradeoffs between species protection and bumbgestraints in
the presence of heterogeneous spatial risk. All comparatiatics indicate
that spatial correlated risk plays an important role in eowation reserve

design.
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1. Introduction

Biodiversity is declining at an unprecedented rate in maanyspof the world. The
United Nations estimates that, globally, between 150 aidsp@cies go extinct every 24
hours (United Nation Environment Programme). Land coreté is a major strategy to
address biodiversity loss globally and nationally. The UN#Stimates that the U.S. has a
total of 6,770 nationally designated (federal) protecteshgs, covering 27.08 percent of
the nation’s total land area (UNEP). In spite of these lantseovation efforts, extinction
rates remain high. Risks such as land development, invapeees, and wildfire, for

example, continue to threaten species survival in manysarea

In the Commonwealth of Virginia, forests cover 65% of theestarimarily with
deciduous, broad leaf trees (Virginia Department of Envinental Quality, 2008),
providing abundant areas as habitats for wildlife spediet plants and animals.
However, because of human activity and other factors, mpagies become rare. How
to best design nature reserves to protect these rare,éhszhind endangered species (as
defined by Virginia Department of Conservation and Reao@teffectively, is the

central question of this thesis.



Because biodiversity conservation is an increasingly irtgo topic, issues related to

the design of protected area networks and the selectiordfidtual sites for protection

have received attention within the biological conservatod economics literature.

Although a number of reserve site selection (RSS) studies haen formulated in recent

years, few models incorporate the notion that risks to ggesurvival may be spatially

correlated. That is, when a natural or human hazard (landldement, invasive species,

wildfire, etc.) occurs on an individual parcel, the risktthaarby parcel are also affected

is greater than the risk to more distant parcels.

This forms the basic idea, and is one major contribution isfstudy, given few

existing investigations with spatially correlated riskeerly considered. Specifically,

the objectives of this thesis areto:

1. Apply areserve site selection model to a Virginia langsca

2. Incorporate spatial risk into the reserve site seleatiodel and determine how

reserve design changes as a result;

3. Vary the focal landscape and species types to investigatextent to which

observed changes in reserve design are generalizable,;



4. Incorporate heterogeneous spatial risk into the ressteeelection model and

determine reserve design changes as a result.

We formulate a probabilistic model to demonstrate the irhpaspatially correlated

risks on reserve site selection, that is, we assume whenaachazcurs on one parcel, it

will spread to its neighboring parcels. For example, thikesssense for land

development risk, since urban sprawl always exhibits oegeographical patterns.

Based on this notion, land development risk will spread igimaoring parcels with

certain probabilities. Also, for wildfire risk, we know thahen a fire ignites on an

individual parcel, it is more likely to spread to its neighing parcels and affect species

there. Similarly, invasive species and pests that exisnandividual parcel are most

likely to spread to neighboring parcels, in some cases dkpgmon landscape

characteristics, biological requirements, and humanwiéies. Thus, incorporating

spatially correlated risk into a RSS model is important fotaee real world features.

In this study, we first consider a general risk factor, whielm be of any type of

disasters, including land development, fire, invasivecese pest, etc. To find the

patterns of reserve sites distribution, we conduct amabysihree different levels: one

county, four neighboring counties, and the whole stategthas homogeneous risk



occurrences across parcels. Our model is based on threedsasimptions. First, we

assume the probabilities of hazard spread decrease ovar Bpeause such hazard spread

is more likely to cause damage to neighboring areas. Seamaldgs in the literature, we

assume species occurrence is spatially independent. Andghtre assume that when a

natural or human hazard occurs on an individual parcelpaiti®s present in the parcel

are lost. Building on these assumptions, we develop a RS®Intiwat incorporates

spatially correlated risk to solve for the optimal reseresign using a simulated

annealing mathematical program. We then apply the modeViggaia landscape.

Among many human activities that have accelerated theaidmof species, urban

sprawl, or land development, is now considered as one majong force of diversity

loss which causes greatest extinction of species (Luni2®4,1Kowarik, 1995, Savard et

al., 2000, Stein et al., 2000, McKinney, 2002). With this imdh we focus on land

development as the risk and source of hazard in our modetamgeiwork. In addition to

the typical RSS model features, which seek to maximize tpee®d number of species,

we introduce heterogeneous and spatially correlated lameldpment risk. By

characterizing the spatial pattern of the optimal reseygéesn design in the presence on

spatially correlated risk, we are able to use results framdtudy to gain insight into



tradeoffs between species protection, reserve connggtwid land development thereby

helping to answer important policy questions about bioig conservation.



2. Literaturereview

One way to deal with biodiversity loss associated with regtdrs such as land
development is the establishment of a system of protectasaor a reserve system
(Noss and Cooperrider, 1994, Pimm and Lawton, 1998). Tlseaaich literature on
reserve system design exploring the spatial characteyistithe reserve system and the
modeling choices for selecting land parcels to form suchséesy. This section provides
an introduction of major studies in this area. Some prevsgiudies on the impact of land

development on biodiversity conservation are also reviewe

2.1. Spatial characteristics of reserve system

Spatial characteristics have been a focus of researcher$onhulate reserve design
models to improve spatial coherence by controlling spatiaibution. Williams et al.
(2005) provides an excellent review of the spatial attelsutonsidered to be important in
reserve design as well as site selection models that incaigoone or more of these
attributes, including reserve connectivity, reserve shagserve proximity, as well as

reserve size and number.

Tischendorf et al. (2000) discussed two types of conndgtofireserve parcels:



structural connectivity and functional connectivity. dlife corridors are often mentioned

as a way to provide both structural and functional connestlzetween disconnected

reserves. The pros and cons of corridors have been discessatsively in the

conservation literature (Simberloff et al., 1987; Nos87Z;Hobb, 1992; Simberloff,

1992; Hess, 1994; Earn et al., 2000).

The shape of reserves is also important to species survitlahvhe reserves. A

variety of shape measures or metrics have been developaddedape ecology

(Gustafson, 1998; Giles et al., 1999) and in other fields elé (&ustin 1984; Medda et

al., 1998). However, in real world cases the shape of reses\& irregular that raises

modeling difficulties which are neither solvable nor gaateable, and simple proxies are

usually employed.

Reserve proximity studies center around the optimal digtd&retween reserves,

guestioning whether it is better to be close or far from eablermInter-reserve distance

will influence the capability of species to migrate betweeserves and to exist as a

metapopulation. As pointed out by Diamond (1975), shorisiadces make it easier for

species to recolonize an area where it has become localhceand help prevent loss of

genetic diversity due to inbreeding. On the contrary, lomistances can reduce the



spread of diseases and intrusive species and keep awaglreateamies of endangered

species between reserves. Also, longer distances camagectiee likelihood of species’

survival from major disturbances (e.g., wildfire, hurneg, keep greater species diversity

through greater habitat heterogeneity (Margules, 198@)dlow species to average over

environmental fluctuations.

The reserve proximity is further formalized in literatuiethe reserve site selection

problem (Kirkpatrick, 1983; Margules et al., 1988; Pressesl., 1993). The primary

guestion is how many parcels can best form a reserve netwobest protect species

under the same conditions, which is supposed to protectifgilmost effectively.

2.2. TheSLOSSdebate

One school of thoughts suggests that a single large resepreferable to several
smaller reserves with the same aggregate area (MacArtlklWason, 1967). Their
argument is based on the reasoning that since speciessghmeases with habitat area,
a larger block of habitat would support more species tharoéittye smaller blocks
(Diamond, 1975). This idea has gained popularity in the $36@ 1970s and was once

standardized in many ecological textbooks (Williams et2005).

However, as suggested by other researchers, there is neticabor empirical

evidence for the proposed advantages a single large reserdd the smaller reserves



had unshared species, it is possible that several smadlernes could have protected

more species than a single large reserve (Simberloff anteAb882).

This is later referred to as the “SLOSS” debate (a singleelargeveral small
reserves), or more recently the “FLOMS” debate (a few largmany small reserves)
(Williams et al., 2005). However, neither theory nor engatievidence provide a clear
answer to SLOSS or FLOMS, while more recent researcher foxue on “several small
reserve” pattern because of the uneven distribution ofiepes well as a wide range of

socioeconomic characters such as land price and land userpat

One consideration that favors several small reservesrrttae a single large one is
that, once certain hazards occur (e.g. wildfire, pestsl tlevelopment, etc.) to some of
the reserve sites, species may still be protected givendkistence in other reserve sites

located in other areas. We build up this analysis based emttion.

2.3.  Modeling choices: SSCP and MCSP

Location choice is always a major concern in establishiofplgical reserves. A large
amount of literature addresses the reserve site seleatidahgn, taking into
consideration many kinds of restrictions under which th&im&ation of the likelihood
of species’ survival is studied. Most reserve site selaatimdels proposed in literature
are based on the either species set covering problem (S$@mP)aximal covering
species problem (MCSP). The SSCP model is to choose thenleartter of parcels in
such a way that each species is protected, i.e. represenétteast one parcel. The

MCSP model, in contrast, aims at maximizing the number ofiggdor a given number



of land sites to be selected or for a given number of parcelscdin be selected, or a

given amount of budget.

The SSCP model was first developed by Possingham et al. J199&lects the
minimum number of land sites so that each species is covpreddnt in at least one

chosen site that ensures its representation).

The basic SSCP model assumes theraenasées to select from anaspecies that

occur in at least one site. Let A be atxn matrix whose elements are:

1, if specieg exists in sit ) .
-j={ 'l Specieg  exists in sik ,fori=1,..., mandj=1,...,n

0, otherwise
The control variables that determine whether to choosesasinot, are:

_ |1, if we reserve site
0, otherwise

and based on those assumptions above, the SSCP model s@gd0

min »" x
D) axz=
> Z:'a"X>J}1“orj=1,...n

x0{0}

This is an integer linear program and can be solved by mankaoms. Also, the
authors suggest that this problem can be extended to inclutdelexities such as sites

with different costs (Possingham et al., 1993).

10



While the SSCP model present an ideal image of reserve systahlishment given
sufficient resources and no transaction costs such as tstdmany researchers argue
that unfortunately, resources may limit what can actuadlyplotected in a reserve system,

which makes the SSCP model hardly useful to yield any feagiblicy suggestions.

Rather than minimizing the necessary land parcels to pratethe endangered species,

the MCSP model, first formulated by Church et al. (1996) aad@ et al. (1996),

focuses on maximizing the protected number of species faremgwumber of land sites

selected. More specifically, the MCSP model assumes thaafrg:

I =index of species to be protected

j = index of areas that can be selected for the resistem
p =the number of areas that are to be $etktor the reserve syste
N, = { j|where species is present ilea;'r}

v = 1, if species is covered by selected area
"0, if not

X, = 1, if areg is selected for the reserve system
' |0, if not

Under those technical assumptions the MCSP tries to solve:

max >,
st. Y. X, 2Y

jON;

L% =P

J

X, = 0,1 forevery
Y, = 0,1 for every

11



In addition to designing a reserve network that seeks to miaei the likelihood of
species’ survival, many researchers have taken into ceratidn the cost minimizing
objective. For example, Ando et al. (1998) further devetbitee model with budget
constraints taking into consideration that most of the tgoeernment spending may not

be able to protect all kinds of endangered species and thdiplaces of different parcels

may vary a lot. They use the following notations: ={ j| j =1,...,n} istheindex set of
candidate reserve sited; ={i |i =1,...m} isthe index set of species to be covered;
is the subset of J that contain species g; is the loss associated with selecting site |
and x;=1if site j is selected and O otherwise. Then, the problero sotve the

following:

max >, Y
st. Y x 2y forallidl and) c;x <b
JjON; j03

wherey; =1 if species i is contained in at least one of the selected sihd b is the
maximum allowable loss (or government budget constralimthe case that loss is

measured by the number of selected sites, thed for allj.

Using this MCSP model, Ando et al. (1998) have made comparamalysis of both
site-minimizing problem and cost-minimizing problem, astawn how the results vary
under different assumptions. For example, they found sotegis the Inner-Mountain
West and the Midwest were included in cost-minimizing butingite-minimizing

solutions. Although they are not especially rich in spedies this deficiency is offset by

12



their low cost. They concluded that the cost-optimal solutthanges the optimal design
of the reserve network, and achieves efficiency by avoidwsily sites and selecting

nearby sites that have fewer species but are less costly.

Polasky et al. (2001) introduced a probability measure etigs into the reserve site
selection problem, in both site-constraint and budgestiamt specifications, and
conducted empirical analysis employed data from Oreg@uiag that state level data
would be more preferable since county-level data couldaia into account the
heterogeneity within counties which are comparativelgdaareas. They also reached the
conclusion that budget-constrained specification thetriporates different land costs

rather than site-constraint specification results in fare@rcost-effective conservation.

Based on Ando et al. (1998) and Polasky et al. (2001), Hanedide (2009)
developed a set covering model in which they differentideedical (e.g. threatened,
endangered or rare species)” and “noncritical” speciesreg@n. They imposed a spatial
characteristic on selected sites. More specifically,tetisites to protect critical species
are required to be “core” areas that have surrounding aedsuéfer”, which is intended
to protect the core area from hazards from other areas. Hignetial. (2009) has a
primary idea of preventing hazards by imposing the “coréfdrtispatial pattern, while it

only helps in the case of on-site hazards.

24. Land development risk for wildlife species

In many parts of the world, population growth and economijgagrsion have caused

significant change in land use pattern. A growing proportd global land area is

13



devoted to human uses such as agriculture, timber harge&imming and urban
development. As the remaining area of undeveloped landbesacarcer, the debate
over economic development and resource conservationatarphere are scientific and
public concerns that the loss of habitat has greatly ined#se extinction rates of
species. Among many human activities that have such negatipacts, urban sprawl, or
land development, is now considered as one major drivingefof diversity loss which
causes greatest extinction of species (Luniak 1994, Kéwl&95, Savard et al., 2000,

Stein et al., 2000, McKinney 2002).

The literature has well recorded the changes in wildlifeedsity along the urban to
rural gradient, including plants (Kowarik 1995), birds dndterflies (Blair 2001), and
insects (Denys and Schmidt 1998, Mclnyre 2000). In all thase, the number of species
at the urban core drops dramatically, to less than half ofethel found in rural areas
(McKinney 2002). These studies suggest that land develappresents serious threats
to the species survival and indicate that the impact of adgreknt on many species is

irreversible.

A few applications of the MCSP framework to the risk of landrelepment have been
recorded in the literature. One representative study isi&ngt al. (2004), which
formulates a two-period site selection model that maxisithe expected number of
species while accounting for uncertainty in site developnbetween periods given
constraints on the number of sites. This model is then sakgath a linear-integer
formulation. In spite of land development being one of thgamtnreats to species

survival, there is a growing disconnect between the impadewelopment and the

14



amount of attention this issue receives in the RSS litegatur

25 Summary

Spatial characteristics of wildlife reserve are widelyestigated in literature, among
which the size and number of reserves are a key topic. Mesétiire is based on either
species set covering problem (SSCP) or maximal coveringsperoblem (MCSP).
However, few studies have investigated the optimal resgteeselection taking the
spatial correlation of risks, in particular land developménto consideration. Similarly,
the heterogeneity of risk across parcels is not well exploféis thesis contributes to the

RSS literature by .
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3. Model

In this section we introduce the modeling procedure of oatysis in detail. Section
3.1 describes the grid landscape that we use to delineatgkmels and upon which we
specify the distribution of the species. Section 3.2 dbssrthe basic assumptions of the
model, with a graphical presentation of hazard spreadllFis&ction 3.3 lays out the
maximal covering species problem (MCSP) we use to model 8@ Roblem and

section 3.4 introduces the simulated annealing algoritlemusge to solve the model.

3.1. Speciesand landscape

In our analysis, we include a total of 821 [threatened andegdred?] species
across the Commonwealth of Virginia. Each individual spetias a unique distribution
across the state, with many species clustered in  mountaegions, including the
Blue Ridge Mountains, and around the Tidewater coastah plaithout a uniform
species distribution, it is difficult to optimally desighd reserve system that can best
protect the largest number of species. Thus, we specifyddamdscape where each of
the 821 is either present or absent within each parcel inrideThe grid is defined

using ArcView (CITE). The grid is composed of individual sge land parcels, which are

16



the smallest and most basic units in our analysis. We corahatyses at three spatial
scales: one-county, four-county, and statewide. At eaaleswe apply the smallest
square grid set that covers the focal landscape. By analylainee different spatial scales,

we can determine if characteristic reserve patterns enangelltiple scales of analysis.

3.2. Basic assumptions

This sub-section describes several basic assumptionsiregapatially correlated risk
in our model. These assumptions are important because lbeyws to incorporate
real-world aspects of the RSS problem into a modeling fraonkwhat is solvable. First,
we assume that the occurrence of species is spatially indepé i.e. the occurrence of
species in one parcel is not related to their occurrencehierqtarcels. Second, we
assume that when the hazard occurs in the parcel, the exestolangered species will be
wiped out. This assumption is necessary since it to a larganerepresents the real world
situation and simplifies our modeling of spatially cortelhrisk to a probability measure.
For example, in the case of development risk, when the parcebanized, threatened
and endangered species habitat would be altered to suchreedégt species survival on
the parcel would no longer be possible. In Section 5we fgstiene homogeneous risk
across parcels, where the probability of hazard occurrenibe same for each parcel.
Then we examine the case of land development, where we io@igpheterogeneous

land development risk across parcels into the model.

To model hazard spread requires recognition of the fact th&te real-world, a hazard,
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such as land development, wildfire, or disease, is mordylikeaffect nearby parcels than
distant parcels. Thus, we assume that the probability cdfgbsgpread decreases over
space. Specifically, the hazard can spread to adjacerglpaned then onto one parcel
further in each direction, that is, we assume double-leuekeq contiguity (Anselin and
Rey, 2010). Figure 3.1 illustrates the possible range adapwhen the hazard initiates
on the core parcel. For simplicity, we assume that for arviddal parcel (e.g. the core
parcel in Figure 3.1), the probability of hazard spread &dhter-belt parcels is one-half
of the probability of hazard spread to the inner-belt pa.cehus, once we vary the
probability of hazard spread from the core parcel to theriiradt parcels at 0, 0.5 and 1,
as seen in Fig 3.1 and illustrated again in the following erogi analysis, the probability
of spread from the core parcel to the outer-belt parcelsheild, 0.25 and 0.5,

respectively.

Fig.3-1 A Graphical lllustration of Inner-Belt (1) and Outer-Belt Parcels (O)

O I I I O
O I Core I O
O I I I @)
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3.3.  Maximal covering species problem (M CSP)

The basic problem faced by the land manager, or governmannef, is how best to
design a system of protected areas to maximize the numbeeoies under protection.
To address this problem, we specify a nonlinear mixed imteggmization model to
select a group of land parcels that maximizes the expectedbeuof species, subject to
the site-constraint and a total risk constraint. In thigiseove describe the formal

mathematical setup of our MCSP model with spatially coteslaisk.

In our optimization model, there are n parcels indexed @y={1,2,...,n}) and m
species indexed(l ={1,2,...,m}). On each parce], species is not present with
probabilityg;. The calculation ofj; depends on the initial presence or absence of species

and on the probability of hazard on the pargel,

“ _ | P& for all N,
% 1 otherwise

where

N, = set of parcels containing species
p;, = probability of on-site hazard on pargel

_ |0 when species is not @meson parcel
% 1 when species is present on parcel

Then the model is specified as follows:

Max ' (1~ I_] a;') [1]

igl
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Subject to

> cx <B [2]
T
P+ > pfix +D ptx <a forall] [3]
KOH I0O,

where

H, =set of inner-belt parcels of pargel

O, =set of outer-belt parcels of pargel

p. = probability of hazard occurence on inner-belt plkce

p, = probability of hazard occurence on outer-belt pldrce

f, = probability hazard spread from inner-betirpelk [ H; to parcej
t, = probability hazard spread from outertygdrcell 1O, to parcdl
a = maximum allowable risk

in which x; the decision variable is equal to 1 if par¢ét selected for the reserve system,;
or x = 0. In this setting, the hazard spread to the inner-belt anerdelt parcels are

specifed in Equation [3].

The model includes two constraints, equations [2] and [§hdEion [2] is the budget
constraint where; is the individual cost of each land parcel @ the given budget in
monetary terms. In cases where we do not specify a monetagetbeonstraint, but
constrain the number of parcels that can be selected, wp=skfor allj and letB equal

the maximum number of parcels allowed in the reserve.
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Equation [3] differentiates risk components: the prokigbihat the hazard occurs on

the individual parcel (the first term on the left-hand-safe¢he inequality) and the risk

that the hazard spreads onto the individual parcel fromhbygaarcels (either on the

inner-belt, the second term on the left-hand-side or thereoglt, the last term on the

left-hand-side). Then the total risk that threatens thetaabn each parcel is the sum of

all the three types of probabilities above. Equation [3jsidnat the joint probabilities of

hazard, i.e. the total risk, should be no greater than a maximlowable riskg.

Intuitively, the maximum allowable risky, can be interpreted as the threshold above

which the parcel shall not be selected as a reserve. In peattiis risk threshold may

come from past conservation studies and planning exp&snd we may expeetto

decrease as the size of a single parcel increases or theuotdler of parcels in the

reserve decreases. In thisanalysis, however, we sgtial to 20. In all cases described in

the results section, the constraint is non-binding and doemfluence the optimal

reserve design. Thus, in our cases mainly for illustration purposes and Equation [3]

serves as mechanism to differentiate these 3 differentysés (on-site, spread from

inner-belt neighboring parcels, and spread from outergeetels). Admittedly,

sensitivity analysis with respect tomay be of importance when the constraint is binding,

we leave that for future work. We solve the optimization mdxedeciding ifx; (the
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decision variable) equal to 0 or 1 for egcsuch that the reserve includes a group of

parcels that maximizes the expected number of speciegdubjequations [2] and [3].

3.4. Simulated annealing algorithm

The MCSP presented in section 3.3 cannot be solved usingdread optimization
techniques. Specifically, because of the model’s nontitiea and size of the problem it
is not possible to determine the optimal valueidbr eachj, wherex; is a binary decision
variable that determines if pargek selected for reserve. Thus, we employ a heuristic
which seeks to identify a good, though not necessarily agtsalution to the problem by
iteratively identifying candidate solutions (the setlafherex; = 1) that increase the

value of the objective function.

We employ a simulated annealing heuristic to identify a gapproximation to the
global optimum of a given function. The name comes from alimgan metallurgy,
which is a technique to reduce the defects of a material birigeand controlled cooling.
The heating process causes the atoms to change their posalons (a local minimum
of the internal energy) and wander randomly through stdtegyber energy. The
controlled cooling, however, gives them more chances thdaonfigurations with lower

internal energy than the amount in the initial state.
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Analogically, the basic idea of the simulated annealingalgm is to approximate the

global optimum via iteration (the "cooling”). In each stdptwe algorithm, the current

solution is replaced by a random solution in the neighbodhaidhe current solution. The

new solution may then be accepted with a probability thaeddp on both its location in

the neighborhood and a global param@t¢the "temperature™), that is slowly decreased

during the process. The dependency is such that the chdwede the previous and

current solution is almost random whers large, but increasingly selects the better

solution asT goes to zero.

Simulated annealing is suitable for situations where tlagctespace is large and

discrete. For many problems that are impossible to be sdlyetkhaustive enumeration

and approximation with a small error is accepted, simulatetealing may be more

efficient in calculation, which significantly lowers thequirement of computer hardware

and shortens the computing time. Here we need to note thagsiiés from simulated

annealing are "close" approximates rather than the globalmum. Thus, we term the

solution as "best available” ones since they are not neglgsseactly the optimum. The

algorithm applied to the RSS begins with the choice of amahiemperatureo. At the

original temperaturé, we repeat fol. (the length of Markov chain) times of the
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algorithm described below:

1. Choose parcel randomly. If parceh does not belong to the parcels which are
already selected for reserves, we select it and see whetikdeasible or not. If all
the reserves we select right now after we select paesalisfy the constraints both
[2] and [3] in our model which are defined as budget (or pancehber) constraint
and total risk constraint, respectively, , it is feasiblesétect parced and we seka
= 1. If not, we replace another pardeWhich is already chosen to be a reserve
candidate with parcel. If it is acceptable (defined below) after substitution, we
accept the substitution @fby a, which means we choose pareelo be a reserve
candidate instead of pardelith parcelb replaced. The acceptability condition is
that the set of selected parcels satisfy: 1) all the comggraifter substitution, and
(2)the difference valudf (defined below) is great than 0. If not, the absolute value of

(-df / t) is less than the random number from 0-1, which is also aebémtHere

iol

f = Z @- |‘J qin‘) , (I is set of species and is the decision variable), this function is
j0

the objective value of our modedf is defined ada- fy (fa is the optimum when
parcelais chosen but parcdlis not , which meansalll but bl . fyis defined

in a similar way.
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2. |If parcela has already been chosen as a reserve candidate, thai is, replace
parcela with parcelb which has not been selected before,bla.l . Ifitis

acceptable after substitution, we accept the substitution

We reduce the temperature toX tr, in which tr is cooling parameter). Continue to
reduce the temperature, and repeat the iterationsfb00 times as before. When the
temperature reaches the stopping temperature, the seancinates. The limited
temperature ist{ *(cooling parameter®loop)) where the cooling parameteailse called

the weakening coefficient, and loop is annealing (coolitnggs.
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4. Data

The species data, in terms of habitat distribution, coma&® fihe Natural Heritage GIS

data from Virginia Department of Conservation and Recogatin this thesis, we

consider species that are documented as rare, threateradangered. These data are

retrieved in the form of GIS layer files and we assess theiligton of the species in a

GIS environment. We include 821 total rare, threatened daegered species. For

simplicity, we collectively term the 821 species as "rarethe remainder of the thesis.

For the budget constrained case with heterogeneous spsitialve approximate land

value, using farm land value data from the National Agrietdt Statistical Service,

United States Department of Agriculture (USDA, 2007). dstiine Quick Stats web tool,

we retrieve the county-level average farm real estate \atune the electronic tables.

These county-level values are then assigned to individaragts within the four-county

focal area. The land values assigned to parcels locatedsaconinties are averaged by

the proportion of the parcels area in each county.

In the case of land development analysis, every parcel lil@seht development risk

based on Virginia Conservation Lands Needs AssessmentiMTk specification. In
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this dataset, obtained by the Virginia Department of Coretéon and Recreation’s
Natural Heritage Program, land development risk in evergidia county is evaluated
on a 1-8 scale, in which counties with a score 1 are the ldadylto be developed and
those with score 8 are the most likely to be developed. In palyais, we convert these
scores by dividing them by 100, which generates probadslitif land development
ranging from 0.01 to 0.08. A graph that shows the heterogenkmd development risks

is as follows (measured in original scale 1-8):

Fig4-1 Risk Distribution in the Study Region
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5. Results

In this section, we first apply the MCSP model to a RSS proldema Virginia
landscape with homogenous risk. Initially, in section Své,do not specify the type of
spatial risk, but the hazard threatening habitat can begtfioaf as any such risk,
including land development, wildfire, or invasive specie3hen, in section 5.2, we
apply heterogeneous land development risk data to a Vadamdscape. For each case
we describe the results in terms of the expected number ofesppresent in the
optimal reserve and the connectivity of the parcels indudehe optimal reserve. In all

cases, the risk parameter,is set equal to 20 and is non-binding in each case.

5.1. Homogeneous spatial risk in aVirginia landscape

To begin, we evaluate the impact of homogeneous spatiabrnskeserve design at
three geographic scales within Virginia: one-county, foaunties and statewide. These
three scales provide insight into reserve planning atdiffescales and allow us to look
for common features in reserve design results via cross-tmmparison. At each scale,
we apply spatial data from the Virginia Department of Comagon and Recreation on

species presence-absenag énd solve for the best available reserve design (i.e. decid
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if X, equals O or 1 for alj), subject to the model’s constraints.

This section is organized as follows. In sections 5.1.1.254nd 5.1.3, we apply the
MCSP model to three geographic scales, respectively. Esatioa includes modeling
results when all rare species are included, when only ramg gpecies are included, and
when only rare animal species are included. Part 5.2 intreslheterogeneous spatial risk

into the modeling framework, both with and without budgetstaint.

5.1.1. One-county analysis

In this section we present modeling results for three cadbsare species, rare plant
species only, and rare animal species only. We analyze Higbkpattern of the best
reserve design across these three cases in search of gieslas well as possible
differences. For each case, the same simulated annealurtgpaanethod is employed;
we set the initial temperatute=300, the length of Markov chairi] at 300, cooling

parameter at 0.95 and cooling times at 1000.

All species

This section includes all rare species within the one-gpan¢a, including both plants
and animals. We focus on Scott County, which provides halitamore species than
most other counties across the state. In the one-couningeie define a 21 x 21 (441

parcel) grid landscape. There are 85 individual rare spgmiesent in the county.
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On each individual parcel the probability of hazard fromsite- occurrence and spread

from neighbors. For simplicity in this section we focus orzdwa spread from adjacent

neighbors (inner-belt) only. To maximize the expected nendf species protected, we

select B=30 (6.8% of total area) reserves from the 441 toéatgds within the grid

landscape.

We use simulated annealing algorithm described beforelte 5S problem. What
we want to see is the distribution of reserves and how it cesag probability of hazard
spread changes in the presence of a fixed probability ofrdamacurrence. To do this,
we set the probability of hazard occurrenp@.05 and look for the maximum number of
surviving species and their distribution pattern undeeeidifferent probabilities of
hazard spready =0, fc =0.5 andfx =1. We develop and employ a simple connectivity
index (CI) to quantify the spatial patterns of the best reserves. &ohn eeserve, we count
the number of inner-belt reserves and assign them a weidghtasfd count the number of
outer-belt reserves and assign them a weight of 0.5. Thecotheectivity index is a
weighted sum of the nearby parcels of each reserve. For dgaih@ certain selected
reservg hask inner-belt reserves arlduter-belt reserves nearby, théh =k + 0.9, and
thenCl =% Cl;. Reserves that are highly connected will have higher Cl \sathan

reserves that are more dispersed.

Figure 5.1 below illustrates the distribution of reservdgew we set the probability
of hazard spreafi=0. In this case, there is no spread from the parcel whereahart

initiates to adjacent parcels and hazard risk is not spatiaklated. In this case we
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observe that the selected reserves are close to each odagiofally, we find that the
reserves selected are parcels that contain the greatebenwfirspecies. We also find that
most of the reserves we choose are close to rivers. For era@ppper Creek, one of the
major watersheds in the county, provides habitat for marg aguatic plants and animals,
and 20 of the 30 parcels included in the best available resse located along this river.
Others selected reserves are distributed along smalkmsriincluding Hilton Creek, Big
Maccasin Creek, North Fork Clinch River, Stony Creek. Thensxtivity index CI) of

the best available reserve is 43 when the probability of ftbgpreadi=0.

Fig5-1 Reserve Design when the Probability of Hazard Spréads(equal to 0— All rare species
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Next we increase the probability of hazard spre@difom an individual parcel to an
inner-belt parcel fronfk=0 to fi=0.5. With a positive probability of hazard spread between
adjacent parcels, the land manager must now weigh the ffadedween selecting
parcels with the greatest number of species and designieseave system that includes

adjacent parcels.
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In Figure 5.2 we see again that most parcels selected fawveeseincide with rivers
and many adjacencies exist among selected parcels. Tleatis though there is a
positive risk of hazard spread, adjacencies remain in teedyailable reserve design.
Most parcels selected are those with the greatest numbpeoies, often regardless of
whether or not those parcels are adjacent to other pardelsee for protection.
However, in this case, the connectivity indé€x) decreases to 36 as the selected reserves

are slightly more dispersed than in the case without spatatrelated risk.

Fig5-2 Reserve Design when the Probability of Hazard Spréads(equal to 0.5— All rare species
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Finally, when the probability of hazard spread to the inrgdt parceldi=1, indicating
that once the hazard occurs on an individual parcel, it advegyeads to the eight adjacent
parcels. In this case, the connectivity ind€X)(of the best reserve decreases to 26.

Figure 5.3 shows that most of the selected reserves are ala@rg, as in previous cases,
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but in many cases the reserves are separated by at leastroek pgain, there are still

adjacencies in the best available reserve with spatialiyetated risk taken into

consideration.

We see that the distribution pattern of selected reservesryssimilar to previous cases.

Table 5.1 displays the comparative statics of connectinigx and optimum as the

probability of hazard spread changes, showing that as titeapility of hazard spread

increases, the connectivity of the reserve decreases.

Fig5-3 Reserve Design when the Probability of Hazard Spréads(equal to 1- All rare species
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Table 5-1 Connectivity Index and Expected Number of Specips<0.05)
Probability of Hazard Spreadk) Reserve Connectivity Expected No. of Species
0 43 70
0.5 36 68
1 26 66
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As the probability of hazard spreafil)(becomes larger, the connectivity gets smaller

and the expected number of species protected in reservesmgatler (Table5-1). It

makes sense because if reserves are selected to be closh wiesr, when the

probability of hazard spread increases, the species ifbbypeagions are more likely to be

wiped out. Thus, the reserves are further from each othenwheeprobability of hazard

spread increases. When adjacent parcels are includediiegbeve, in some cases a

greater number of parcels is affected given the spread @afrtlazTherefore, the expected

number of surviving species becomes smaller.

Rare Plants

When solving the RSS problem to maximized the expected nuwiball species, we

found that the reserves tend to be located along rivers. Meryeve also want to see

whether the reserves are likely to be close to rivers if wesmer plants and animals

separately. As in the case for all species, we fix the prditalif hazard occurrence, and

vary the probability of hazard spread (fk and tl) to see how ¢hnnectivity of the best

reserve and the expected number of species change.

Again, focusing on Scott County, we solve the model on a 21 gritl landscape.
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Twenty species of rare plants are present in Scott Countaue we are considering

plants only, we sele®=15 parcels from the 441 total square parcels to maximize the

expected number of species.

In this case, the hazard may spread to adjacent parcels-feftandone parcel

further in each direction (outer-belt). In this case, chesig reserve connectivity and

expected number of plant species as the probability of kesgaread changes should be

more significant because spatial correlated risks nowspdalarger role in reserve design.

As described in the modeling section, we also assume that¢éotain parcel, the

probability of hazard spread from the outer-belt parcelsi$ of the probability of

hazard spread from the inner-belt parcels. Thus, we setrtiapility of hazard spread

from the inner-belt parcellg= 0, fi=0.5 andfk=1, and the relevant probability from the

outer-belt parcels=0, t=0.25 and;=0.5, respectively. Again, we fix the probability of

on-site hazard occurrence equal to 0.0%. (

Figure 5.4 below shows the distribution of reserves wheretigeno spatially

correlated risk and we set the probability of hazard spréaftdm the inner-belt parcels

and outer-belt parcels initially at 0. When there is no hdzgread f) from nearby

35



parcels and the probability of hazard occurrerngkf6r every parcel is the same,

maximizing the expected plant is equal to selecting a grdygarcels with most kinds of

plants. From Figure 5.4 we see that the parcels selecteddotspare also close to rivers

(including smaller rivers like Stony Creek). In this cages tonnectivity indexl) of the

best available reserve is 21.

Fig5-4 Reserve Design when the Probability of Hazard Spréads(equal to O— Rare Plants
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Next, we increase the probabilities of hazard spread torftd®a25, for the inner-belt

parcels f) and outer-beltt() respectively. The connectivity inde() of the best

available reserve for rare plants decreases to 20, medmngarcels include in the
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reserve are now further from each other. As shown in Figuseebnumber of parcels

within the best available reserve are along rivers.

Fig5-5 Reserve Design when the Probability of Hazard Spréads(equal to 0.5— Rare Plants
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Finally, we increase the probabilities of hazard spredd+d andt = 0.5, respectively.

It becomes more obvious that the reserves are further fram ether, and the

connectivity index ClI) of reserves falls to 15. The distribution of reserves isnginm

Figure 5.6. It makes sense because the spatial correlatedacomes bigger and plays a

more important role in the process of selecting reservepléotts. Like the result of the

analysis of all species, when spatial correlated risk eses, the parcels in the optimal

reserve become more dispersed.
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Fig5-6 Reserve Design when the Probability of Hazard Sprédds(equal to 0.5— Rare Plants
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Table5-2  Connectivity Index and Expected Number of Specgs 0.05)
Probability of Hazard Probability of Hazard Reserve Expected No. of
Spread from Inner-Belff) | Spread from Outer-Beltf | Connectivity Species
0 0 21 19.3
0.5 0.25 20 18.8
1 0.5 15 18.3

In the study of rare plants, the optimal reserve design absugggnificantly as the

probability of hazard spread increases. From Table 5-2 we s@e that both the

connectivity index Cl) and the expected number of rare plant species decreashs as t

probability of hazard spread becomes larger and a largarisueow affected.

RareAnimals

In this section we apply the RSS model to solve for the besilabla reserve design

when only rare animals in Scott County are considered. Taex@8 individual species of
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rare animals in Scott County.

First, we set the probability of inner-belt hazard spreadat 0, and thus the
probability of hazard spread to the outer-bé)s(also 0. The reserve distribution for
animals is shown in Figure 5.7. Compared to the optimal veskar rare plant species,
the optimal reserve for rare animal species is even morelgiagsincides with  rivers.
This result is likely due to the fact that many of the rare gt Scott County are
aguatic. Therefore, rivers there are the best places toseeved. In this case, the

connectivity index Cl) is 22.

Fig5-7 Reserve Design when the Probability of Hazard Sprédds(equal to 0— Rare Animals
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Figure 5.8 shows the case in which the probabilities of lthgpread increase fo=
0.5 andt = 0.25, respectively. In this case, we observe an notablegehin reserve
pattern and the connectivity inde€l) decreases to 11. Although reserve connectivity
decreases, reserves parcels remain located along rivessisbecause rivers provide
habitat for the rare aquatic animal species in Scott Coumtythe number of species

existing in individual parcels affects reserve design.

Fig5-8 Reserve Design when the Probability of Hazard Spréads(equal to 0.5— Rare Animals
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When the probabilities of hazard spread increadedl andt = 0.5, respectively, the

connectivity index Cl) decreases to 10, and selected reserves are very far frdm eac

other. However, the reserves are also distributed alomgsi\Results are shown in Figure

5-9.
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Fig5-9 Reserve Design when the Probability of Hazard Sprédds(equal to 1- Rare Animals
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To conclude, the pattern of animal reserves is similar asrbgfTable 5.3). Both the

connectivity and optimum decrease as the probability oalthgpread increases.

Table5-3  Connectivity Index and Expected Number of Specjgs 0.05)

Probability of Hazard Probability of Hazard Reserve Expected No. of
Spread from Inner-Belff) | Spread from Outer-Belt§ | Connectivity Species
0 0 22 26.0
0.5 0.25 11 25.6
1 0.5 10 25.0

5.1.2. Four-county analysis

All species

In the real-world of conservation planning, decision-nrakmight be interested in

looking beyond a one-county area for larger scale plannimggses. For example, when
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designing a reserve, conservation planners might wanttade an entire ecosystem

type or species range, which could easily extend beyondadilicpl boundaries of a

single county. Thus, in order to apply our model to such beo@dntext, next we expand

our focal landscape to include four counties in SouthwegjiNia: Scott County, Lee

County, Wise County and Dickenson County. Using GIS, we layahe four-county area

with an 18 x 18 grid. There are 137 total species present mitte four-county area. We

setB equal to 30 and solve the model to maximize the expected nuafilspecies in the

presence of spatially correlated risk. In this setting,dndzpread from both inner-beft)X

and outer-beltt()are considered.

As before, we use simulated annealing algorithm to solvdtB8 problem. Again, we

consider the case in which the probability of hazard oceuedpj) on an individual

parcel is 0.05, and study the comparative statics when thigapility of hazard spread to

inner-belt parcelsfg) changes from 0, to 0.5, and to 1. Spread to core parcel from

outer-belt parcelsj changes from_0, 0.25 to 0.5, respectively. For all casésan

four-county analysis, we set the initial temperature at, 30€ length of Markov chain at

300, weaken coefficient at 0.95 and annealing times at 1000.

Figure 5.10 shows the distribution of parcels selecteddserve when we set the
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probability of hazard spread from both of inner-b&lf &nd outer-beltt() both at 0. In
this case, there is no spatially correlated risk and, aswudtydise reserve parcels are close
to each other. Also, most of the reserves are located neasrias observed in the

one-county analysis. The connectivity ind€X) of the reserve is 152.

Fig5-10 Reserve Design when the Probability of Hazard Spréaibs(equal to 0— All Rare Species

Next we set the probability of hazard spread from inner-ggland outer-beltt() at

0.5 and 0.25, and reach the selected reserves shown in Eiduréelow. The

connectivity index Cl) of the reserve decreases to 137.5. From Figure 5.11 we san al

see that the reserves tend to be located in areas with rivers.
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Fig5-11 Reserve Design when the Probability of Hazard Sprégds(equal to 0.5— All Rare Species
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Finally, we set the probability of hazard spread at(f. andt = 0.5 respectively,
which, as before, means that once a hazard occurs, it williody spread to adjacent
parcels. In this case, the connectivity ind€X)(of the reserve decreases to 108.5, which
verifies the negative correlation between the probabidftiiazard spread and

distributional connectivity. Figure 5.12 below depicts tiarcels selected for reserve.
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Fig5-12 Reserve Design when the Probability of Hazard Spréadbs(equal to 1- All Rare Species

In the analysis above we see that the distribution pattepaafels selected for reserve
is similar prior results. That is, as the probability of hazapread increases, the

connectivity index Cl) decreases. Table 5.4 below shows the comparative stétics o

connectivity index and expected number of species) as titeapility of hazard spread

changes.

Table 5-4 Connectivity Index and Expected Number of Specjgs 0.05)

Probability of Hazard Probability of Reserve Expected No. of
Spread from Hazard Spread from Connectivity Species '
Inner-Belt i) Outer-Belt )

0 0 152 115.0
0.5 0.25 137.5 104.4
1 0.5 108.5 94.0
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Rareplants

In the following study, we seek to select the reserves fantglan these four counties
(Scott, Lee, Wise and Dickenson). There are 43 kinds of ramtpexisting in 324
parcels within the four-county area. To maximize the expeciumber of rare plants, we
selectB = 15 parcels for reserve. In this setting, as before, hazaehs to both

inner-belt ) and outer-beltt() are considered.

First we examine the case where there is no spatially coecklask andthe probability
of hazard spread from the individual parcel to the innet-sed. In this case, the reserve
design is as shown in Figure 5.13. Here we observe the reselvgtered in watersheds;

connectivity index Cl) is 45.

Fig5-13 Reserve Design when the Probability of Hazard Spréads(equal to 0 — Rare Plants
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Figure 5.14 shows the reserves design wiier0.5 for the inner-belt antl=0.25 for
the outer-belt. In this situation, parcels selected foemes are more dispersed. The
connectivity index Cl) of reserves decreases to 26 in this case. There are is a small
number of parcels selected for reserve in Dickenson Cowsttalise only a small number

of rare plants are present within the county.

Fig5-14 Reserve Design when the Probability of Hazard Spréads(equal to 0.5 — Rare Plants

When the probability of inner-belt hazard spreédlifcreases to 1, the reserve
distribution shifts to a pattern shown in Figure 5.15, therextivity (Cl) decrease

further to 24. Obviously, the reserves selected are alssiddan watersheds.

a7



Fig5-15 Reserve Design when the Probability of Hazard Sprédds(equal to 1 — Rare Plants

Similar to former analysis, Table 5.5 verifies the patterneserves distribution again.

The connectivity index and expected number of plants becmadler when the spatial

correlated risk becomes larger.

Table5-5 Connectivity Index and Expected Number of Specjgs 0.05)

Probability of Probability of

Hazard Spread Hazard Spread Reserve Expected No. of
from Inner-Belt from Outer-Belt | Connectivity Species

(f) ()

0 0 45 34.6

0.5 0.25 26 33.0

1 0.5 24 31.5
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Rare animals

We continue to study the reserves for rare animals on thisdounty scale. There are
42 kinds of animals in these four counties, which are repteskby the same grid system.
In this study, we aim at selecting 15 parcels for reservediaddhe pattern of reserves

distribution. The parameters do not change in this study.

Firstly, we set the probability of hazard spread from inbelt-at 0. The reserves for
animals are clustered in Lee County and Scott County. Theexdivity index is 38,
which is comparatively large. The reserves for animals lrgec to rivers than reserves

for plants because most rare animals there are aquatic haliirby the river.

Fig5-16 Reserve Design when the Probability of Hazard Spréads(equal to 0 — Rare Animals

e
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Secondly, we increase the probability of inner-belt andlmit hazard probability to

0.5 and 0.25 respectively. The reserves disperse signifjcand the connectivity index

(CI) decrease from 38 to 29. The pattern is shown in Figure 5.17

Fig5-17 Reserve Design when the Probability of Hazard Spréads(equal to 0.5 — Rare Animals

Finally, we reset the probability of hazard spread to 1 aBd@spectively. The

connectivity index Cl) then decreases to 25, while reserves are mainly distdmltsng

rivers as before.
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Fig5-18 Reserve Design when the Probability of Hazard Spréads(equal to 1 — Rare Animals

Table 5-6

Table 5.6 shows the pattern of reserves distribution, frdntkvwe see that the

connectivity index and optimum change exactly the same way.

Connectivity Index and Expected Number of Specjgs 0.05)

Probability of

Probability of

Hazard Spread Hazard Spread Reserve Expected No. of
from Inner-Belt from Outer-Belt | Connectivity Species

(fi) (t)

0 0 38 36.5

0.5 0.25 29 34.8

1 0.5 25 33.3
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5.1.3. State-wide analysis

In the United States, many states have developed specifgeceation planning
guidelines. In practice, it is important for the state-lgdanners to design a
comprehensive strategic plan for wildlife conservatiohjah is later to be implemented
at different administrative levels. Thus, to provide stateel decision makers with
information on the optimality of reserve design is of greaportance.

This section conducts analyses at the state level. Modatitiys level is of greater
difficulty because the numbers of both species and parceils gramatically and the run

time of the simulated annealing program increases expihgnt

All Species

In order to find whether this model can be applied to largaetesave choose the
Commonwealth of Virginia and attempt to select an optimaéree for the whole state.
Using ArcMap, the Commonwealth is included within an 25 x 28 ¢andscape. There
are 821 species present in the state. Figure 5-19 below gthevasstribution of habitats

of those species.
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Fig5-19 Distribution of Rare Species of the Whole State
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Data source: Natural Heritage GIS data, Virginia Dept of §&mation and Recreation

To maximize the expected number of species, we to selecti@@lsg4.8% of the total

area) for reserve from those 625 square parcels. Again, esimailated annealing

algorithm to solve problem with the same parameters. Fompeoational ease, we

consider hazard spread to the inner-belt neighbors only.

We first set the probability of hazard sprei@d0 and selected the reserves, which are
shown in Figure 5.20 We see that most of the reserves we clamesettled on the
western and eastern parts of Virginia, with only a few lodatethe central part of the
state. This pattern is consistent with the species digtdbsee Figure 5.19). In this
situation, the most reserves are distributed along the lappan Mountain ranges and

the Tidewater region. In this case the connectivity indeR 6f reserves is 75.
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Fig5-20 Reserve Design when the Probability of Hazard Spréaibs(equal to 0— All Rare Species
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When we increase the probability of hazard sprégdd 0.5, the reserve design

(Figure 5.21) changes slightly, but reserve parcels rem@icentrated in the western and

eastern parts of Virginia. The connectivity indéxi) decreases to 65.

Fig5-21 Reserve Design when the Probability of Hazard Sprégds(equal to  0.5— All Rare Species
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Finally, we increase the probability of hazard spread tohke @onnectivity index falls
to 53, indicating that the parcels selected for reserve ame mispersed.. But because
there are fewer species in parcels located in central iagagain few parcels are chosen

for reserve in this area.

Fig5-22 Reserve Design when the Probability of Hazard Spréadbs(equal to 1- All Rare Species
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Table 5.7 shows the expected number of species and conhettoex. We verified

that our model can be applied to the whole state to seleatvese

Table5-7  Connectivity Index and Expected Number of Specjgs 0.05)

Probability of Probability of

Hazard Spread Hazard Spread Reserve Expected No. of
from Inner-Belt from Outer-Belt | Connectivity Species

(f) (t)

0 0 75 565

0.5 0.25 65 538

1 0.5 53 514
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Rareplants

In this subsection, we select the optimal reserve desigratamize the expected
number of rare plants. Statewide, there are 425 specieseoplants. To maximize the
expected number of rare plants, we select 15 parcels forveda this case, hazard
spread may occur from the individual parcel to the innet-betl the outer-belt. All other

parameters are unchanged.

Figure 5.23 shows the distribution of reserves around thaevktate when there is no
hazard spread between parcels. Here we see that the parleei®d for reserve are
concentrated in the far western and eastern parts of Vaginicontrast to the result from
the onecounty and four-county analysess, not all of theveseare near rivers. The

connectivity index Cl) is 34.5.

Fig5-23 Reserve Design when the Probability of Hazard Spréads(equal to 0— Rare Plants
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When we reset the probability of hazard spread from innéravel outer-belt at 0.5

and 0.25, the connectivity index decreases to 28 as thelpa@ected for reserve
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become more dispersed. Again we see a concentration ofegsarcels located in the far

western and south eastern parts of the state.

Fig5-24 Plant Reserves Distribution with Inner-Belt Hazard Spreaabability= 0.5— Rare Plants
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Figure 5.25 shows the reserves distribution when the pibtyatf hazard spread is 1.
In this case, the connectivitfC{) decreases to 22. However, adjacencies exist among

parcels in both the far western and south eastern parts state

Fig5-25 Reserve Design when the Probability of Hazard Spréads(equal to 1- Rare Plants
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Table 5.8 below describes a similar as we discuss before.
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Table5-8

Connectivity Index and Expected Number of Specjgs 0.05)

Probability of Probability of

Hazard Spread Hazard Spread Reserve Expected No. of
from Inner-Belt from Outer-Belt | Connectivity Species

(f) ()

0 0 34.5 320

0.5 0.25 28 308

1 0.5 22 297

Rare animals

Finally, we apply our model to solve the reserve selectiabj@m for rare animals

statewide. There are 212 rare animal species present itatieecs Virginia. We maintain

the same parameters as in previosu cases and allow for hgzaat from the individual

parcel to the inner-belt and outer-belt parcels.

First we examine the case when there is no spatially coelatk and the probability

of hazard spread to the inner- and outer-belts is set equalrto  For this case, the

distribution of parcels selected for reserve is shown iufed.26, below. The

connectivity index of the optimal reserve design is 25 arjd@hcies among parcels

selected for reserve are present primarily in the westertnopghe state.
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Fig5-26  Reserve Design when the Probability of Hazard Spréads(equal to 0— Rare Animals
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For the case where the probabilities of hazard spread aet 863 and 0.25,
respectively, the distribution of parcels selected foeres is as shown in Figure 5.27.
Here the connectivity index]) falls only slightly, to 19. The reserve design remains

very similar to the case where there was no spatially caedlask.

Fig5-27 Reserve Design when the Probability of Hazard Spréads(equal to 0.5— Rare Animals
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In the case where the hazard spreads with certainty, thaudisbn of parcels selected

for reserve is as shown in Figure 5.28. which is identicahtoreserve design depicted in
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Figure 5.27, and the connectivity indeRlj remains unchanged at 19. In spite of an

increase in probability of hazard spread, the adjacenciEsept in the reserve remain.

Fig5-28 Reserve Design when the Probability of Hazard Spréads(equal to 1— Rare Animals

A

Table 5.9 summarizes results from the statewide analysarefanimals, which
exhibits a similar pattern as seen before. However, in {hegi§ic case the connectivity
index does not decrease when the risk of hazard spread sesreahové=0.5 and

t=0.25.

Table5-9 Connectivity Index and Expected Number of Specjgs 0.05)

Probability of Probability of

Hazard Spread Hazard Spread Reserve Expected No. of
from Inner-Belt from Outer-Belt | Connectivity Species

(f) (t)

0 0 25 168

0.5 0.25 19 162

1 0.5 19 156
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5.2. Heterogeneousspatial risk in a Virginialandscape

This section contributes to the literature of land develeptrisk and reserve design in
two aspects. First, by modifying the MCSP framework outlimesection 3, we
incorporate heterogeneous spatial risk. Specificallyapely observed values for land
development risk in a four-county area in southern Virgiléthin the focal area,
development risk values range from 1 to 8. As show in Figu28 sdevelopment risk
increases from rural areas to the urban center of Sussexty;&ranswick County,

South Hampton County, Greensville County and Emporia Gtyen these assumptions,

we solve for the reserve design that maximizes the expectadber of species.

Fig5-29 Risk Distribution in the 4-County Focal Area
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The four-county focal area includes: Sussex County, Brigis@ounty, South
Hampton County, Greensville County and Emporia City. Théaacontains 20 rare
species. Because land development is one of the most sigmifinreats to conservation
in Virginia, results from the model will provide insight mtradeoffs between habitat

conservation and continued land development.

We illustrate the modeling procedure and conduct analysistfoth without and with
budget constraintg), which is a monetary budget from the government. Before we
introduce the budget constraiifirstly (in the without budget case) take the form of the
number of parcels that we may select, as we did in previousossc We then interpret
the results from a comparative static point of view as thdabdity of hazard spread

varies.

5.2.1. Unconstrained optimization

To begin our analysis, we select 20 rare species which arelywdbserved in these

counties$ and illustrated in Figure 5.30. The green regions in the lyigphe distribution

! The species included are Atlantic pigtoe, Bachman’s SparBald eagle, Barking treefrog, Blackbanded

sunfish, Dwarf wedgemussel, Green floater, Henslow's reparLoggerhead shrike, Mabee’s salamander,
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of endangered species, and the focal area outlined in bladkding Sussex County,
Brunswick County, South Hampton County, Greensville Cguamd Emporia

City, constitute the study region. From the graph we carilsstiehese species are widely
present in the focal area and the habitats of them in the sagign are of a much greater

area than neighboring counties.

Fig5-30 Distribution of Selected Species in the Study Region
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Dwarf Crabgrass, Easter big-eared Bat, Eastern Lampmu&mten Colicroot, Lined Topminnow,

Virginia Thistle, Round-leaved Goldenrod, Southern Blaebrt, Oak Toad and Reniform Sedge..
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In this analysis, we draw grid in an GIS environment, and ske@square area that

covers the whole analyzed places, which is divided into 20 grBall square parcels.

Every parcel has different development risk based on MimgBonservation Lands Needs

Assessment (VCLNA)’s specification. In the whole state ofjia, the development

risk observed in each parcel is ranked from 1 to 8, in whichriotles the lowest

development risk and 8 means the highest. To apply the dewelot risk data to our

model, we converted ranked development risk to probalofityazard. For simplicity

reasons, we set 1 to be 0.01 and set 8 to be 0.08 by defy#s(.00 wheresis the scale

of 1-8, which represents the probability of on-site hazarclorence (which ig; in the

model). The distribution of those risks is shown in Figurg®-

Figure 5-30 illustrates the significant variance of oreslevelopment riskx) in our

study region, ranging from 0.03 to 0.08. Also, we find thatmeare species are present

in parcels with relatively high risk of development As in standard setting, every parcel

has a total development risk that includes both the indaigharcel risk ) and the

spread risk from neighboring parcelsdndt,).
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To maximize the expected number of species protected, we=dét. We solve the

problem with heterogeneous spatial risk using the simdlateealing algorithm

described above. We vary the probability of developmeraagpii) from the individual

parcel to inner-belt parcels from 0, 0.5to 1. The probabditdevelopment spread

from the individual parcel to outer-belt parcetg (s then equal to 0, 0.25, and 0.5,

respectively.. To solve for the optimal reserve design, @dlge initial temperaturdo at

300, the length of Markov chairL} at 300, weakening coefficient at 0.95 and annealing

times at 1000.

Figure 5.31 shows the distribution of reserves when thegiihby of development

spread to both inner-belt and outer-belt parcg)dritially at 0. When development does

not spread between parcels, there is no spatially cortetatke and many of the parcels

selected for reserve are near each other. We find that tbevessselected are parcels with

the greatest number of species. In this case, the conngatidiex (CI) of the optimal

reserve is 25.
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Fig5-31 Reserve Design when the Probability of Hazard Spréadés(equal to 0— All Rare Species

2 o
—~ o o =
2 R 2
s q g
i e o Wi
md A{ w\ﬁ
1] il | jrd i I i A
‘l\ﬁ.“\ f :f;;ffé ] o i /)/
HEEVYE A [
o T P [ =
4 By w./ | b i
) .i bk &
P il ik Y RS
o l‘/ [ = 4 1 e r
-\\\ } lew( — 4

To examine the impact of spatially correlated risk on optireaerve design, we reset
the probability of hazard spread to inner belt nearby par@glat 0.5 and out-belt parcels
at 0.25. In this case, the connectivity index decreases.thd@l the parcels selected for

reserve are more dispersed.

Fig5-32 Reserve Design when the Probability of Hazard Sprégds(equal to 0.5— All Rare Species
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Finally, we set the probability of hazard spreadkat 1 andt; = 0.5, respectively, i.e.

when one parcel is developed, the adjacent, inner-belefsawdgll certainly be developed

as well, wiping out the species there. In this case, pareddsted for reserve are more

dispersed and the connectivity index decreases to 16.

Fig5-33  Reserve Design when the Probability of Hazard Spréads(equal to 1—- All Rare Species
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Table5-10 Connectivity Index and Expected Number of Specigs 0.05)

Probability of Hazard Probability of Hazard Reserve Expected No. of
Spread from Inner-Belf) | Spread from Outer-Beltj | Connectivity Species

0 0 25 19.69

0.5 0.25 18.5 19.53

1 0.5 16 19.33
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In the analysis above we see that in general the clustersoglgaselected for reserve
are primarily located in areas with lower probabilities evdlopment. Some parcels in
areas characterized by higher levels of development risknatuded in the optimal
reserve, but there are no adjacencies among these selectedspAgain, we observe that
as the probability of development spread increases, theemivity index CI) of the

optimal reserve decreases since more areas are affected.

5.2.2. Budget constrained optimization

In recent years, conservation has become a political pyioriVirginia. For example,
Governor McDonnell pledged to protect 400,000 acres duriagour-year term.
Governor Kaine, who proceeded McDonnell, was successfukimilar pledge and
successfully protected 400,000 acres during his tenur@n kight-year period, this could
mean the protection of 800,000 acres, or 3% of the total ar€pmmonwealth of
Virginia. The potential benefits of this landscape-scaleservation effort are great, and
in this section we examine the tradeoffs between habitatermation and the cost of land
protection. We aim to use optimization to solve this prohlamd draw useful policy

suggestion for the selection of reserves to maximize thebeumof endangered species,

68



with proper consideration of spatially correlated devetept risk and budget constraint.

As described in section 4, land cost values represent agg@gacre cost of

farmland by county. Table 5.11 presents the results fronbtitget constrained MCSP

applied to the four-county focal area over a range of budgedls. The parcel size is

about 9,600 acres (15 square miles). The cost per speclageacin Table 5.11 is a

measure of the conservation efficiency.

Table5-11  Expected Number of Species and Cost per Species with Heteeogs Risk

Expected Number

Number of Parcels

Budget Constraint of Species Cost per Species | in Reserve
$1,056,000,000.00 19.79 $53,360,282.97 46
$633,600,000.00 19.65 $32244274.81 34
$352,000,000.00 17.6 $20,000,000.00 19
$211,200,000.00 16.74 $12,616,487.46 11
$168,192,000.00 15.55 $10,816,205.79 7
$112,128,000.00 14.43 $7,770,478.17 4
$74,752,000.00 11.66 $6,410,977.70 3
$56,064,000.00 9.55 $5,870,575.92 2
$46,720,000.00 6 $7,786,666.67 1
$24,294,400.00 6 $4,049,066.67 1
$23,360,000.00 5 $4,672,000.00 1
$23,360,000.00 0 0 0
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From Table 5.11, we can see that when the conservation btightgns, both the

number of protected species and the number of parcels selemtreserve decrease as

well. Over the range of budget levels included, the total henof acres conserved

ranges from 9,600 to 441,600 acres. When the budget camtstraips below $23.36

million, the selected reserves and the expected numberecfegpdecreases to 0.

We find that when there are 4 selected parcel, the numbeotégted species is 14.43.

When it decreases to 3, 11.66 species are protected, andvreenthe number of

reserves further decreases to 1, there are still 5 speciks protection. These results

indicate that the species are clustered in the focal areantormation of which is helpful

for conservation practitioners since this simulation gitleem a priority rank of choosing

reserve parcels in a certain order when their budget consisdimited, which is easily

seen in real world cases. Also, notice that when the expeetetber of protected species

approaches the total number of species in this 4 county aneial{ is 20), there are steep

jumps in the average cost of protecting species, since Hrersignificant increases in the

number of parcels that need to be protected, which driveateeage cost up rapidly.
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The cost per species, i.e. how the cost per species varibs &stal number of

protected species increases, is illustrated in figure.3t8this graph, we see that the cost

per species increases exponentially as the total numbeotdqted species increases.

However, we find that when budget constraint is set at abadtZ® million dollars, the

average cost per species cost is the lowest, and the probteateber of species is 6.
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6. Discussion and concluding remarks

This analysis aims to find a means for the optimal bioditgrsbnservation strategy in
the presence of spatially correlated risk. We first intrcelhomogenous spatial risk in a
MCSP framework and solve the RSS problem at three differengjgaphical scales:
one-county, four-county and statewide. Next we examine#se of heterogeneous
spatial risk—Iland development risk—in a MCSP framework solde the RSS problem
for a four-county area in Virginia. We contribute to the tdg&ure by introducing spatially
correlated risk in the context of the RSS problem, which v&stigated intensively in
several cases with different geographical areas, spgges.trisk types, and both without
and with budget constraint. Incorporating spatial riskoitite MCSP framework makes
the programming process much more complicated and connguuadlty intensive, but

also allow for a more realistic analysis.

The major findings of our study include:

1. Spatial risk matters. Given the comparative staticsidexain each section, we see
that in the presence of spatially correlated risk, the opliraserve is different than

when hazard risk is uncorrelated. With spatially correlatsk, parcels selected for
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reserve are more dispersed. Also, the maximum expectederuhbpecies declines

when spatially correlated risk increases.

Even with spatially correlated risk, however, over a mofsettings, adjacencies

among parcels in the optimal reserve remain. This is beaaiutbe high

concentration of rare species in some areas. In spite ophteasrisk, including

adjacent parcels with large numbers of species in the reseaximizes the

expected number of species.

In Virginia, we observe tradeoffs between species ptate@nd spatially correlated

risk most clearly in areas with high concentrations of retbguch as river systems

in the southwestern part of the state. In the presence afi\eéosity hotspots’ the

optimal reserve design is characterized by adjacenciegasavhere a large number

of species present, in spite of the spatial risk. In landssaghere biodiversity

hotspots are present and spatial risk is present, congaryaanners must be keenly

aware of the tradeoffs involved. For example, further stundiy risk probabilities

associated with hazards that spread along rivers and inairpareas may be of

value when designing a system of conservation reservesithwestern Virginia.
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4, In the case of heterogeneous spatially correlated riskyeh risk increases,

reserve connectivity decreases particularly in areasevbgatially correlated risk is

greater. Adjacencies among parcels within the optimakvesare present, but

limited to lower risk areas.

Results from the budget constrained setting allow decssioaking based on both the

costs and benefits of conservation. There is the oppoyttmitfuture work to address the

dynamics of RSS problem given periodic budget constramitsch would provide

additional insights into conservation planning.

From all the analyses above, we see that spatially corcetatk is an important factor

that should not be ignored in both wildlife analyses and eoretion practices. Indeed,

conservation planning that fails to consider the spatiaietation of risks will lead to

incorrect results and thus the optimality of reserve desiguald suffer. This study has the

potential to improve reserve site selection decisions aindighe conservation planners

with more quantitative analysis to assist decision-makithgnany different administrative

levels.

Overall, our results emphasize the significance of spatialrrelated risk for
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conservation planning in Virginia. This notion stays vadittoss all the variations of focal

areas in which the grid size also changes. In the statewiaglgsis, for example, failing to

consider spatially correlated risk will result in an ovemasition of the maximum number

of protected species of more than 50 species, or nearly 1a#edbtal, for our chosen

parameters. In practice, failing to incorporated spats into a conservation

decision-making framework may result in inefficient ragedesign and the failure to

meet conservation goals.

This thesis is a first-step in the exploration of spatiallyrelated in a Virginia context

and there are many opportunities for future study on pobsyes in this area.

Specifically, conservation policies can be designed in ptlat best offsets the negative

impacts of the spatial correlation of risks. For exampleyty or state tax incentives may

be designed to encourage conservation of parcels locatayg fa@m currently reserved

parcels, and land use taxes may be revised accordingly pddreh a better reserve

system. For example, for parcels that are rich in speciesomated away from currently

reserved ones, the tax may be set lower for land uses thaiopeaanservation and

higher for other uses, thereby providing incentive for @wation. Further, area-specific

conservation easements might be designed based on exeaatea design, which would
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likely reduce the cost of conservation. Also, fiscal coiutlis need to be considered when
a reserve system is under design, and the cost structues] baghe budget constrained

optimization, may be of importance.

This research serves as a platform for a number of possitdagiwns. . First, , we may
include both parcel number and monetary budget as contstiato the model, as seen in
some real world cases, and see how the best available seteo¥egparcels change as
adjustments occur to certain parameters. Third, diffenenghts of species can be used
to differentiate the value of these species. This is of irtgpare when the primary goal of
reserve design is to protect an individual “high-value”@ps rather than a large group
that includes all rare species. All of the above require naolkeanced computation tools,

with which a finer grid system (with smaller parcels) mayodie used.
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