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INTRODUCTION

Development in rural-urban fringe communities is increasing with the potential to damage
healthy ecosystems and endanger the long-term persistence of resident flora and fauna (Heimlich
and Anderson 2001; Daniels 1999; Maestas, Knight, and Gilgert 2003; Miltner, White, and
Yoder 2004). Development affects all species of wildlife including mammals (Harrison 1997),
birds (Lindsay, Gillum, and Meyer 2002), and amphibians (Woodford and Meyer 2003).
Environmental impacts of development include loss, degradation, and fragmentation of wildlife
habitat, increased air and water pollution, increased soil erosion, and decreased aesthetic appeal
of the landscape (Johnson 2001). Roads, in particular, have a dramatic impact on wildlife by
blocking migration routes, making habitat near roads unacceptable due to noise and pollution and
road kills from passing traffic (Forman and Deblinger 2000; Haskell 2000; Romin and Bissonette
1996; Trombulak and Frissell 2000). Habitat loss and fragmentation is thought to be one of the
primary causes of species extinction today, and is considered a research priority for conservation
biologists (Davies, Gascon, and Margules 2001).

The largest growth in development is currently occurring in exurban communities (Davis,
Nelson, and Dueker 1994; Lamb 1983). Exurban communities are heterogeneous landscapes
made up of farms, suburban-style subdivisions, large-lot residential developments, commercial
centers, and undeveloped open spaces (Nelson 1992). Exurban areas have increasingly become
zones of conflict as conservation and development uses compete for the same finite land resource
and wildlife habitat becomes increasingly fragmented (Wiens 1996). Concern over conflicting
land uses has reached all the way to the federal level in the United States (United States Senate
2003).

Current land use policies rarely incorporate features of landscape-scale ecosystem health (Burke
and Gibbons 1995; Miltner, White, and Yoder 2004; Willson and Dorcas 2003). For example,
wetland policies focus on protection of individual wetlands, but at the same time provide
incentives for higher-intensity development of upland habitat (Hardie et al. 2000; Swallow 1994;
Semlitsch 1998; Semlitsch and Bodie 2003). Many wetland species, such as pond-breeding
amphibians, spend much of their life cycle in these upland habitats either over-wintering or
dispersing to other wetlands across the landscape (Semlitsch 2000). Development and
fragmentation of upland areas decreases the long-term viability of these species by reducing the
quantity and quality of upland habitat and decreasing dispersal success (Arnold and Gibbons
1996; Lehtinen, Galatowitsch, and Tester 1999; Vos et al. 2001; Vos and Chardon 1998).
Similar problems occur in the preservation of reserve networks where only core reserves are
protected without consideration for the quality of the intervening landscape.

Solutions to these problems require an ecosystem management approach that achieves combined
ecological and economic objectives. The research reported here evaluates the potential for
development in exurban communities while simultaneously maintaining a sustainable level of
ecosystem health.! The study develops a spatially-realistic conceptual model that integrates
economic and ecological principles to determine the optimal allocation of land between
development and preservation uses.

! We distinguish here between ecological integrity, a pristine condition which applies to wilderness areas, and
ecosystem health, a flourishing condition which applies to areas shared jointly by human and non-human species
(Karr 1996, 2000; Rapport, Costanza, and McMichael 1998).



Historically, two different economic theories have been used to explain land allocation decisions:
(1) von Thunen’s locational rent model (Hall 1966; von Thunen 1875; Alonso 1964), from which
the bid-rent model evolved, and (2) Ricardo’s differential rent model (Ricardo 1911). In the von
Thunen model, land is homogeneous in terms of quality and land rent is a function of distance
from the city center, with the basic assumption being that the farther away from the city the
greater the transportation costs. Higher-valued land uses (i.e., those that accrue the highest rents)
are found closest to the city core. In contrast, the Ricardian (or differential) rent model uses
parcel quality rather than distance to city center in determining land rents. In this model, parcels
located at the same distance from the city center may be heterogeneous in terms of land quality.
Higher quality land receives higher land rents than lower quality land, for the same land use.
Factors affecting land quality include type of soil, slope of terrain, amount of forest cover,
presence of scenic vistas, and availability of public services, among others. The importance of
particular quality factors varies by land use type. For example, scenic vistas would be valued
more highly for residential land use than for agricultural land use. In the analysis performed
here, the von Thunen land rent model identifies the geographic area of concern (exurban
communities at the urban-rural fringe), while the Ricardian land rent model identifies the
heterogeneous land values within the geographic area of concern.

While economic models typically focus on monetary benefits and costs, ecological models
typically focus on long-term viability of species or other indicators of ecosystem health. A
number of approaches have been used to incorporate ecological “values” into economic analyses.
For example, hedonic housing studies, recreational travel-cost models, and contingent valuation
surveys have all been used to estimate values of non-market public goods such as open space
(Bates and Santerre 2001; Geoghegan 2002; Irwin 2002; Johnston et al. 2001; Lutzenhiser and
Netusil 2001; Rosenberger and Loomis 1999). Unfortunately, attempts to quantify the entire
economic value of ecosystem services are often difficult to accomplish or generate substantial
controversy (Swallow 1996; Toman 1998; Berrens 1996). Because of the difficulty in measuring
non-market benefits of ecosystem health, an alternative “safe minimum standard” approach may
be used (Bishop 1978; Randall and Farmer 1995; Ciriacy-Wantrup 1952). With this approach, a
government agency establishes a standard or constraint that guarantees a particular level of
safety. For example, a safe minimum standard approach is used by the Clean Water and Clean
Air Acts to protect human health, whereby various pollutants are not allowed to exceed specified
levels. Similarly, the Endangered Species Act protects non-human species from extinction. As
society increases its understanding of ecological processes and environmental conditions,
standards are modified (strengthened or relaxed) to reflect this new information.

One way of modeling a safe minimum standard is through the use of an ecological constraint.
Ecological constraints have been used in the modeling of both renewable and non-renewable
resources (Albers 1996; Roan and Martin 1996; Yang et al. 2003). Albers (1996) models
management of tropical forests using ecological constraints to reflect both spatial interactions
across forest plots and the irreversibility of some forest land uses. Roan and Martin (1996)
model mineral production and waste reclamation as joint products subject to the traditional ore
depletion constraint and an additional ecosystem constraint that limits the amount of water
pollution released. Yang et al. (2003) model the cost-effective retirement of cropland subject to
a constraint that limits sediment loading of local rivers. In each of these studies, the ecological
constraint provided insights that weren’t available from the corresponding traditional model



without the constraint. This study develops a theoretical model that incorporates an ecological
constraint on the development of land at the urban-rural fringe.

Some economists view a spatial component as critical for land use modeling and policy analysis
(Bockstael 1996; Bockstael et al. 1995; Irwin and Geoghegan 2001). A small number of
ecological-economic studies have utilized metapopulation dynamics as a spatially-explicit
ecological component (Brown and Roughgarden 1997; Sanchirico and Wilen 1999, 2001, 2001;
Smith and Wilen 2003). Metapopulations consist of groups of local subpopulations distributed
throughout a patchy environment, with each subpopulation occupying its own patch and
exchanging individuals through a dispersal process (Hanski 1999). Local subpopulations can go
extinct and patches can be re-colonized without threatening the overall viability of the entire
metapopulation.The land allocation model developed here establishes links between long-term
metapopulation persistence and of development through an ecological constraint. A social
planner seeks to maximize the benefits of development (or, alternatively, minimize the
opportunity costs of foregone development) while guaranteeing a certain likelihood of long-term
metapopulation persistence across the landscape that accounts for the changes to habitat patches
and species dispersal success brought about by development.

METAPOPULATION MODEL

Metapopulation theory has been used to analyze and predict population processes for a variety of
species including mammals (Moilanen, Smith, and Hanski 1998; Sweanor, Logan, and
Hornocker 2000; York, Merrick, and Loughlin 1996), birds (Akcakaya and Atwood 1997;
Akcakaya et al. 2004; Foppen, Chardon, and Liefveld 2000; Gutierrez and Harrison 1996),
insects (Briers and Warren 2000; Wahlberg, Moilanen, and Hanski 1996), and amphibians
(Carlson and Edenhamn 2000; Gill 1978; Pope, Fahrig, and Merriam 2000; Sjogren-Gulve 1994;
Vos, Ter Braak, and Nieuwenhuizen 2000). The majority of these metapopulation studies focus
on the conservation of endangered species. However, metapopulation theory can also be used to
develop conservation strategies for common species.

A Spatially-Realistic Metapopulation Model

Ilkka Hanski and colleagues have developed a metapopulation model that allows patch areas and
distances between patches to vary according to a spatially-realistic landscape structure (Hanski
1999; Hanski and Gyllenberg 1997; Hanski and Ovaskainen 2000; Moilanen and Hanski 1998;
Moilanen and Nieminen 2002; Ovaskainen 2003; Ovaskainen and Hanski 2003, 2001; Hanski
and Ovaskainen 2003). The Hanski model is an occupancy model, based on the presence or
absence of a species, rather than a count model, based on the number of individuals. One of the
major advantages of occupancy models is that they only require one or two years of empirical
data collection and variables for which data are easy to collect (Hanski 1999; Sjogren-Gulve and
Hanski 2000). Occupancy models are particularly useful for ranking patch-scale management
alternatives, such as which patches to preserve in a conservation reserve network. The “size” of
an occupancy-based metapopulation is measured by the proportion of occupied patches in the
habitat patch network or, alternatively, the probability that patches will be occupied (Hanski
1999). In the deterministic, spatially-realistic metapopulation model, the change in probability




that any given patch is occupied is a function of local colonization and extinction rates that are
different for each patch:

%=C(P)i(l—F>i)—EiF>i fori=1to N 1)
where P; is the probability of patch i being occupied, C(P); is the probability of patch i being
colonized, E; is the probability of patch i going extinct, and P is the vector of occupancy
probabilities for all N patches in the network. The equilibrium (i.e., long-term) probability of
occupancy of patch i, determined by setting equation (1) equal to zero, is given by:

P =&=1{F—i}. @
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Thus, the long-term probability of persistence of an individual patch is dependent upon the long-
term probability of persistence of all the other patches.

Colonization of Empty Patches
Colonization of an empty patch depends on three things: (i) the number of dispersers leaving
currently occupied patches, (ii) the ability of these dispersers to successfully traverse the
landscape between patches, and (iii) the ability of these dispersers to find and become
established in the empty patch. The patch-specific colonization rate, C(P);, may be represented
as a sum of the contributions to colonization from each of the other patches:

C(P); = cg(A,H)Y P,g(A H))f(d;,By) ®3)
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where g(-) is the effective area of patch i, f(-) is the effective distance between patches i and j, P;
is the probability that patch j is occupied, and c is the species-specific colonization rate
parameter that measures the ability of the species to colonize empty patches. Effective areas are
functions of patch size, A, and habitat quality, H, allowing for heterogeneity of patches across the
landscape. Thus, effective areas act as proxies for the number of individuals in a given patch;
larger patches and patches with higher quality have larger local populations and thus produce
more emigrants (Fleishman et al. 2002; Moilanen and Hanski 1998). Larger patches and patches
of higher quality also attract more immigrants and are more likely to support successful re-
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colonization. One possible functional form for effective area is given by (H A) and

(H.A )gem where H; is some type of habitat quality index and i, and e are species-specific

immigration and emigration rate parameters that scale effective area to reflect the number of
immigrants reaching patch i and the number of emigrants leaving patch j, respectively
(Moilanen and Hanski 1998).

The effective distance, f(-), sometimes called the dispersal kernel, reflects the ability of the
species to disperse across the landscape incorporating the effect of distance on colonization
success. The shorter the distance between two patches, the more likely a migrant will survive the
dispersal process. An exponential form of the dispersal kernel, exp(-ocdij) is commonly used
(Fleishman et al. 2002; Moilanen and Nieminen 2002; Hanski 1999). With this functional form,
the value of the dispersal kernel ranges between 0 and 1. The species-specific parameter, a,
reflects the dispersal ability of the focal species (1/a. is the average dispersal distance). The
larger the dispersal ability of the species, the smaller the value of a and, thus, the larger the



effective distance. Dispersal abilities may vary depending on the type and quality of land being
traversed (Aberg et al. 1995; Gustafson and Gardner 1996). Thus, the dispersal kernel can also
be adjusted for heterogeneity in the intervening landscape between patches by including a
barrier function, Bjj, that measures the dispersal permeability between patches (Moilanen and
Hanski 1998). The greater the barrier between two patches, the smaller the contribution of those
patches towards long-term persistence of the metapopulation. Removing the summation from
equation (3), we see that the individual contribution of patch j to the colonization rate of patch i
is given by:

C; = c(AH,)™ P,(AH )" By exp(-ad;) (@)
In this model, successful colonization does not require a minimum threshold of immigrants
arriving at the same time.

Extinction of Occupied Patches
The extinction rate of patch i, E;, is also a function of the effective area of patch i:
e e
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where e is the species-specific extinction rate parameter that measures the ability of the species
to persist as a local population and (e is a species-specific parameter that relates decreases in the
extinction probability to increasing effective area (Hanski 1992). The extinction rate of patch i
varies as an inverse function of effective area, because larger patches usually mean larger local
populations and risks of extinction tend to decrease with larger local populations (Gilpin and
Diamond 1976; Lande 1993). This model assumes no rescue effect (Brown and Kodric-Brown
1977); that is, the probability of extinction in patch i is not affected by the other patches in the
network or the corresponding number of immigrants that could “rescue” the local population
from extinction.

The Landscape Structure Matrix
An NxN landscape structure matrix, M, can be derived from the N patch-specific differential
equations in (1):

B _ceya-r)-ER

dt
ZEE{EM}O_R)_ER
c E

e

(©)
= ~E[MPla-P)-EP

where [MPY]; is the i™ element in the column vector resulting from the multiplication of the
landscape matrix, M, by the column vector of occupancy probabilities, P (Ovaskainen and
Hanski 2001, 2002). Each element of the landscape structure matrix, mj;, is a function of
effective areas and effective distances (Hanski and Ovaskainen 2000; Ovaskainen and Hanski
2002):
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Each element of the landscape structure matrix gives the contribution that patch j makes to the
colonization of patch i when patch i is empty multiplied by the expected lifetime of patch i when
it is occupied (Ovaskainen and Hanski 2003).

Metapopulation Capacity

From the landscape structure matrix, M, a constructs for comparing or ranking different
landscapes can be derived (Hanski and Ovaskainen 2000; Ovaskainen and Hanski 2003, 2001).
The metapopulation persistence capacity, or metapopulation capacity for short, is a measure of
the landscape’s ability to support a viable metapopulation over the long term. It is analogous to
the carrying capacity in traditional population models, such as the logistic growth model. The
metapopulation capacity takes into account both the quantity and quality of habitat available, the
spatial configuration of the habitat patch network, and natural and human-created barriers to
dispersal. A species is predicted to persist in a landscape if the metapopulation capacity of that
landscape is greater than a critical threshold determined by characteristics of the focal species.
The larger the metapopulation capacity the greater the long-term probability of persistence. The
metapopulation capacity can be used to rank different landscapes in terms of their capacity to
support viable metapopulations. It is possible to calculate how the metapopulation capacity is
changed by removing patches from or adding new patches to a specific location in a given
landscape. It is also possible to calculate the effect on metapopulation capacity caused by
increasing or decreasing patch sizes, patch quality, and dispersal barriers. Habitat destruction,
habitat deterioration, and increased dispersal barriers all lower the metapopulation capacity of
the patch network and, therefore, also lower the long-term probability of metapopulation
persistence.

Mathematically, the metapopulation capacity, Ky, is the leading eigenvalue of the non-negative
landscape structure matrix, M (Hanski and Ovaskainen 2000; Ovaskainen and Hanski 2001).
Thus, the metapopulation capacity provides “a one-dimensional approximation of the
equilibrium state of the N-dimensional system” (Hanski and Ovaskainen 2003). The
metapopulation capacity defines the spatially-realistic threshold condition for long-term
metapopulation persistence as (Hanski and Ovaskainen 2000):
e
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Destruction of an entire habitat patch leads to a rank modification of matrix M, the effect of
which on the metapopulation capacity may be derived from eigenvector-eigenvalue relations
(Ovaskainen 2003). For example, the contribution of patch i to the metapopulation capacity, K;,
may be calculated as the difference between the metapopulation capacity with patch i in the
network and the metapopulation capacity with patch i removed from the network.



The effect of gradual habitat deterioration or gradual increases in dispersal barriers is given by
the derivative of Ky with respect to the various patch attributes (Ovaskainen and Hanski 2003,
2001). For example, the effect on metapopulation capacity of a small reduction in the area of
patch i is given by:
om..
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Similar sensitivities can be derived for other landscape structure components (Ovaskainen and

Hanski 2003). See the Appendix for a two-patch illustration of the calculation of metapopulation
capacity and the threshold condition for metapopulation persistence.

LAND ALLOCATION MODEL

As stated earlier, exurban communities are increasingly becoming zones of conflict as ecological
preservation and economic development compete for the same finite land resources. As
development increases, wildlife habitat is becoming scarce, degraded, and fragmented. In most
cases, conversion from developed uses back to a natural environment is economically infeasible.
Thus, development and its corresponding environmental impacts may be considered irreversible.
As indicated by the increasing number of open space referenda that have passed in recent years
(The Trust for Public Land 2005), there is a general concern that the current regulatory
environment will not adequately protect the environment; that is, there will be too much
development or development will occur in the wrong places. This section presents a land
allocation model that combines ecological and economic objectives in providing a solution to the
exurban “sprawl” problem. The model identifies both the allocation of land uses and the costs of
changing the current regulatory structure, if needed, to achieve both objectives.

Model Components

The basic problem is one of a social planner (e.g., town planner, regional planning council) who
wants to determine the optimal allocation of land to various uses while guaranteeing a certain
likelihood of long-term metapopulation persistence. The economic objective is to maximize the
net benefits of heterogeneous land use, measured by Ricardian land rents, across the landscape.
The ecological objective is either the protection of an endangered species (or group of species) or
the maintenance of a common species (or group of species) acting as an indicator for ecosystem
health.

In many exurban communities, particularly those in the northeastern United States, land use is
controlled by local zoning regulations. The town is divided into “zones” with each zone being
designated for particular uses (e.g., business, industrial, residential, agricultural). Historically,
zoning was used to separate conflicting land uses (e.g., residential and industrial) in order to
protect human health. For development-type land uses, zoning can also dictate the density of
development. Other types of regulations (e.g., wetland, easement, water quality, subdivision)
also restrict land use. The term “full buildout” refers to the state at which no more development
can legally take place under the current set of regulations. Unless specifically prohibited, most
agricultural land can legally be converted to some developed use and would be considered
“developable” in a buildout analysis. In situations where land cannot be legally converted to
developed uses, the term full buildout can be expanded to include the long-term expected land
use or the worst-case (from an ecological perspective) land use for all undeveloped, unpreserved



land. Thus, full buildout represents the final state beyond which no changes of land use occur.
The question for the social planner becomes one of determining whether the full buildout state
that will result under current regulations meets both economic and ecological objectives or
whether current regulations need to be changed to achieve an optimal end state. If full buildout
under current regulations does not meet the ecological objective, then regulations will need to be
changed such that some land will not be developed. The foregone land rents associated with this
undeveloped land represent the opportunity cost to society for achieving the ecological objective.

Because it is the terminal state that is important for determining whether enough undeveloped
land remains to guarantee the long-term viability of the target species, a static analysis of the
landscape at the terminal state is appropriate. A static model focuses on the spatial implications
of the ecosystem constraint and examines the costs associated with varying the restrictions of this
constraint. This view essentially assumes that society has agreed to purchase outright the
required land today. Thus, a static model also avoids the complexities of endogeneous land rent
changes that can occur with land use policies that purchase land over time.

Landscape Management Units

Current zoning may or may not result in zones that are of an appropriate scale for the desired
analysis. For example, some zones may be deemed too big, such as the case of “no zoning”
where the entire region (town or county) is one big zone. Alternatively, zones may contain
varying levels of land use quality and corresponding land rents. In these cases, landscape
management units can be defined such that each landscape management unit is homogeneous in
land use quality, where quality is based on the land’s highest valued use, and of an appropriate
size for the analysis. In most exurban communities, the highest valued land use is residential
development. In this case, the community would be divided into landscape management units
based on residential development quality with perhaps a high residential land rent for high-
quality residential land and low residential land rent for low-quality residential land. Landscape
management units may be larger than, smaller than, or equal to zoning units.

Habitat Patches

Habitat patches are defined by the habitat requirements of the target species and vary in size and
quality. Habitat patch sizes may be on a larger scale, smaller scale, or the same scale as the
landscape management units depending on the problem. That is, the ecological scale may not
match the economic scale. For this analysis, a single patch is assumed to be homogeneous in
habitat quality and also “zoned” for a single land use type. This requirement for homogeneity
within habitat patches simplifies the analytical analysis, but could be removed in numerical
simulations if the size scale of patches are dramatically larger than those of landscape
management units such that a single patch could have multiple land use types within it. Habitat
patches and landscape management units are mutually exclusive but, together, make up the entire
landscape.

Objective Function
To achieve the economic objective, the social planner maximizes the sum of land rents across all
habitat patches and landscape management units:

Maximize V(Q)=Z{RW(-)x£iQ,ﬁ +_JZQ§H (10)



where Q is the vector of all land parcel units assumed to be of uniform size (e.g., acres,
hectares), w is the land use type (e.g., commercial development, residential development,
agriculture, forestry, recreation lands, preserved open space), R"(-) is the per land parcel unit
(e.g., per-acre) Ricardian land rent of land use type w, Q. is the quantity of land parcel units in

habitat patch i that is in land use type w, Q;is the quantity of land parcel units in landscape

management unit (zone) j that is in land use type w, N is the number of habitat patches, and J is
the number of landscape management units. R"() is a function of land quality factors and
reflects the value of all future land use. Q, and Qy; will be zero for all but one land use type in

this model.

Non-Renewable Resource Constraints

The model assumes that land is not created or destroyed. Therefore, each landscape management
unit and habitat patch are, by definition, a non-renewable resource of finite size. Thus, the
quantity of land parcel units within a given habitat patch or landscape management unit that can
be put to productive use is limited by its finite size. It is not possible to develop more land than
exists.

Qu < A —Q,, foralli=1...N habitat patches (11a)
Qz <Z;-Qy, forall j=1...J landscape management units (11b)

A; and Z; are the size of (i.e., total quantity of land parcel units in) habitat patch i and landscape
management unit j, respectively. Qaio and Qzjo represent the current state of development within
the region. That is, the model does not assume a pristine landscape at a starting condition.

The Ecosystem Constraint
The social planner also wants to achieve the ecological objective of protecting an endangered or
indicator species or group of species. Using the metapopulation theory presented earlier, the
social planner achieves the ecological objective by maintaining long-term metapopulation
persistence for the target species, as indicated by the metapopulation capacity, Ky , above a
socially-determined safe-minimum-standard (SMS) which may be greater than that required to
avoid extinction:

Ky = Kays. (12)

Recall that the metapopulation capacity is based on a landscape structure matrix with matrix
elements consisting of habitat patch effective areas and effective distances between habitat
patches. In the land allocation model developed here, the effective areas and effective distances
are modified to account for the changes to habitat patches and species dispersal brought about by
development. The metapopulation capacity is, therefore, a function of the development vector,
Kv=Ku(Q). It is expected that development has a negative impact on metapopulation capacity.

For an N-patch landscape, the landscape structure matrix is given by:
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where gi = g(Qaj) is the effective area of patch i as a function of the amount of development
occurring in patch i, fi, = f(Qy) is the effective distance between patches i and n as a function of
the amount of development occurring between the two patches, and ey, Sim, and em are the
species specific patch-area scaling parameters. Residential development decreases the effective
area of a habitat patch by both reducing the quantity and degrading the quality of habitat within a

given patch, 2, < 0, and increases the effective distance between habitat patches by increasing

Q
dispersal barriers, Zf—('?” < 0. Note that Qz is the vector of development occurring in all landscape

management units, because more than one landscape management unit may exist between any
two patches. Also note that fi, is not necessarily the same as f,;. Slope of terrain, local wind
patterns, and water currents may result in dispersal in one direction to be more difficult than
dispersal in the opposite direction even if following the same linear path.

Multiple ecosystem constraints could be used to achieve a multi-species ecological objective that
protects multiple endangered species or implements a multi-species index of biodiversity or a
multi-species indicator of ecosystem health. Multiple ecosystem constraints could also be used
to guarantee species persistence “across the landscape” for situations of large habitat patch
networks in which a single cluster of patches dominates the metapopulation capacity as it
approaches the threshold condition.

It is expected that the ecosystem constraint (or group of constraints) drives the optimization;
otherwise there would be no conflict between productive land uses and meeting ecological
objectives. Therefore, it is assumed that the ecosystem constraint is binding and replaces full
buildout as the terminal condition:

Ky = Kgys - (14)
If the constraint is not binding, full buildout results without jeopardizing the ecosystem, no
policy changes are required, and all the concern about sprawl is much ado about nothing.

The Basic Homogeneous Model

The following assumptions hold for the basic homogeneous model:

1. Development is irreversible. That is, once land has been developed, it is economically
infeasible to convert it back to an undeveloped use.

2. Ricardian land rents are constant, reflecting all future net revenues, and determined
exogeneously.

3. All land is ecologically and economically homogeneous. Both habitat quality and landscape
management unit quality are constant across the landscape.
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4. All land is zoned for one type of land use and, thus, the effects of development on effective
area and effective distance are homogeneous.

5. There are no stock effects on land rents. That is, the amount of undeveloped land does not
factor into the Ricardian land rent.

6. There is only one ecosystem constraint and the constraint is binding.

7. Zoning is fixed and determined exogenously. A;and Z; are constants with a given land use
type.

8. There are no overlapping development effects. That is, development within patches does not
impact the effective distance between patches and development within landscape
management units does not impact the effective area of nearby patches.

The social planner maximizes the sum of benefits from development subject to a series of non-
renewable land resource constraints and the ecosystem constraint.

Maximize V(Q) = RD[%‘QAi + iQij (15)
Subject to Qu <A —Quo fori=1...N (16)
Qz; <Z; Qg forj=1...J (17)
K (Q): Ksms (18)

where D is homogeneous development land use type across the landscape. The Lagrangian for
this problem is:

L = RD(iQAi +iQij+i/1Ai (A —Quio _QAi)

+ i’lzj (Zj - QZjO - QZj )"' ﬂ“K (KSMS - KM (Q))
j=1

where Aai, Azj, and Ak are the Lagrangian multipliers that measure the sensitivity of V(Q) to
changes in the respective constraints. 1,>0 and Az>0 are the shadow prices associated with
making patch i or landscape management unit j one land unit bigger. Ax<0 is the shadow price
associated with making the safe-minimum-standard one unit stricter. This multiplier is negative
due to the negative impact of the ecosystem constraint on the objective function. The larger the
value of Ksys, the stricter the constraint and the lower the value of benefits from development.

(19)

The first-order conditions for the homogeneous problem are:

aa(;m =R A Zg: <0 Qu=20 Qu %Aizo for all i (20)
S(IZ)ZJ' =RP -4, - A Zg“z’: <0 Q,; 20 Qy %H:O for all j (21)
ngi =A = Quo —Qu 20 A 20 A %Mﬂ for all i (22)
Z;z,- =Z;-Q44—Qz4 20 Ay 20 . % =0 forallj (23)
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Z%K: Ksms _KM(Q):O A <0 (24)
The Kuhn-Tucker conditions in equations (20) thru (24) are due to the inequality constraints in
equations (16) and (17) which state that some land may be left undeveloped. There are three
possible outcome scenarios: (i) an interior solution consisting of some, but not full, development
in all habitat patches and landscape management units; (ii) a corner solution with no (further)
development in some habitat patches or landscape management units; or (iii) a different corner
solution with full development in some habitat patches or landscape management units.

Case (i): Interior Solution. 0<Q, < A —Qyoand 0<Q, <Z; -Q,, foralliandj. Because

all development quantities are positive, the first sets of equations in (20) and (21) are equalities.
Because there is no full development in, the first set of equations in (22) and (23) are inequalities
and, therefore, the second set of equations must be equalities (i.e., the Lagrangian multipliers in
(22) and (23) are zero). The static efficiency conditions in equations (20) and (21) can be re-
written:

oK
R® =}, M

forall i (25)

Ai

R® = A, Ky for all j (26)
0Qy
The marginal benefit of development (the Ricardian land rent) is equal to the marginal cost of
damages to ecosystem health in each habitat patch and landscape management unit. Because of
the homogeneous landscape, the development land rent, R®, is the same everywhere. Thus,
equations (25) and (26) can be combined to give:

oKy oK, oK, K,

Qu  Qp  Qz  Qyy
The marginal effect of development on the metapopulation persistence capacity is the same

across the landscape. Thus, the solution to the homogeneous problem is determined solely by
ecosystem (landscape and species) elements.

for all i=n and j=m (27)

Case (ii): Corner Solution with No Development in Patchn. Q,, =0, 0<Q, <A —Q,;,, and
0<Qy <Z;—Qy, foriznandall j. Inthis case, the first equation in (20) for patch n is an

inequality:

oL _R°- 4, oKy <0

6(-\.)An aQAn
which can be re-written as:

RP <, Ky

aQAn

Equation (3.18) now becomes:

oKy, <6KM oK, oK,

0Qu  0Qy 0Q, 0Qy,

(28)

for all i=n and j=m (29)
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Once again, the solution to the homogeneous problem is determined solely by ecosystem
elements. However, now the marginal effect of development on the metapopulation capacity in
patch n is less than (i.e., more negative than) the marginal effect of development elsewhere in the
landscape. That is, the marginal damages from development in patch n are so much greater than
damages that no development occurs in patch n. Figure 3.1 shows this graphically.

Case (iii): Corner Solution with Full Development in Patch n. Q,, = A — Q.
0<Qu <A —Qup,and 0<Qy <Z; —Qy foriznandall j. In this case, the first equation in

(20) for patch n includes the shadow price for land in patch n (44>0):

oL =R® -2, — A oKy =0 (30)

8(-\.)An 6QAr‘I
Equation (3.18) now becomes:

Ann N oKy, oK, oK, oK,

A¢ Qu Qu  9Qz 0Qq
which gives:

oK, S Ky _ Ky _ K,

aQ An aQ Ai 8sz aQZm

for all i=n and j=m (31)

Once again, the solution to the homogeneous problem is determined solely by ecosystem
elements. However, now the marginal effect of development on the metapopulation capacity in
patch n is greater than (i.e., less negative than) the marginal effect of development elsewhere in
the landscape. That is, the marginal damages from development in patch n are so much less than
damages elsewhere that full development of patch n occurs. This is the exact opposite scenario
as Case (ii). Figure 3.1 shows this graphically.

Kwm

A

KM less negative slope

KM more negative slope

> Q..

Q last unit developed before reaching constraint

Figure 3.1 Unequal marginal effects of development on metapopulation
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Two-Patch Example
A two-patch illustration provides some insights into which ecosystem elements play an important
role in determining the allocation of development among patches and landscape management
units. The landscape structure matrix for a two-patch environment with one landscape
management unit is given by:
Cox+Gim (y Sem
M = - Og gl gZ f12 (32)
gzex " glem f21) 0

where g1=0(Qa1), 92=0(Qa2), f12=f(Qz), and f,;=f(Qz). For simplicity of analysis, this illustration
assumes fi,= f,1=f(Qz). The characteristic polynomial for this landscape matrix is:

F(QKy) = Ky — g inginention () =0 (33)
the solution of which results in two eigenvalues. Recall that the metapopulation persistence
capacity, Ky, is equal to the leading eigenvalue of the landscape matrix, which from equation
(33) is:

¢ <

Ky =9797 fi, (34)
where = G+ dim +<em, the species-specific patch-area scaling parameter. Taking the derivative
of Ky with respect to Q gives the following:

[ 4
—aKM _£92 ' agl 922 le

0Qu 2 0Qy

(35)
_i 8gl K
- M
29, Qp
[ <
—aKM :£922 1 agz 912 f12
8QAZ 2 aQAZ
(36)
_ 6 99 ¢
29, Q"
K s o of
aQM — 912 922 anz
A A (37)
_i 8flz
fp 0Q,
From equation (27), the first-order conditions for the two patch network are:
Ky _ Ky and Ky _ Ky (38)
Qu  NQp Qun 0Q;
Substituting equations (35) through (37) into equation (38) gives the following:
a9,
_ 0Qy,
gZ - 691 gl (39)
Qu

14



of,

2= ? %312 0, (40)
0Qu
Recall that when the ecosystem constraint is binding K,, (Q) = Kgys » thus equation (34)
becomes:
¢ ¢
KSMS = 912 922 f12 (41)

With specific functional forms for the effective areas of habitat patches 1 and 2 and the effective
distance between them (g:=0(Qa1), 92=0(Qa2), f12=Ff(Qz)), equations (39), (40), and (41) can be
solved for the three unknowns Qai, Qa2, and Qz. Assuming linear functional forms for effective
areas and the barrier component of the effective distance:?

9, =A- QAlO - QAl (42)
9, =A —Qup—Qu (43)
f12 = [1 - %} eXp(_adlz) (44)
gives the following marginal effects of development:

09 _ 4 (45)
Qu

a9,
— =-1 (46)
Qs

81:12 - _ eXp(_adlZ) (47)
0Q, z

Substituting equations (42) through (47) into equations (39) through (41) and solving for the

development quantities gives:
1

* . _ KSMSZé/ c+t
Qu=A —Quo {—Zexp(_adn)} (48)
P B W
QAZ_AZ QAZO _2exp(—0.’d12)_ (49)

S+l
Q; =Z-Q,, _E M

¢ | 2exp(-ady,) |
The last term in each of the equations above represents the amount of land in the respective patch
or landscape management unit that remains undeveloped in order to achieve the ecological
objective. The amount of land remaining undeveloped is determined by the strictness of the
safe-minimum-standard, the initial size of the landscape management unit, the distance between
the two patches, the dispersal ability of the species, and the species area scaling factor. The

(50)

2 Some species may exhibit a threshold effect associated with increasing development and, therefore, a higher-order
polynomial may be a more appropriate functional form. An algebraic solution is not possible with non-linear
functional forms, so they are reserved for computer simulations.
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amount of land remaining undeveloped is not affected by the initial size of the individual
patches. In the homogeneous environment, where land quality and habitat quality are the same
throughout the landscape, the amount of land remaining in both habitat patches is the same,
while the amount of land remaining in the landscape management unit is proportional to the total
amount of land remaining in the two patches. Thus, more development occurs in the habitat
patch with more developable land under current conditions.

The cost to society of achieving the ecological objective is equal to the net benefits of
development without the constraint minus the net benefits of development with the constraint.
The net benefits from development without imposing the ecosystem constraint are:

v (Q)noconstraint = RD (Al - QAlO + AZ - QAZO +Z- QZO) (51)

while the net benefits from development with the ecosystem constraint binding are:

_ pb _ _ _ _ E KSMSZQ/ =
V(Q)constraint - R Al QAlO + AZ QAZO + Z QZO [2 + é/)|:2exp(_ad12):| (52)

Therefore, the cost to society of meeting the ecological objective for the two-patch network is:
1

_ RD E KSMSZ§ ¢
C(Q)constraint =R (2+ Q/J{Zexp(_adlz)} (53)

. - . L C
Cost increases with increasing Ricardian rent ( 8RR

> Oj , increasing safe minimum standard for

metapopulation persistence capacity [ > Oj , increasing area of the landscape management

SMS

unit (Z—g > O), increasing distance between the two habitat patches ( oc
12

> Oj , and decreasing
. - . oC . - .
dispersal ability of the focal species [5(7) < OJ . The effect of the species-specific scaling
a

parameter on cost is positive [g > 0] for 0<¢<1 and negative (% < O] for {>1. Cost is not

affected by the initial conditions of the habitat patches or the amount of development that has
already taken place in the landscape management unit.

Model Extensions

The basic homogeneous model presented in the previous section can be extended to eliminate
some of the simplifying assumptions. With each of the following a comparison is made to the
basic model.

Heterogeneous Land Quality

Some landscape management units may be better suited for particular land uses. For example,
those residential development neighborhoods with a scenic vista would have a higher land rent
than otherwise comparable residential development elsewhere. In the heterogeneous land quality
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model with still one land use type, D, equations (15), (19), (20), and (21) from the basic
homogeneous model are replaced with:

Maximize V(Q):iR(Li)xQAi +iR(LJ.)><QZJ. (54)
L = ' R(L) xQu + _ R(Lj)XQZj+Z/1Ai(Ai_QAiO_QAi)

|:Jl j=1 i=1 (55)

+ D Ay (Zj — Qo _QZj)+ Ak (KSMS - Ky (Q))

-1
oL =R(L) - Ay — A Ky <0 foralli (56)
0Q 0Q
oL oK, .
Q, =R(L;) — 4, — A Q, <0 forallj (57)

R(L;) and R(L;) are the heterogeneous land quality rents in habitat patch i and landscape
management unit j, respectively. The system constraints, associated first-order conditions, and
Kuhn-Tucker conditions remain the same.

Case (i): Interior Solution. 0<Q, <A —Qy,and 0<Q, <Z; —Q,, foralliandj. The static
efficiency conditions for the heterogeneous land quality model are:

oK )
R(L)Y=2A M forall i 58
(L) <20, (58)
oK .
R(L))= A, — forallj (59)
TN 0Qy,

The marginal benefit of development (the Ricardian land rent) is equal to the marginal cost of
damages to ecosystem health in each habitat patch and landscape management unit. But now,
the Ricardian land rent is no longer the same everywhere. Solving each of the equations in (58)
and (59) for Ax and setting them equal to each other results in:

oKy oK, Ky K,

Q. — 9Qn — 8QZJ' — Qs

R(L) R(L) R(;) R(L,)
The solution to the heterogeneous land quality problem is determined by both economic and
ecological elements, where the per-dollar marginal rates of change in metapopulation persistence
capacity are equal between all habitat patches and landscape management units. If R(Lj)>R(L,),

K K . . .
then Ky > Ky at the terminal state. More development occurs in those habitat patches and

aQAi aQAn
landscape management units with greater Ricardian land rents.

for all in and j=m (60)

Cases (ii and iii): Corner Solutions. The existence of corner solutions now depend on per-dollar
marginal effects of development on the metapopulation persistence capacity. If the per-dollar
damages are so much greater (less) in patch n than elsewhere, then no development (full
development) occurs in patch n.
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Two-Patch Illustration. Revising equations (39) through (41) for a two-patch network for
heterogeneous land quality results is:

09,

R(L) 3Q

R(L,) 00, % D
o0,

0, =

_2R(L) 0Q, (62)

Ksws 91 gz fi (63)

Maintaining linear functlonal forms for effective areas and the dispersal barrier, the efficient

quantities of development in the heterogeneous land quality model are:
1

A Que | KasZE ] RR(L)) [ 64

Qu=A = Quo {2exp(—adlz)} { (R(I_l))T } o
 KeZe TPl RIL)ROL)) i

- o — SMs z +22 65

R ) RO ] ”

o _7_0. 2] KusZC Tl ReR@LY: [ (66)

‘ i ¢ 2exp(—ad,,) | i (R(Lz))

The amount of land remaining in each of the habitat patches and the landscape management unit
are now functions of all the heterogeneous land quality rents. The ecosystem components are the
same, but now the amount of land remaining undeveloped is adjusted by relative land rents.
More development occurs in the habitat patch with the greater Ricardian land rent.

The cost to society of meeting the ecological objective for the two-patch network in the
heterogeneous land quality model is:

_ §+1 E KsusZ8 ¢
C(Q)constraint _|:(R(L1)R(L )) R(L ):l ( é,j|:zexp(_ad12):| (67)

which is the same as the homogeneous land quality model with the same sensitivity analysis
except now:

RP [(R(L JR(L,))z R(L, )}“ (68)

such that the marginal effect of land rent on cost depends on the different land rents. Cost is still
not affected by the initial conditions in the habitat patches nor the initial level of development in
the landscape management unit.
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Heterogeneous Land Use

Land rent in any given habitat patch will be determined by the land use type that the patch is
“zoned” for. Thus, land rents may be different for land parcels of homogeneous quality.
However, the impact of different land use types on the ecosystem may be different. For
example, commercial development results in higher impervious surface coverage than large-lot
residential development (Miltner, White, and Yoder 2004). In the heterogeneous land use model
with homogeneous land quality, equations (15), (19), (20), and (21) from the basic
homogeneous model are replaced with:

Maximize V (Q) = Z{Rw(i@g + iqgﬂ (69)
L = Zl:RW(ZQ/VAVI +ZQ\ZAJ{]:|+ZAN(A1 _Q/\ivio _Q/vai)

(70)
J
+ Zﬂ“zj (Zj - Q\ZA;O - Q\ZA]/)-'_ AK (KSMS - KM (Q))

-1
6LW =R" -1, — A 8va <0 for all i (71)
Q. 0Q
8LW :Rw—ﬂzj—ﬂKéK—“fsz for all j (72)
0Qy 0Qy;

R" are the heterogeneous land rents for the various land use types, w. Each habitat patch i and
landscape management unit j can be of only one land use type, thus all but one Q" is zero. The
system constraints, associated first-order conditions, and Kuhn-Tucker conditions remain the
same.

Case (i): Interior Solution. 0<Q < A —Qx,and 0<Qy <Z; —Qy, foralliandj. The static
efficiency conditions for the heterogeneous land quality model are:

RY = A Ky forall i, w (73)

w
Ai

w
Zj

The marginal benefit of land use type w is equal to the marginal cost of damages to ecosystem
health in each habitat patch and landscape management unit of land use type w. The land rent,
R", is not the same everywhere. Solving each of the equations in (73) and (74) for A« and setting
them equal to each other results in:

oK, oK, K, oK,

w w 6 w w
agvi" _ ngn - F?vjl _ 8§§m for all i#n, jm, and w (75)
The static efficiency solution to the heterogeneous land use problem is also determined by both
economic and ecological elements, where the per-dollar marginal rates of change in
metapopulation persistence capacity are equal between all habitat patches and landscape

management units.

oK .
RY =1 M forall j, w 74
<20 J (74)
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Cases (ii and iii): Corner Solutions. The existence of corner solutions again depend on per-
dollar marginal effects of development on the metapopulation persistence capacity. If the per-
dollar damages are so much greater (less) in patch n than elsewhere, then no development (full
development) occurs in patch n.

Two-Patch Illustration. Equations (39) through (41) for the homogeneous two-patch network
revised for heterogeneous land use become:
a9,
RDl 8QA2
9, = R°? 0
9
Qu
ale
2 R aQ,
12 = Z RDZ 8—91 g,
0Qu
[T
Ksus = 912 922 f12 (78)
where RP*, RP?, and RP“ are the land rents associated with land use types D1, D2, and DZ,
respectively. With heterogeneous land use, the effects of development on effective areas and
dispersal barriers will vary by land use type. Thus, equations (42) through (47) from the basic

homogeneous model need to be modified with additional parameters (a; and b;) that indicate the
intensity of the land use type:

9, (76)

(77)

g, = A1 - alQAlO - alQAl (79)
g, = Az - a2QA20 - aZQAZ (80)
b +
fi, = |:1_ s (QZ; —QZ )}eXp(_O‘dlz) (81)
which gives the following marginal effects of development:
09,
_—_3 82
Qu (¢
09,
0Qu
8f12 bz
—2 = ——~Zexp(—ad 84
20, - p(-cd,,) (84)

Solving equations (76) through (78) using equations (79) through (84) gives the efficient
quantities of development in the heterogeneous land use model:
1
¢ _[%2] 4l

1

. 1 KeusZ 1| RP? (RP?2(R™

QAlZi_QAlo__|: o é, } ( j ( j (85)
8 a, | 2b, exp(—ad,,) b, { &, 8
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1

1 < {GZJ ¢+
. A 1 KasZ< || RP? (R )2(RPZ) L 2
QAZ :__QAZO - (86)
a, a, 2bz eXp(_O‘dlz) bz a, a,
e i ¢ ¢Jen
Q; :E—QZO—E{ Kows 26 }H {RDZJ (RDljz(RDzjz (87)
bz é/ 2bz EXp(_adlz) bz a‘l az

The amount of land remaining in each of the habitat patches and the landscape management unit
are now functions of the heterogeneous land rents and the land use intensity parameters. If the
land rents are all the same (R°*=RP*=R"?) but the development intensity of land use type D1 is
greater than the development intensity of land use type D2 (a;>ay), then more land will be left
undeveloped in patch 1.

The cost to society of meeting the ecological objective for the two-patch network in the
heterogeneous land use model is:

1
1 ¢ g] c+Hl

ol A1 Keeze TP R (RErYr RO
CQ=RT A afaizbzexp(—adu)} b, (a](a]

1
1 ¢ ﬂ] s+l

vl a e L K2l T RDZ(RDljz(Rw](z

a, a,[2b,exp(-ady,) b, { & a,

ES ¢ ¢ ¢
+R™ z—£+£{ KswsZ¢ T” (RDZJ (RDZJZ(RMJZ
bz é/ 2bz exp(_adlz) bz a, a
which simplifies to:

C(Q) = RDl(Al —aﬁj+ RDZ[A2 —%} RDl(Z —bij

2 z

= DZ D2 £ D1 £ i (88)
a‘l a‘2 é/ 2bZ exp(_adlz) bZ a‘2 a‘l
The initial size of the habitat patches now matter in determining the cost to society of achieving

the ecological objective, even if all the land rents are the same. Cost also now depends on the
development intensity parameters.
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“Neighborhood” Stock Effect

The Ricardian rent associated with some types of development is a function of the amount of
undeveloped land remaining after the ecosystem constraint becomes binding. The larger the
amount of undeveloped land the higher the rent. Commercial and industrial development may
have no stock effect while different types of residential development have different stock effects.
With “neighborhood” stock effects, it is assumed that land rents are a function of the amount of
undeveloped land within a given habitat patch or landscape management unit. Assuming
homogeneous land quality and land use, equations (15), (19), (20), and (21) from the basic
homogeneous model are replaced with:

N J
Maximize V(Q) = Z R(Qu)*xQu + z R(sz) xQy (89)
i=1 j=1
N J J N
= Z R(Qu) xQp + Z R(Qz;) x QZj + zﬂ’Ai (A| —Qnpi0 — QAi)
i=1 j=1 i=1
J (90)
+ Z/lzj (Zj - QZjO - QZj )+ }”K (KSMS - KM (Q))
=1
oL oK .
Api — A —2 <0 for all i 91
2, g, aQA. "o, .
oL oK .
:R(Q.)+Q.——/1.—/1 M<0 for all j (92)
anj Zj Zj 6sz Zj K anj
Land rents, R(Qai) and R(Qz;), are decreasing functions of the quantity of land developed in
2
habitat patch i and landscape management unit j, respectively. That is, 2—g< 0 and 0 R2 >0.

The rental value of land decreases as the amount of development increases and as the
corresponding amount of open space decreases. This can be viewed as a congestion effect that is
merely the opposite of an open space effect. The system constraints, associated first-order
conditions, and Kuhn-Tucker conditions remain the same.

Case (i): Interior Solution. 0<Q, <A —Qyeand 0<Q, <Z; —Qy, foralliandj. The static
efficiency conditions for the homogeneous model with neighborhood stock effects are:

R(Qu) = Zg Q= aQ for all i (93)
R(Qy) = A Zg —q, R aQ for all | (94)

The marginal benefit of development is equal to the marginal cost of ecosystem damages plus
the marginal cost of lost open space amenities in each habitat patch and landscape management
unit. Solving each of the equations in (93) and (94) for Ak and setting them equal to each other
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results in:

oK, K, Ky, K,
aQAl _ aQAn _ aQZi = _ aQZm = (95)
R(QAl) + QA| 8Q R(QAn) QAn 5Q (sz) Qz; E R(QZm) + QZm ﬁ
Ai An Zj Zm

Once again, the static efficiency solution is determined by both economic and ecological
elements.

Cases (ii and iii): Corner Solutions. With a strong neighborhood stock effect, it will be less
(more) likely to reach a full development (no development) corner solution.

Two-Patch Illustration. It is not possible to solve this system of equations algebraically for
quantities of development in the two patches and the landscape management unit.

SUMMARY AND CONCLUSIONS

This paper developed a model that combines ecological and economic constructs to determine
the optimal allocation of development across a spatially-realistic landscape. It was shown that in
an economically homogeneous environment, such as would be considered by the von Thunen
locational rent model, the allocation of land to developed uses is determined solely by ecological
elements (landscape and species parameters). In the homogeneous case, the amount of land
remaining in each habitat patch is the same regardless of their initial sizes or initial levels of
development. The cost to society of meeting the ecological objective for metapopulation
persistence depends on the Ricardian land rent, the level of the safe-minimum-standard, the area
of the landscape management unit, the distance between habitat patches, the dispersal ability of
the focal species, and the species-specific area scaling parameter. Cost is not affected by the
initial conditions of the habitat patches or the amount of development that has already taken
place in the landscape management unit.

Heterogeneity was introduced into the land allocation model in three ways: (i) heterogeneous
land quality, (ii) heterogeneous land use, and (iii) neighborhood stock effects. In addition to the
ecological elements that were important in the homogeneous case, the allocation of land in the
heterogeneous case is also determined by the differential land rents. More development occurs
in habitat patches and landscape management units with higher land rents compared with the
homogeneous case. In the heterogeneous land use case, where different land uses have different
intensities of damages, the development intensity parameters are factors in the solution with
more development occurring in areas zoned for less intensive land uses. The cost to society of
achieving the ecological objective in the heterogeneous land use case is now a function of initial
habitat patch sizes. Therefore, it is important to consider the heterogeneity of the landscape
from both an ecological and economic perspective when making land allocation decisions.

The “optimality” of this analysis is based on society’s ability to optimally set the safe-minimum-

standard. This may or may not be possible with currently available ecological data. In addition,
setting a safe-minimum-standard determines the minimum cost that society is willing to pay for
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long-term species persistence. It is possible that society would be willing to pay more to achieve
the ecological objective. Thus, this analysis results in a cost-effective solution rather than a
socially-optimal solution.

Three potential scenarios exist where a dynamic analysis would be more appropriate. First, the
development process itself (e.g., development rate and intensity) may adversely affect species
living outside the area of development pushing the entire metapopulation beyond an extinction
threshold. Second, a dynamic analysis would also be more appropriate (in fact, necessary) if the
geographic region of concern were dominated by agriculture and forestry (renewable resource
industries) land uses with parcels continually entering into and falling out of production. Third,
the choice of policy instrument may involve the gradual purchase of land over time. This would
result in changing land rents over time.

The research presented in this paper used a static model for analysis that assumed all land
required to remain undeveloped was purchased outright. Several factors contribute to the
reasonableness of this assumption. First, what are the current conditions of the landscape. If the
initial conditions include lots of already preserved lands, then the quantity of additional lands
needed to meet the ecological objective may be small. Second, what are the costs per person in
the community or region of concern? If the cost of land purchase is low relative to the number
of members in the society, there may be little opposition to a minor increase in taxes in the
current year. Third, what are the transaction costs of alternative land use/open space
preservation policies? Are the costs of borrowing (i.e., the current interest rate) high or low?
And fourth, are there equity issues that make some policies more appealing than others? Who
incurs the benefits and who incurs the costs of policy alternatives.

If the current regulatory structure proves to be inadequate for achieving the ecological objective,
a follow-up question of how to reach the desired end state emerges. This is a policy decision
entailing how to distribute the costs across members of society and, potentially, across time.
Multiple policy mechanisms are available to achieve the desired land allocation at full buildout.
Each mechanism has associated advantages and disadvantages including the distribution of costs
and benefits among members of society. Purchasing land over time rather than in one lump-sum
transaction results in greater net present value of total costs because of the lost flexibility/options
available in the choice set. Plus, there may be additional transactions costs associated with
“updating” local tax rates or impact fees each year to accommodate the changing conditions.

Several areas exist for future research. First, the existence of a development threshold effect on
species persistence would indicate the need to replace the linear functional forms for effective
area and dispersal barrier with a higher-order polynomial. In addition, the choice of functional
form and land use intensity parameters may be species-specific. Second, development in
neighboring land units may impact effective area and/or effective distance. These indirect
development damages may depend on the scale of habitat patches and landscape management
units as well as the target species. Third, many applications require the protection of multiple
species that may or may not share habitat patches. An examination of multiple ecosystem
constraints would be appropriate.
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APPENDIX: TWO-PATCH METAPOPULATION PERSISTENCE

A two-patch metapopulation is represented by a system of two differential equations. For the
purposes of this two-patch illustration, assume that habitat quality is homogeneous (Hi=H,=1)
and that there are no dispersal barriers other than distance (B1,=B21=1 and d1,= d;). Thus, from
equations (1), (4) and (5), a two-patch metapopulation IS given by:

dP é/lm gem
d =cA'" A" exp(—ad,, )P, (1-R) — A1 P, (A.1la)
dP glm gem
e = cASm Al exp(—ad,,)P,(1- P,) — Az . (A.1b)

The landscape structure matrix associated with this two-patch environment is given by:

;ex Jrgim gem _
— 0 Al A2 eXp( adlZ) ) (A2)
Ageeré’im 'A&gem exp(_adlz) 0
Using equation (A2.2), the characteristic polynomial for this landscape matrix is:
2{2 _ ﬂ;eer;im*;em Agex+é’im+;em exp(_zadlz) — 0 . (AS)

The solution to equation (A3) gives the following two eigenvalues:
Coxteim+lem  Sox+Sim+Cem
A=A 2 A 7 exp(-ady). (A4)
The metapopulation persistence capacity Ky for a two-patch network is equal to the leading
eigenvalue of the landscape matrix, which from equation (A.4) is:
CotCimtéem  SoxtCim+Cem
Ku =A ? A, 2 exp(_adlz)- (A.5)

Long-Term Metapopulation Persistence Threshold Condition
In order to determine the threshold condition for metapopulation persistence, it is necessary to
first find equilibrium values for the probability of persistence in each of the patches, P .

Equilibrium occurs when equations (A.1a) and (A.1b) are both equal to zero (ZT % = Oj.

Setting equation (A.1a) equal to zero and soIving for Py:

CA " A exp(—ad,)P,(1- R) - Ai —z- P =0 cA" A exp(-ad,, )P, (1- P)—ATl

P, = i
©c(L-P)A T Al exp(-ady,)

(A.6)

Similarly, setting equation (A.1b) equal to zero and solving for P,:
: e
CAzglm Afem exp(—ad;,)P,(1-P,) - E P,=0

| e
CAL" A exp(-ad)PL-P) = P,

: e :
CAzglm Afem exp(_adlZ)Pl = Pz E + CAg'm Afem exp(_adlZ)Pl
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P — CA;™ A exp(—ad,, )P,
=
e _
ra +CcAm Al exp(—ad,,)P,
C%gex Jrgim Afem exp(_adlz)l:)l

— A7
e+ CAS AT exp(-ad,, )P, a0

2

Setting equations (A.6) and (A.7) equal to each other and solving for P:
el _ CA‘ngX%im Afem exp(-ad;,) R
C(L-P)A™ " A exp(-ady,) e+ oA A exp(-ady;)R,
€ _ CAzgmgim Afem exp(—ad,,)

CL-P)A™ A exp(-ady,) e+ CAF " A exp(—ad,,)R,
67 +eCA " Al exp(—ady, )P, = 7 AT i e Aot exp(=2ad),, ) (L - P)
(eCAgexmm A exp(—ad,, ) + C2A e+ e ALoctin tCon exp(—2ad12))Pl
— C2A1§ex+§im +Cem Aziex%m +Gem exp(—Zadlz) —e?

. CZAEEX +Cim +Cem Agex +Cim +Sem exp(—2ad12) —e?

" ecA I AT exp(—ady,) + P AT e A exp( =20, )

(A.8)

A similar set of calculations solving for P, results in:
. _ CZAfex +Cim+Cem Agex +Cim+Cem exp(_zadlz) _ e2
2 ecAfex +Cim Agem exp(_adlz) + Czpﬂfex +Cim+<em Azgex +Cim+<em exp(_zadlz)

(A.9)

Equations (A.8) and (A.9) give the equilibrium probability of occupancy for patches 1 and 2,
respectively. The denominator is positive in both equations, thus, the numerator determines

whether or not the local population goes extinct (P” > 0) . If the numerator is less than or equal
to zero, then the local population is extinct at equilibrium. Because the numerator is the same in
both equations, the metapopulation avoids extinction (P >0) when:

CzAfex +Cim +Sem Azé‘ex +Cim +Sem exp(_zadlz) _ e2 > 0 . (A.lO)
Rearranging the terms in equation (A3.10) to bring the species-specific parameters, ¢ and e, to
the right-hand side and solving for the threshold condition E:

C

CZAfex +Cim+Sem Azgex +&im+Sem exp(_zadlz) < ez

2
: : e
Agex+§|m+§em Azé/ex'*'é/lm*'{em exp(_zadlz) < C_z

é’ex +é’im +é’em gex +§im +§em e
A 2 A2 exp(-ad,) <~ (A.11)
C

The left-hand side of equation (A.11) is equal to the metapopulation capacity given by equation
(A.5). Thus, equation (A.11) is the metapopulation threshold condition given in equation (8) for
a two-patch network.

26



References

Aberg, J., G. Jansson, J.E. Swenson, and P. Angelstam. 1995. The effect of matrix on the
occurrence of hazel grouse (Bonasa bonasia) in isolated habitat fragments. Oecologia
103:265-269.

Akcakaya, H. Resit, and Jonathan L. Atwood. 1997. A habitat-based metapopulation model of
the California Gnatcatcher. Conservation Biology 11 (2):422-434.

Akcakaya, H. Resit, Volker C. Radeloff, David J. Mladenoff, and Hong S. He. 2004. Integrating
landscape and metapopulation modeling approaches: viability of the Sharp-tailed Grouse
in a dynamic landscape. Conservation Biology 18 (2):526-537.

Albers, Heidi J. 1996. Modeling ecological constraints on tropical forest management: spatial
interdepence, irreversibility, and uncertainty. Journal of Environmental Economics and
Management 30:73-94.

Alonso, William. 1964. Location and Land Use: Toward a General Theory of Land Rent.
Cambridge, MA: Harvard University Press.

Arnold, Chester L., and C. James Gibbons. 1996. Impervious surface coverage: The emergence
of a key environmental indicator. Journal of the American Planning Association 62
(2):243-258.

Bates, Laurie J., and Rexford E. Santerre. 2001. The public demand for open space: the case of
Connecticut communities. Journal of Urban Economics 50:97-111.

Berrens, Robert P. 1996. The safe minimum standard approach: an alternative to measuring non-
use values for environmental assets. In Forestry, Economics and the Environment, edited
by W. L. Adamowicz, P. Boxall, M. K. Luckert, W. E. Phillips and W. A. White.
Wallingford, UK: CAB International.

Bishop, Richard C. 1978. Endangered species and uncertainty: the economics of a safe minimum
standard. American Journal of Agricultural Economics 60:10-18.

Bockstael, Nancy E. 1996. Modeling economics and ecology: the importance of a spatial
perspective. American Journal of Agricultural Economics 78 (6):1168-1180.

Bockstael, Nancy E., Robert Costanza, I. Strand, W. Boyton, Kathleen P. Bell, and Lisa A.
Wainger. 1995. Ecological economic modeling and valuation of ecosystems. Ecological
Economics 14:143-159.

Briers, Robert A., and Philip H. Warren. 2000. Population turnover and habitat dynamics in
Notonecta metapopulations. Oecologia 123:216-222.

Brown, Gardner, and Jonathan Roughgarden. 1997. A metapopulation model with private
property and a common pool. Ecological Economics 22:65-71.

Brown, James H., and A. Kodric-Brown. 1977. Turnover rates in insular biogeography: effect of
immigration on extinction. Ecology 58:445-449.

Burke, Vincent J., and J. Whitfield Gibbons. 1995. Terrestrial buffer zones and wetland
conservation: a case study of freshwater turtles in a Carolina bay. Conservation Biology 9
(6):1365-1369.

Carlson, Allan, and Per Edenhamn. 2000. Extinction dynamics and the regional persistence of a
tree frog metapopulation. Proceedings of the Royal Society fo London B 267:1311-1313.

Ciriacy-Wantrup, Siegfried V. 1952. A safe minimum standard as an objective of conservation
policy. In Resource Conservation: Economics and Policy. Berkeley: University of
California Press.

27



Daniels, Tom. 1999. When City and Country Collide: Managing Growth in the Metropolitan
Fringe. Washington, D.C.: Island Press.

Davies, Kendi F., Claude Gascon, and Chris R. Margules. 2001. Habitat Fragmentation:
Consequences, Management, and Future Research Priorities. In Conservation Biology:
Research Priorities for the Next Decade, edited by M. E. Soule and G. H. Orians.
Washington, DC: Island Press.

Davis, Judy S., Arthur C. Nelson, and Kenneth J. Dueker. 1994. The new 'burbs: the exurbs and
their implications for planning policy. Journal of the American Planning Association 60
(1):45-59.

Fleishman, Erica, Chris Ray, Per Sjogren-Gulve, Carol L. Boggs, and Dennis D. Murphy. 2002.
Assessing the roles of patch quality, area, and isloation in predicting metapopulation
dynamics. Conservation Biology 16 (3):706-716.

Foppen, Ruud P.B., J. Paul Chardon, and Wendy Liefveld. 2000. Understanding the role of sink
patches in source-sink metapopulations: Reed Warbler in an agricultural landscape.
Conservation Biology 14 (6):1881-1892.

Forman, Richard T. T., and Robert D. Deblinger. 2000. The ecological road-effect zone of a
Massachusetts (U.S.A.) suburban highway. Conservation Biology 14 (1):36-46.

Geoghegan, Jacqueline. 2002. The value of open spaces in residential land use. Land Use Policy
19:91-98.

Gill, Douglas E. 1978. The metapopulation ecology of the red-spotted newt, notophthalmus
viridescens (rafinesque). Ecological Monographs 48 (2):145-166.

Gilpin, Michael E., and Jared M. Diamond. 1976. Calculation of immigration and extinction
curves from the species-area-distance relation. Proceedings of the National Academy of
Sciences USA 73 (11):4130-4134.

Gustafson, Eric J., and Robert H. Gardner. 1996. The effect of landscape heterogeneity on the
probability of patch colonization. Ecology 77 (1):94-107.

Gutierrez, R.J., and Susan Harrison. 1996. Applying metapopulation theory to spotted owl
management: a history and critique. In Metapopulations and wildlife conservation, edited
by D. R. McCullough. Washington, DC: Island Press.

Hall, Peter, ed. 1966. Von Thunen's Isolated State. New York, NY: Pergamon Press.

Hanski, llkka. 1992. Inferences from ecological incidence functions. The American Naturalist

139 (3):657-662.

. 1999. Metapopulation Ecology, Oxford Series in Ecology and Evolution. New York:

Oxford University Press.

Hanski, llkka, and Mats Gyllenberg. 1997. Uniting two general patterns in the distribution of
species. Science 275 (5298):397-400.

Hanski, llkka, and Otso Ovaskainen. 2000. The metapopulation capacity of a fragmented

landscape. Nature 404:755-758.

. 2003. Metapopulation theory for fragmented landscapes. Theoretical Population

Biology 64 (1):119-127.

Hardie, lan W., Peter J. Parks, Peter Gottlieb, and David N. Wear. 2000. Responsiveness of rural
and urban land uses to land rent determinants in the U.S. South. Land Economics 76
(4):659-673.

Harrison, Robert L. 1997. A comparison of gray fox ecology between residential and
undeveloped rural landscapes. Journal of Wildlife Management 61 (1):112-122.

28



Haskell, David G. 2000. Effects of forest roads on macroinvertebrate soil fauna of the Southern
Appalachian mountains. Conservation Biology 14 (1):57-63.

Heimlich, Ralph E., and William D. Anderson. 2001. Development at the Urban Fringe and
Beyond: Impacts on Agriculture and Rural Land. Washington, D.C.: Economic Research
Service, U.S. Department of Agriculture.

Irwin, Elena G. 2002. The effects of open space on residential property values. Land Economics
78 (4):465-480.

Irwin, Elena G., and Jacqueline Geoghegan. 2001. Theory, data, methods: developing spatially
explicit economic models of land use change. Agriculture, Ecosystems and Environment
85:7-23.

Johnson, Michael P. 2001. Environmental impacts of urban sprawl: a survey of the literature and
proposed research agenda. Environment and Planning A 33:717-735.

Johnston, Robert J., James J. Opaluch, Thomas A. Gigalunas, and Marisa J. Mazzotta. 2001.
Estimating amenity benefits of coastal farmland. Growth and Change 32:305-325.

Karr, James R. 1996. Ecological integrity and ecological health are not the same. In Engineering

within Ecological Constraints, edited by P. C. Schulze. Washington, D.C.: National

Academy Press.

. 2000. Health, integrity, and biological assessment: The importance of measuring whole

things. In Ecological Integrity: Integrating Environment, Conservation, and Health,

edited by D. Pimentel, L. Westra and R. Noss. Washington, D. C.: Island Press.

Lamb, Richard F. 1983. The extent and form of exurban sprawl. Growth and Change 14 (1):40-
47,

Lande, Russell. 1993. Risks of population extinction from demographic and environmental
stochasticity and random catastrophes. The American Naturalist 142 (6):911-927.

Lehtinen, Richard M., Susan M. Galatowitsch, and John R. Tester. 1999. Consequences of
habitat loss and fragmentation for wetland amphibian assemblages. Wetlands 19 (1):1-12.

Lindsay, Alec R., Sandra S. Gillum, and Michael W. Meyer. 2002. Influence of lakeshore
development on breeding bird communities in a mixed northern forest. Biological
Conservation 107 (1):1-11.

Lutzenhiser, Margo, and Noelwah R. Netusil. 2001. The effect of open space on a home's sale
price. Contemporary Economic Policy 19 (3):291-298.

Maestas, Jeremy D., Richard L. Knight, and Wendell C. Gilgert. 2003. Biodiversity across a
rural land-use gradient. Conservation Biology 17 (5):1425-1434.

Miltner, Robert J., Dale White, and Chris Yoder. 2004. The biotic integrity of streams in urban
and suburbanizing landscapes. Landscape and Urban Planning 69 (1):87-100.

Moilanen, Atte, and llkka Hanski. 1998. Metapopulation dynamics: Effects of habitat quality and
landscape structure. Ecology 79 (7):2503-2515.

Moilanen, Atte, and Marko Nieminen. 2002. Simple connectivity measures in spatial ecology.
Ecology 84 (4):1131-1145.

Moilanen, Atte, Andrew T. Smith, and Ilkka Hanski. 1998. Long-term dynamics in a
metapopulation of the American pika. The American Naturalist 152 (4):530-542.

Nelson, Arthur C. 1992. Characterizing exurbia. Journal of Planning Literature 6 (4):350-368.

Ovaskainen, Otso. 2003. Habitat destruction, habitat restoration and eigenvector-eigenvalue
relations. Mathematical Biosciences 181 (2):165-176.

29



Ovaskainen, Otso, and Ilkka Hanski. 2001. Spatially structured metapopulation models: global
and local assessment of metapopulation capacity. Theoretical Population Biology 60
(4):281-302.

. 2002. Transient dynamics in metapopulation response to perturbation. Theoretical

Population Biology 61:285-295.

. 2003. How much does an individual habitat fragment contribute to metapopulation

dynamics and persistence? Theoretical Population Biology 64 (4):481-495.

Pope, Shealagh E., Lenore Fahrig, and H. Gray Merriam. 2000. Landscape complementation and
metapopulation effects on leopard frog populations. Ecology 81 (9):2498-2508.

Randall, Alan, and Michael C. Farmer. 1995. Benefits, costs, and the safe minimum standard of
conservation. In The Handbook of Enviromental Economics, edited by D. W. Bromley.
Oxford: Blackwell Publishers.

Rapport, D.J., Robert Costanza, and McMichael. 1998. Assessing ecosystem health. Trends in
Ecology and Evolution 13 (10):397-402.

Ricardo, David. 1911. The Principles of Political Economy and Taxation. New York: E. P.
Dutton & Co.

Roan, Philip F., and Wade E. Martin. 1996. Optimal production and reclamation at a mine site
with an ecosystem constraint. Journal of Environmental Economics and Management
30:186-198.

Romin, L. A., and J. A. Bissonette. 1996. Deer-vehicle collisions: status of state monitoring
activities and mitigation efforts. Wildlife Society Bulletin 24 (2):276-283.

Rosenberger, Randall S., and John B. Loomis. 1999. The value of ranch open space to tourists:
combining observed and contingent behaviour data. Growth and Change 30:366-383.

Sanchirico, James N., and James E. Wilen. 1999. Bioecnomics of spatial exploitation in a patchy

environment. Journal of Environmental Economics and Management 37:129-150.

. 2001. A bioeconomic model of marine reserve creation. Journal of Environmental

Economics and Management 42:257-276.

. 2001. Dynamics of spatial exploitation: a metapopulation approach. Natural Resource

Modeling 14 (3):391-418.

Semlitsch, Raymond D. 1998. Biological delineation of terrestrial buffer zones for pond-

breeding salamandars. Conservation Biology 12 (5):1113-1119.

. 2000. Principles for management of aquatic-breeding amphibians. Journal of Wildlife

Management 64 (3):615-631.

Semlitsch, Raymond D., and J. Russell Bodie. 2003. Biological criteria for buffer zones around
wetlands and riparian habitats for amphibians and reptiles. Conservation Biology 17
(5):1219-1228.

Sjogren-Gulve, Per. 1994. Distribution and extinction patterns within a northern metapopulation
of the pool frog, rana lessonae. Ecology 75 (5):1357-1367.

Sjogren-Gulve, Per, and Ilkka Hanski. 2000. Metapopulation viability analysis using occupancy
models. Ecological Bulletins 48:53-71.

Smith, Martin D., and James E. Wilen. 2003. Economic impact of marine reserves: the
importance of spatial behavior. Journal of Environmental Economics and Management
46 (2):183-206.

Swallow, Stephen K. 1994. Renewable and nonrenewable resource theory applied to coastal
agricultural, forest, wetland, and fishery linkages. Marine Resource Economics 9 (4):291-
310.

30



. 1996. Economic issues in ecosystem management: an introduction and overview.

Agricultural and Resource Economics Review 25 (2):83-100.

Sweanor, Linda L., Kenneth A. Logan, and Maurice G. Hornocker. 2000. Couger dispersal
patterns, metapopulation dynamics, and conservation. Conservation Biology 14 (3):798-
808.

Toman, Michael A. 1998. Why not to calculate the value of the world's ecosystem services and
natural capital. Ecological Economics 25:57-60.

Trombulak, Stephen C., and Christopher A. Frissell. 2000. Review of ecological effects of roads
on terrestrial and aquatic communities. Conservation Biology 14 (1):18-30.

The Trust for Public Land. 2005. LandVote 2004. Boston, MA: The Trust for Public Land and
Land Trust Alliance.

United States Senate. 2003. Committee on Environment and Public Works. Smart Growth and
Economic Development. One Hundred Seventh Congress, Second Session. March 6,
2002.

von Thunen, Johann Heinrich. 1875. Der isolirte Staat. Berlin: Wiegant, Hempel, & Parey.

Vos, Claire C., A. G. Antonisse-deJong, P. W. Goedhart, and M. J. M. Smulders. 2001. Genetic
similarity as a measure for connectivity between fragmented populations of the moor frog
(Rana arvalis). Heredity 86:598-608.

Vos, Claire C., and J. P. Chardon. 1998. Effects of habitat fragmentation and road density on the
distribution pattern of the moor frog Rana arvalis. Journal of Animal Ecology 35:44-56.

Vos, Claire C., Cajo J. F. Ter Braak, and Wim Nieuwenhuizen. 2000. Incidence function
modelling and conservation of the tree frog hyla arborea in the Netherlands. Ecological
Bulletins 48:165-180.

Wahlberg, Niklas, Atte Moilanen, and Ilkka Hanski. 1996. Predicting the occurrence of
endangered species in fragmented landscapes. Science 273:1536-1538.

Wiens, John A. 1996. Wildlife in patchy environments: metapopulations, mosaics, and
management. In Metapopulations and wildlife conservation, edited by D. R.
McCullough. Washington, DC: Island Press.

Willson, John D., and Michael E. Dorcas. 2003. Effects of habitat disturbance on stream
salamanders: implications for buffer zones and watershed management. Conservation
Biology 17 (3):763-771.

Woodford, James E., and Michael W. Meyer. 2003. Impact of lakeshore development on green
frog abundance. Biological Conservation 110:277-284.

Yang, Wanhong, Madhu Khanna, Richard Farnsworth, and Hayri Onal. 2003. Integrating
economic, environmental and GIS modeling to target cost effective land retirement in
multiple watersheds. Ecological Economics 46:249-267.

York, Anne E., Richard L. Merrick, and Thomas R. Loughlin. 1996. An analysis of the Steller

sea lion metapopulation in Alaska. In Metapopulations and wildlife conservation, edited

by D. R. McCullough. Washington, DC: Island Press.

31



