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The concept of population viability is a central tenet of landscape planning and

management. Maintaining biological diversity and therefore the viability of all

species presents a significant constraint in designing working landscapes that

can produce the goods and services society desires. Large-scale landscape

planning to maintain biodiversity usually integrates coarse-scale assessments of

land use change with systematic evaluations of its effects on the likelihood

of species becoming extinct years in the future, or their population viability

(Andelman et al. 2001; Noon et al. 2003; Noon et al., this volume).
Population viability is challenging, however, to define and to evaluate. There

is no standard definition of a viable population in terms of the time horizon or

level of acceptable risk of extinction, and there is no standard definition of what

comprises a population viability analysis (PVA). The first PVAs were quantitative

modeling exercises that estimated the risk of extinction within a specified time

period (Shaffer 1981, Gilpin and Soulé 1986). The output of a probabilistic esti-

mate of extinction from a stochastic model differentiated PVA from earlier deter-

ministic models used to guide the recovery of endangered species (Beissinger
2002), but PVA has been used to describe analysis outcomes ranging from work-

shops to the results of expert panels. There are recent suggestions, however,

that the term PVA should be restricted to analytical or simulation models that

use data to estimate the risk of extinction or a closely related measure of popu-

lation health, such as the proportion of simulated populations that end below

some size after a specified period of time or quasiextinction (Ralls et al. 2002,

Reed et al. 2002). A viable population is one that does not exceed this measure

of risk. An acceptable risk of extinction, and the time horizons over which they
should be assessed, should be set at levels that scientists, decision makers, and

society are willing to accept.

Extinction risk is difficult to assess in part because it is a stochastic process

affected by many factors. Estimates of long-term means and variances for birth

and death rates, population growth rate, immigration and emigration rates,
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and density-dependent relationships are needed (Beissinger and Westphal

1998). Genetic and catastrophic processes should be incorporated because they

can play critically important roles in population viability when a long time

period is considered—but unfortunately they are often ignored (Mangel and Tier

1994, Allendorf and Ryman 2002). Assessing extinction risk must project these

processes into the future in relation to potential scenarios of environmental

change. Models have become a useful tool for integrating the effects of these

multiple forces on the risk of extinction.
In this chapter, we briefly review available methods for assessing population

viability and discuss which models are useful under different circumstances. We

then discuss how they may be used in making decisions about landscape design

and conclude with a discussion of the uncertainties inherent in population

viability analysis.
METHODS OF MODELING POPULATION VIABILITY
There are many methods for modeling population viability (Table 2-1). They

include demographic models that assess the impact of management on the rate of
population growth or risk of extinction, analyses of occupancy using presence-
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absence data, population trend analysis, and genetic models that assess the loss

of genetic diversity. We briefly review these methods below, but see Beissinger

and Westphal (1998), Andelman et al. (2001), Possingham et al. (2001), Morris

and Doak (2002), and Beissinger et al. (2006) for more in-depth discussions.

Demographic models explicitly incorporate birth and death rates, and to

varying degrees the processes that affect them, and are often used to evaluate

population viability (Beissinger and McCullough 2002). Demographic models

vary in complexity from deterministic matrix models of a single population to
stochastic, spatially explicit individual-based models (IBMs) that keep track of

each individual on specific landscapes (Table 2-1).

Deterministic single-population matrix models (hereafter “matrix models”)

use a set of equations (one for each age or stage class), which are often formu-

lated into a matrix, to predict population size at time t+1 from information on

the survival, growth, and reproduction of individuals at time t. Matrix models

can be used to make estimates of the geometric rate of population growth

(l), to indicate population characteristics such as the distribution of individuals
among age classes (stable age distribution) or the reproductive value of age clas-

ses, and to evaluate the relative influence of demographic rates on population

change (sensitivity or elasticity analysis; Caswell 2001). Matrix population mod-

els have limited use in assessing viability because they only indicate whether

and how fast a population is increasing or decreasing, and do not give an esti-

mate of the risk of extinction. Nevertheless, a sensitivity analysis of a matrix pro-

vides useful insights into population viability because it can indicate how

changes in specific demographic rates impact rates of population change (e.g.,
reproductive success versus adult survival). Recently, this sort of analysis has

been adapted to include the costs of conservation actions to assist decision

makers choosing among management options (Baxter et al. 2006).

Stochastic single population PVA models (hereafter stochastic PVA models)

project populations for 50, 100, or more years into the future by allowing demo-

graphic rates to change using the Monte Carlo method, which samples rates ran-

domly from predetermined distributions. Each run of a stochastic model follows

a unique trajectory and yields a different ending population size, so models must
be run 500 to 1000 times to explore the full range of parameter values and por-

tray the distribution of possible ending population sizes (Harris et al. 1987,

Burgman et al. 1993). In addition to estimates of mean age- or stage-specific sur-

vival and fecundity, stochastic models require estimates of variance in fecundity

and survival for each age or stage class to model the effects of demographic and

environmental stochasticity. Stochastic PVA models should also include carrying

capacity and its variance (Ginzburg et al. 1990), and the frequency and effects

of catastrophes. They can also incorporate processes that may occur when
populations become small, such as Allee effects or inbreeding depression.

Stochastic PVA models yield the proportion of runs that end at population size

zero (“extinction” rate) or at a small size such as <25 individuals (“quasiextinc-

tion” rate), or the mean or median year of extinction for populations that went

extinct (“time to extinction”). Perhaps the most complete descriptor of model
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results is the cumulative probability function for ending population size, or the

“quasiextinction function” (Ginzburg et al. 1982, Burgman et al. 1993). All these

outputs can be expressed in relation to changes in landscape management or

planning scenarios.

Demographic models of metapopulations can examine relationships

between landscape structure and population dynamics by incorporating site-

specific effects on demography. Compared to stochastic PVA models, they incor-

porate additional details of patch-specific demography, dispersal, and landscape
dynamics to project population dynamics into the future (Hanski 2002; Harrison

and Ray 2002; Akçakaya and Brook, this volume). These so-called patch models

track individuals in populations as they reside only within these habitat patches

and their movement among them. Population dynamics within each patch are

modeled as in stochastic single-population PVA models, with the additional steps

of determining the number of individuals that will disperse from and migrate

to each patch. Patch metapopulation models provide output on population

trajectories, risk of population extinction or decline, and related measures of
population size.

Spatially explicit population models (SEPMs) are complex simulation mod-

els that may be built for single populations or a metapopulation to model move-

ments of individuals across a diverse landscape, or the response of populations

to changing landscape structure. They incorporate exact spatial locations of

individuals, habitats, barriers to dispersal, and other landscape characteristics.

SEPMs are often individual-based models (IBMs), where individuals are placed

in known locations and assigned demographic traits based on the habitat where
they are located. Two common forms of spatially explicit population models are

as follows:
1. Grid or cell-based models track population sizes in equal-sized cells,

which are typically the building blocks of larger habitat patches and are

influenced by the inputs and outputs of neighboring cells. They are often

used for abundant organisms, where modeling the movement or fate of

each individual may be intractable, such as plants, insects, or rodents

(Bradstock et al. 1996, Price and Gilpin 1996); and

2. Individual-based models track the location and behavior of every individ-

ual. They have been applied to determine the distribution of suitable hab-

itat at multiple scales (Hatten and Paradzick 2003), simulate responses to

regional management practices (Boone and Hunter 1996), predict regions
of future human-wildlife conflicts (Treves et al. 2004), and simulate the

effects of forest management policies (McKelvey et al. 1993, Lamberson

et al. 1994, Liu et al. 1995, Walters et al. 2002).
Output from SEPMS is composed of averages over individuals to yield popula-

tion statistics, such as population size at a specific time, population trajectories,

or time to extinction.
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Stochastic patch occupancy models (SPOMs) rely on simple presence-

absence data obtained from single or multiple surveys to estimate the probabil-

ity that a patch is occupied and to project metapopulation dynamics into the

future (Day and Possingham 1995, Hanski 1998, Thomas and Hanski 2004).

Etieene et al. (2004) reviewed the two types of SPOMs: (1) The incidence func-

tion approach combines the pattern of patch occupancy with relationships

derived from biogeography to estimate colonization and extinction rates

(Hanski 1999); and (2) the patch-turnover approach uses observed patch coloni-
zations and extinctions (Sjogren-Gulve and Ray 1996, Kindvall 2000, Sjogren-

Gulve and Hanski 2000). An important recent advance for parameterizing

occupancy models accounts for imperfect detection to estimate patch occu-

pancy (MacKenzie et al. 2006). Occupancy models can be applied to simulate

metapopulation dynamics by substituting new patch-area, patch-isolation, or

other landscape characteristics into a simulation model (Hanski 1999, Hanski

and Gaggiotti 2004).

Population trend analysis creates models of population fluctuations from
count data, such as the number of individuals in a population surveyed over

multiple years, to project populations into the future and estimate extinction

risk (Morris and Doak 2002). Count data may be relatively easy and cheap to col-

lect compared to detailed demographic data. The simplest conceptual model of

population growth is Nt+1 ¼ lNt where Nt is the number of individuals in the

population in year t, and l is the population growth rate. l and variation in l
may be dependent or independent of density, and are functions of many of the

same factors that influence demographic rates discussed previously, as well as
immigration and emigration (Peery et al. 2006). Dennis et al. (1991) developed

an approach that extracts a maximum likelihood estimator of growth rate and its

confidence interval, which has become widely used in analyses of extinction

risk. It assumes that population changes can be approximated by a simple diffu-

sion process with drift, which may work as long as density dependence is not

strong, data gaps in the time series are few, and sampling error is not extensive

(Dennis et al. 1991, Holmes and Fagan 2002, Morris and Doak 2002, Holmes

2004, Staples et al. 2004). Applications have been diverse and growing (Buenau
and Gerber 2004, Gonzalez-Suarez et al. 2006, Thomson and Schwartz 2006).

Accurate prediction of extinction risk, however, often requires decades-long

time series of data (Fieberg and Ellner 2000, Lotts et al. 2004).

The concept of effective population size or Ne has been used to evaluate

genetic considerations into PVA (Haig and Ballou 2002). Ne, defined as the num-

ber of individuals in a population that contribute genes to the next generation,

measures the effect of genetic drift on a natural population. It is a useful way to

evaluate the magnitude of genetic loss over time in a small population by com-
paring how it deviates from an “ideal” population, or by examining the relation-

ship between Ne and the actual or census population size (N) (Waples 2002).

Characteristics of an ideal population are both genetic and demographic, and

include large and stable size, equal genetic contribution by both sexes, no
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inbreeding, equal family size, and nonoverlapping generations. Most organisms

violate some or all of these characteristics. Ne is often substantially less than N,

usually only 10–25% of total population size (Frankham 1995, Waples 2002).

Ne was one of the first measures of population viability. Frankel and Soulé

(1981) suggested that small populations should try to attain an Ne of 50 indivi-

duals over the short term and Ne of 500 individuals over the long term (the

“50/500 rule”). More recently, Franklin and Frankham (1998) argued that an

Ne of 500–1000 would be appropriate, and Lande (1995) suggested a minimum
effective size of 5000 was more appropriate. Debate continues and no clear con-

sensus has yet emerged on what level of Ne is needed to maintain viability

(Waples 2002, Beissinger et al. 2006). In viability assessments, it seems most

satisfactory to consider how various landscape scenarios affect the factors that

contribute to Ne, but to avoid comparing Ne estimates to specific numeric goals

(Beissinger et al. 2006).
WHEN SHOULD PVA MODELS BE USED AND
WHICH ONE(S)?
All methods of assessing viability have some utility, and they all explicitly or

implicitly use a model—even expert opinion PVAs (Burgman 2005). Methods

that use formal mathematical models for analyzing viability are usually prefera-

ble to less quantitative methods, such as indices of rarity and expert opinion,

when there is some knowledge of demography, dispersal, habitat use, and

threats. The advantages of a formal model often lie mostly in its transparency

and repeatability (Burgman and Possingham 2000). Creating a formal model
often involves a necessary trade-off between generality, precision, and realism

(Levins 1968, Beissinger et al. 2006). The range of possible methods in Table 2-1

offers a trade-off between complexity of analysis and generality of results. None

might provide perfect analysis alone, but all can provide important insights

when used together as one of several analyses that compose a viability assess-

ment. Statistical models (e.g., incidence function models) may yield precise

model outputs for some situations, but their generality may extend only to a

specific set of data and they may have limited applicability due to assumption
of a stationary landscape configuration required by the model (Hanski 2002).

The most realistic models for landscape planning are often stochastic PVA, patch

occupancy, metapopulation, or spatially explicit models that can be developed

for specific species, management scenarios, or landscapes. These models, how-

ever, often yield less precise or more uncertain results because they are stochas-

tic and because all model parameters can rarely be estimated from data specific

to the system of interest.

The choice of a PVA model will often be determined by the objectives of the
analysis, the data that are available, and the assumptions that are realistic to
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make (Ralls et al. 2002). The typical objective of a viability assessment in large-

scale landscape planning is to determine which land management actions would

be most beneficial or least injurious to a set of species. This concerns compar-

ing risk to a species posed by different management options relative to one

another (i.e., relative risk), rather than estimating an accurate risk or impact

from a particular management action (i.e., absolute risk). A model that attempts

to estimate absolute risk should strive to develop an accurate, comprehensive

representation of reality and would include all factors influencing the probabil-
ity of extinction (Ralls et al. 2002). Building models that can accurately estimate

absolute extinction risk and the data required for these models are, for most spe-

cies, still beyond our capabilities (Ludwig 1996, 1999; Fieberg and Ellner 2000).

Models designed to compare differences among management options (i.e., esti-

mate relative risks of extinction), however, may be less comprehensive than a

model intended to estimate absolute risk of extinction and can be useful for

assisting in decision making. The general consensus in the literature is that

because of uncertainties in estimates of extinction risk, PVA is probably most
useful in ranking alternative management policies’ or scenarios’ uncertainty

(Possingham et al. 1993, Lindenmayer and Possingham 1996, Beissinger and

Westphal 1998, Reed et al. 2002, Drechsler et al. 2003, Wintle et al. 2003).

Analyzing viability for large landscapes requires many species to be consid-

ered and increases the demand for data, affecting which analyses are appropri-

ate. More complex models require greater technical skills and more time to

create. Viability assessments for most species should be conducted from the

scale of one or more National Forests to the scale of bioregions by comparing
relative differences of the impacts of different planning scenarios. Thus, the

potential for building PVA models is likely to be limited to a few or at most a

dozen of the 50–300 species that are likely to need assessment when managing

large-scale landscapes. Expert opinion in some form, elicited in a structured

fashion and clearly documented, may be used to assess viability for the majority

of affected species (Andelman et al. 2001, Burgman 2005).
USING PVA TO INFORM LARGE-SCALE LANDSCAPE
PLANNING, MANAGEMENT, AND POLICY DECISIONS
We now consider how PVAs can be used to aid landscape planning and policy

decisions, and issues surrounding the use of PVA in this context. What sort of

large-scale landscape management decisions might a PVA help inform? Examples

include (1) deciding which areas are priorities for protection or land acquisition,

such as Strategic Habitat Conservation Areas identified by the Florida Fisheries

and Wildlife Commission (Kautz and Cox 2001); (2) assessing and designing

alternative management regimes, such as logging, to minimize the impact

on biodiversity (Montgomery et al. 1994, Fox et al. 2004, Nalle et al. 2004);
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(3) setting take levels for harvested species, such as fisheries or game (Milner-

Gulland et al. 2001, Sethi et al. 2005); and (4) testing theory for biodiversity

conservation and landscape design to be applied through rules of thumb or

other ways to real-world decisions (McCarthy et al. 2001, Carroll et al. 2003,

Lindenmayer et al. 2003, Nicholson et al. 2006).

PVAs have also been used to provide information that can, in turn, be used in

either systematic conservation planning or to design landscapes. Examples of

such use include (1) setting minimum population or patch sizes for single spe-
cies or multispecies systematic conservation planning (e.g., Strategic Habitat

Conservation Area in Florida [Burgman et al. 2001, Kautz and Cox 2001,

Cowling et al. 2003]); (2) ascribing the value of a given area to viability, such as

using the intrinsic growth rate l of an area or the contribution of an area to the

overall growth rate (Calkin et al. 2002, Noss et al. 2002, Carroll et al. 2003);

and (3) parameterizing statistical approximation models (Calkin et al. 2002,

Haight et al. 2002, Nalle et al. 2004). They may also be used to rank alternative

management decisions in a decision analysis context, as we discuss next.
Decision Theory and PVA
To get the most out of a PVA when making management decisions, one should

invoke a decision analysis framework (Maguire 1986), where the goals and con-

straints of the problem are explicitly defined (Shea et al. 1998, Possingham et al.

2002, Drechsler and Burgman 2004). In a single species example, the problem

formulation may be as simple as comparing the viability of the species under
a business-as-usual scenario versus an active management plan (e.g., captive

breeding or preservation of critical habitat). It may be framed as a cost-benefit

analysis: how much benefit (e.g., reduction in extinction risk) is gained as the

amount of area protected increases or timber harvest is forgone (Montgomery

et al. 1994)?

When we have the luxury of constructing PVA models for more than one

species, we have the capacity to consider a much wider range of biodiver-

sity needs, but it also entails a more complex decision model (Nicholson and
Possingham 2006). How do we balance the competing needs of several species

when each has different management preferences (Noon et al., this volume)?

For example, a species with large area requirements may have higher viability

when one or two large areas of habitat are protected, whereas a dispersal-

limited species would benefit more from good corridors connecting areas of

suitable habitat, while another species needs more frequent burns or predator

removal. When one makes decisions that take into account the needs of differ-

ent species, explicit goals and a structure for making decisions (i.e., decision
theory or decision analysis) become even more important (Drechsler and

Burgman 2004, Nicholson and Possingham 2006).

There are many ways in which assessment of viability for many species can

inform management decisions. Multicriteria decision analysis can be used to
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make a decision based on the ranking of the management alternatives for each

of the species (e.g., Drechsler and Burgman 2004, Nicholson and Possingham

2007). Similar to a voting system, an overall ranking can be derived by finding

the management alternative that ranks highest for the most species. Species

may be weighted to emphasize keystone species or species with higher risks

of extinction. Alternatively, the probabilities of extinction can be combined to

form a benefit or utility function. The simplest of these functions might be to

add the extinction risks together to yield a cost, the expected number of extinc-
tions, which we attempt to minimize. However, there are several ways to derive

an overall benefit function, including minimizing the chance of any species

becoming extinct or of all becoming extinct (Hof and Raphael 1993, Nicholson

and Possingham 2006). An index can also be developed to combine assessments

of viability for multiple species across a landscape (Akçakaya 2000, Carroll et al.

2003, Root et al. 2003). For example, Root et al. (2003) generated a multiple-

species index of conservation value, combining species-specific habitat suitabil-

ity, extinction risk, and contribution to population viability estimated using a
stochastic metapopulation model.

Using PVA in an Optimization Framework

Population models may also be used in an optimization framework, where an

algorithm is used to find the landscape configuration that maximizes the viabil-

ity of one or more species. There are few examples of population models being

used directly in designing optimal landscapes, primarily because the simulations

needed to assess the likelihood of extinction in a stochastic model constrain the
size and complexity of the problems that can be included in an optimization

framework. Some methods exist for finding the optimal landscape design for a

single species (e.g., Hof and Raphael 1997, Hof et al. 1999, Moilanen and Cabeza

2002), but they tend to be based on simpler types of population models. Sto-

chastic individual-based models or stage-based matrix models could not be used

in such an optimization framework because computing power limits the num-

ber of simulations required (at least for the time being). Because there are so

many spatial options to explore in optimal landscape design, finding the best
option can only be achieved if the performance of each option can be evaluated

extremely quickly, i.e., in fractions of a second. Simulation-based PVA does not

run this quickly.

The computational constraints of single species problems become even

more exacerbated when trying to consider multiple species within a landscape

optimization framework (Noon et al., this volume; Haight and Gobster, this vol-

ume). The few examples of multiple-species optimization based on population

models have been simple deterministic or approximation models. Nicholson
et al. (2006) used a spatially realistic metapopulation model, which approxi-

mated the results of a stochastic approximation model (Frank and Wissel

2002), to maximize the expected number of persistent species in a reserve sys-

tem for a case study of 10 species. In a case study of 92 species, Hof and Bevers
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(Hof and Raphael 1993, Hof et al. 1994, Bevers et al. 1995) used simple area-

based viability functions to maximize the persistence across multiple species

using a variety of utility functions, including maximizing the expected number

of viable species and maximizing the chance that all species persist. Rothley

(2002) used a deterministic Lotka-Volterra model for two-species predator-prey

conservation. Araújo and Williams (Araújo and Williams 2000, Williams and

Araújo 2000) used the probability of occurrence to approximate probability of

persistence when maximizing expected number of persistent species for 174
tree species. McCarthy et al. (2006) developed theory, rather than found optimal

solutions, for a general case where dispersal between populations was ignored.

Each of the models used in the preceding examples relied on simplifications

and assumptions, but they provide frameworks that can be built upon as

computational power increases to permit more complex models. Their consid-

eration of landscape processes, such as local extinction dynamics and dispersal

among populations, provide an improvement on more static methods for land-

scape design that only consider the presence of species or landscape indices,
rather than species persistence (Williams et al. 2005, Nicholson et al. 2006).

There is no doubt that we will need to further develop these ideas as we strive

to include the idea of conservation adequacy into landscape planning.

The Certainty of Needing to Deal with Uncertainty in PVAs

The only certainty in PVA is that there is uncertainty, and a lot of it. Uncertain-

ties can exist in the estimates for the model parameters, the structure of the

model, GIS habitat layers, and other model components. Dealing with uncer-

tainty forms an important component of a decision theory approach to manage-
ment (Shea et al. 1998). Therefore, any discussion of population modeling

cannot be complete without at least a brief consideration of the impact of

uncertainty on management decisions, and an overview of some of the tools

that are available for considering and including uncertainty when making

management decisions using PVAs.

Regan et al. (2002) reviewed types of uncertainty in ecology and conserva-

tion biology, and what they mean for decision making. Epistemic uncertainty

is uncertainty associated with knowledge of the state of a system. The para-
meters the model misestimated may be due to measurement error, systematic

error (bias), natural variation, and inherent randomness (stochasticity). Also,

results of the model may be uncertain due to the way in which the model struc-

ture is represented and due to subjective judgment in the interpretation of the

results. Linguistic uncertainty arises because language can be ambiguous and

vague (Regan et al. 2002).

Uncertainty also results from the inherent trade-off in the duration of the time

span analyzed in a PVA and the accuracy of its predictions (Beissinger and
Westphal 1998). Viability assessments should ensure that activities to be con-

ducted over the planning period do not compromise the long-term persistence
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of a species. Assessments over long time spans are especially important for long-

lived organisms with long generation times (Lande 2002). Yet, errors (i.e., uncer-

tainties) are propagated with each time step (often one year) that the model or

assessment evaluates into the future.

Since uncertainty in model outcomes will occur regardless of the measures,

time span, and model used in the analysis, good PVAs will analyze and present

this uncertainty. Analysis of uncertainty in model performance should include

a sensitivity analysis to understand the influence of individual parameters on
model outcome (Mills and Lindberg 2002, Burgman et al. 2005, Wintle et al.

2005). An increasingly large array of methods is available for making decisions

under uncertainty (Burgman 2005). Cross and Beissinger (2001) and Cariboni

et al. (2007) reviewed sensitivity methods for PVA models and ecological mod-

els, respectively. Perhaps the most comprehensive way to deal with uncertainty

is to include it directly in the model using a Bayesian PVA (Goodman 2002,

Wade 2002). Another method for explicitly considering uncertainty in the deci-

sion process is information gap decision theory (Ben-Haim 2006), which pro-
vides a framework for making decisions where severe parameter uncertainty

exists. Several examples exist of the application of information gap theory to

conservation problems that use population models (Burgman 2005, Regan

et al. 2005, Halpern et al. 2006, Nicholson and Possingham 2007). Attention

should also be paid to interactions between parameters and the influence of

functions or relationships built into the model, as well as basic model structures

(e.g., density dependence).
SUMMARY
Population viability analysis has an important role to play in ecosystem manage-

ment and conservation planning for large landscapes. The concept of popula-

tion viability is central to landscape planning because the modern theory

of conservation planning demands that we consider the notion of adequacy

(Possingham et al. 2006). Population viability analysis represents a “fine filter”
approach to conservation planning compared to the coarse filter approach,

which posits that the majority of species can be protected by conserving

examples of natural vegetation communities (Noon et al. 2003). Coarse filter

approaches to landscape planning use distribution maps of land cover to

inform the conservation of entire species assemblages (Groves et al. 2002),

but have had equivocal success (Scott et al. 2002). A credible assessment

approach to maintain a diversity of plant and animal communities in large land-

scapes is one that combines both coarse and fine filters using PVA for rare and
at-risk species, for indicator species that provide information on the state of a

given ecosystem, and for focal species that play significant functional roles in

ecosystems (Noon et al. 2003).
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