B |
T
B

Technical Report 25
May 1998

Idaho Forest, Wildlife and
[ Range Experiment Station
Moscow, Idaho '

Director
Charles R. Hatch

Assessing Habitat Quality Using
Population Fitness Parameters:

A Remote Sensing/GIS-Based Habitat-Explicit
Population Model for Sage Grouse
(Centrocercus urophasianus)

by:  Frank B. Edelmann
Mark J. Ulliman
Michael J. Wisdom
Kerry P. Reese
John W. Connelly




About the Authors

Frank B. Edelmann is a research biologist for Idaho Power
Company, P.O. Box 70, Boise ID, 83707.

Mark J. Ulliman is a research associate at the Department of
Fish and Wildlife Resources, University of Idaho, Moscow,
ID 83844-1136.

Michael J. Wisdom is a regional wildlife ecologist for the Forest
Service, Pacific Northwest Research Station, Forestry and
Range Sciences Laboratory, 1401 Gekeler Lane, La
Grande, Oregon 97850.

Kerry P. Reese is Professor of Wildlife Resources at the
Department of Fish and Wildlife Resources, University of
Idaho, Moscow, Idaho 83844-1136.

John W. Connelly is a Principal Wildlife Research Biologist for
the Idaho Department of Fish and Game, 1345 Barton Rd.,
Pocatello, Idaho 83204.

This peer-reviewed publication is issued as Contribution No. 846
of the Idaho Forest, Wildlife and Range Experiment Station,
College of Forestry, Wildlife and Range Sciences, University of
Idaho, Moscow, ID 83844-1130.

To enrich education through diversity, the University of Idaho is an
equal opportunity affirmative action employer.

Acknowledgments

Funding was provided by the USDI Bureau of Land Management
(BLM), USDA Forest Service (USFS), and the Idaho Department
of Fish and Game (IDFG). Additional assistance was provided by
Idaho Power Company. We thank C. Braun, J. Copeland, J.
Crawford, S. Gardner, T. Hemker, A. Holthuijzen, T. Merrill, S.
Mills, A. Sands, and J. Ulliman for their insightful comments and
critical reviews of this model. This is a contribution from Idaho
Federal Aid in Wildlife Restoration Project W-160-R.

Editing and lay-out by Denise Ortiz and Jan Mahal
Cover photo of grouse by Marlin Jones

Printed by Ul Printing and Design Services

— iy —
0 0206 O




o T e v -8

Assessing Habitat Quality Using
Population Fitness Parameters:

A Remote Sensing/GIS-Based Habitat-Explicit
Population Model for Sage Grouse
(Centrocercus urophasianus)

by
Frank B. Edelmann
Mark J. Ulliman
Michael ]. Wisdom |
Kerry P. Reese
John W. Connelly

Technical Report 25
Idaho Forest, Wildlife and Range Experiment Station
College of Forestry, Wildlife and Range Sciences
University of Idaho







FORWARD

The habitat evaluation model for sage grouse is part of a continuing
partnership between researchers and managers of this important resource. The
purpose of the model is to establish a “working hypothesis” for consistent and
accurate assessment of habitat quality across all areas currently used by the
species. The madel is presented as a working hypothesis because many as-
sumptions and formulations have not been validated. Consequently, we believe
that validation research should begin simultaneously with management applica-
tion of the model. If validation research does not proceed in partnership with
management application, the accuracy of model predictions will be unknown and
therefore of questionable validity. The current trend and status of sage grouse
populations dictate that models such as the one presented here be validated
immediately in an adaptive management context. We urge researchers and
managers to work closely in designing this research across a broad spectrum of
habitats within the species’ current distribution. Only then can robust relation-
ships between measures of habitat and population fitness be validated and
applied prudently in management.

Frank B. Edelmann
Mark J. Ulliman
Michael J. Wisdom
Kerry P. Reese
John W. Connelly
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ABSTRACT

We developed a Habitat-Explicit Population Model to assess habitat
quality for sage grouse (Centrocercus urophasianus) at the landscape scale
using a Geographic Information System (GIS). The model assesses the suitabil-
ity of a landscape for supporting a sage grouse population by relating habitat
associations with population fithess parameters. The model’'s response variable
is population growth rate [Lambda (A )] and is based on site-specific habitat
conditions. The model contains a population module to predict A and a habitat
module to quantify landscape conditions. We used population simulation model-
ing to identify that the nesting, brooding, and wintering life stages within the first
year-of-life accounted for most variation in A for sage grouse. Thus, these
formed the population module, which is a multiple regression that predicts A for a
landscape from vital rate estimates [i.e., A =B + pB,(nesting) + B (brooding) +
B,(wintering), where B_ =-0.147406, B, = 0.684623, B, = 0.652698, B, =
0.592451].

The habitat module is comprised of functional relationships which gener-
ate the vital rates used in the population module. Functional relationships relate
site-specific habitat measurements to each life stage in the population module
and predict the corresponding vital rates. Using previously reported data on
habitat selection by sage grouse, we constructed the habitat module with vari-
ables that were: 1) associated with the 3 life stages in the population module, 2)
measurable using satellite imagery, and 3) hypothesized to account for most
variation in A . Of 14 initial habitat variables considered, we retained: 1) sage-
brush canopy cover, 2) sagebrush height, 3) herbaceous cover, and 4) slope.
Each variable was included in the modeling of each life-stage component, except
herbaceous cover, which was not included in the wintering component. Func-
tional relationships were constructed using previously published information and
professional judgement.

The model is applied in seven steps:

Step 1. define analysis area

Step 2. obtain landsat TM digital imagery for analysis area

Step 3. classify digital imagery and describe habitat in the analysis area

Step 4. build GIS database and assign site specific habitat values

Step 5. calculate vital rates from habitat values using the habitat module

Step 6. predict A for the analysis area using the population module, and

Step 7. evaluate suitability of the habitat.

Evaluation of habitat suitability is both quantitative and qualitative. Quanti-
tatively, if Lis > 1.0 (i.e. indicative of a stable to increasing population), the habitat
is considered suitable. Whereas, if A is <1.0 (a decreasing population), the
habitat is unsuitable. The model can be used to assess habitat quality at many
spatial scales. Descriptive statistics can be calculated to aid qualitative interpre-
tation of model predictions at each scale. However, the model is unvalidated and
research is needed to test model predictions and assumptions. Research
should occur simultaneously with initial applications of the model in management.
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INTRODUCTION

uantitative evaluation of wildlife habitat

has emerged as an important component
of land management planning (Hobbs and
Hanley 1990). Natural resource managers are
increasingly expected to predict the conse-
quences of habitat alterations (Verner et al
1986). The need to evaluate habitats will likely
continue to increase because state and
federal legislation requires that environmental
impacts, including alterations of habitat, be
assessed (Krohn 1992). Central to habitat
evaluation are models that define the func-
tional relations between species and their
habitats (Krohn and Salwasser 1982, Hobbs
and Hanley 1990).

Biologists have traditionally guided species
conservation and management using models
that relate life history requirements with habitat
associations. A common approach is to
model wildlife-habitat relations by linking
known habitat use patterns with maps of
existing vegetation, thereby identifying the
spatial extent of important habitat features.
These models transcend a variety of scales
and purposes, from species-specific Habitat
Suitability Index (HSI) models, multiple-spe-
cies wildlife-habitat matrices, to spatially
explicit descriptions of animal distributions
(Edwards et al 1995). Verner et al (1986),
Morrison et al (1992), and Anderson and
Gutzwiller (1994) outline many approaches
traditionally used for modeling wildlife habitat.

CURRENT KNOWLEDGE

Habitat Suitability Index models which follow
Habitat Evaluation Procedures (HEP) are used
widely to assess habitat quality for a variety of
wildlife. Habitat suitability is a numerical index
that represents the capacity of a given habitat to
support a selected wildlife species (U.S. Dept.
Inter. 1980, 1981). For HEP purposes, HSI
models are used to estimate habitat condition in
an area compared with a standard that repre-
sents the optimum condition for the species of
concern (U.S. Dept. Inter. 1980). The HSI
model assumes a direct linear relation between
the HSI value and carrying capacity, and gener-
ally relates habitat characteristics to carrying
capacity via population density. Criticisms of
HSI models are threefold: 1) reliance on struc-
tural characteristics of habitat as surrogates for
mechanisms that influence habitat quality, 2)
use of density as the indicator of a habitat’s
ability to support a species, and 3) no indication
on the HSI scale when the habitat can sustain a
population (Kellner et al 1992).

Because of these criticisms, Kellner et al
(1992) proposed that habitat suitability should
be evaluated based on population demography
with the comparison standard being a
population’s growth rate [Lambda (A)]. In this
case, the suitability of habitat depends on its
potential to support a viable population [E(A) > 1]
over an appropriate ecological period. Habitat
quality would be measured as the expected
value of A [E(A)] (Kellner et al 1992). These and
conclusions of Van Horne (1983) suggest that
habitat quality should be defined in terms of




survival and reproduction which ultimately
determine A, rather than population density,
which may not be correlated with habitat suitabil-
ity or quality (e.g. habitat sinks; Van Horne 1983,
Pulliam and Danielson 1991).

We believe that assessing the quality of
habitat based on population fithess parameters
has not been explored or considered thoroughly.
Spatially-explicit population models (SEPMs)
currently offer the most promise (Dunning et al
1995, Turner et al 1995). However, SEPMs
require parameterization that reflects mechanis-
tic understanding of processes affecting popula-
tion abundance and distribution over a land-
scape. Data needed for SEPMs are available for
only a few well-studied species. Although we
believe this approach is ideal, the lack of basic,
spatially-explicit demographic information for
many species limits the application of SEPMs.

As a result, we developed a model for
wildlife-habitat relationships that bridges crude
HSIs and more complex SEPMs. Our approach
relates habitat quality to population fitness, but
does not directly model the processes that
determine these relations. We use habitat
characteristics that are easily measured, indica-
tors or surrogates to underlying mechanisms,
and presumably associated with expressions of
vital rates (Murtaugh 1996). Associative data, as
opposed to mechanistic processes, comprise
most information currently available for many
species. Our approach uses a Habitat-Explicit
Population Model (HEPM) that is intermediate
between an HSI| and SEPM.

This approach holds promise for reliably
predicting a landscape’s ability to support viable
populations. Additionally, our modeling effort
should stimulate the formulation of hypotheses
that result in research directed toward collecting
data about underlying ecological processes so
that highly detailed mechanistic models may
follow (e.g. SEPMs).

MODELING OBJECTIVES

We have three primary objectives for model-
ing: 1) to explore the biological and environmen-
tal processes, landscape heterogeneity, and
their sources of variation that must be captured
in the structure of an HEPM; 2) to describe the
methods and interpretation of an HEPM applied

to a landscape, including assumptions and
limitations; and 3) to use an HEPM to model
population-habitat relationships for sage grouse
as guided by the suggestions of Dobkin (1995).
We developed this model to maximize general-
ity so the HEPM would be universally applicable
to all sage grouse populations and habitat
despite individual population distribution or
migratory behavior. Our overriding goal is to
provide a working hypothesis for management
that can be validated through ongoing research.

CONCEPTS FOR HABITAT-EXPLICIT

POPULATION MODELING

The fundamental question biologists often
ask when applying habitat evaluation models is,
“Will the habitat support a viable population over
time?” Although objectives more specific to
wildlife management (e.g. identification of
habitat components limiting a population and
understanding impacts on a population following
habitat perturbation) may stimulate use of a
habitat model (Turner et al 1993), the ultimate
question being asked is related to population
viability as determined by habitat (U.S. Dept.
Inter. 1980, Verner et al 1986).

The use of HEPMs as presented here
focuses on addressing this question by assess-
ing habitat quality based on combining relation-
ships between population demographics and
habitat parameters. Habitat quality is directly
assessed by its ability to support a stable or
positively increasing population, on average,
over an ecologically meaningful period. Hence,
developing and applying HEPMs will require
even greater quantities of reliable data than
currently used methods of habitat assessment.
This approach will require estimation of:

1) population parameters,

2) habitat parameters, and

3) the direct mechanistic relations among
these parameters.

By contrast, conventional population viability
assessment explicitly evaluates the likelihood of
population persistence given a variety of sto-
chastic factors primarily related to population
parameters and usually only indirectly related to
habitat parameters. Habitat suitability models
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only estimate habitat condition based on a
standard that indirectly represents optimum
population conditions representing an unknown
carrying capacity.

By attempting to assess the “expected
growth rate” [E (A)] of a population through a
habitat-based model, we assume habitat directly
determines the likelihood of a population’s
persistence. This can be justified because,
although many factors affect survival and repro-
duction of individuals in a population, all wildlife
populations ultimately depend on habitat for
existence (Holt and Talbot 1978; Soule 1986,
1987).

The primary assumptions of our modeling
approach are:

1) population vital rates account for a signifi-
cant portion of the variation observable in
population growth (A);

2) vital rates and corresponding life stages
are clearly associated with quality of
discrete habitats;

3) habitat quality is quantifiable and accounts
for most of the variation observed in vital
rates and thus in A;

4) the spatial orientation and geometry of
habitat patches do not affect habitat
quality; and

5) microhabitat characteristics and land-
scape heterogeneity can be quantified
successfully and efficiently over large
areas using remote sensing and GIS
techniques.

It is unlikely that these assumptions could be
met completely for the many life history pro-
cesses and habitat selection patterns exhibited
by a species. Moreover, it is unlikely that enough
information is available to evaluate these as-
sumptions for all but a handful of species.
Regardless, we believe linking population param-
eters with environmental factors establishes the
appropriate mechanistic framework for evaluat-
ing habitat quality. It also fosters a set of ques-
tions that should be answered before we can
adequately evaluate the roles of the many
factors and their interactions that contribute to
how populations and vital rate parameters
fluctuate through time and space.

A HABITAT-EXPLICIT POPULATION
MODEL FOR SAGE GROUSE

We constructed an HEPM for sage grouse
to illustrate the development and application of
our modeling approach. We identified vital
rates most associated with A (i.e. population
module), and modeled relations between these
vital rates and their corresponding habitat
components (i.e. habitat module: egg survival
with nesting habitat, chick survival with brood
habitat, and juvenile survival with wintering
habitat). The goal was to develop a habitat
model with universal applicability for assessing
sage grouse habitat quality.

Currently, only preliminary habitat models
exist for sage grouse (e.g. Anonymous1, Anony-
mous2, McCollough, Stiehl 1994a). Further and
to our knowledge, no sage grouse HSI model
specifically addresses the criticism of HSI
models or attempts to model habitat character-
istics with vital rates directly (i.e. an HEPM). A
habitat model with population growth as the
standard would address these criticisms and
theoretically improve the assessment of habitat
quality. This could lead to better habitat assess-
ments whether the objectives be mitigation,
population translocation, or habitat improve-
ment.

Our HEPM for sage grouse and an example
application are presented in the next section.
Detailed descriptions of the concepts, methods,
and results used to develop this model appear
in Appendices 1 and 2.

Application of the Sage Grouse HEPM

The conceptual process by which habitat
suitability can be determined for sage grouse
was demonstrated on a hypothetical analysis
area (Figure 1a-d). The reader should review
this figure before continuing.

Step 1. Define Analysis Area—The analy-
sis area should be permanently delineated so
that both individual and cumulative effects of
management activities can be evaluated both
spatially and temporally (Thomas et a/ 1988).
The area should be defined by the biology of the
sage grouse population(s) in question, encom-
passing all seasonal use areas and travel or
migration corridors. Boundaries should be




established to encompass an individual popula-
tion or multiple populations within a fairly con-
tiguous shrub-steppe environment. Because
this model is intended to evaluate habitat at the
landscape level, an analysis area as large as
10,000 km? (1-million ha) or greater would be
reasonable assuming it is biologically meaning-
ful.

Once defined, the evaluation area becomes
the permanent base on which sage grouse
habitat suitability is determined and manage-
ment alternatives are evaluated. Boundaries
should not be altered as part of an analysis.
Alterations could cause significant changes in
model results (Thomas et al 1988), particularly
with respect to cumulative impacts, making
temporal analyses difficult if not impossible.
However, sub-analyses within the larger analy-
sis area remain possible. In fact, the impacts of
management actions (such as grazing, pre-
scribed fires, and seeding) may best be evalu-
ated at smaller scales (e.g. individual treatment
areas). Overall effects of such actions on sage
grouse habitat suitability (i.e. impact on the
entire analysis area) must then be evaluated for
the cumulative effects of management actions
on sage grouse-habitat management objec-
tives.

The application of analyses to the entire
area and subsets and interpretation of results
must be considered carefully, depending on
objectives. We suggest this technique can be
applied at a variety of scales ( 1. single scale,
2. multi-scale, hierarchical analysis, or 3. indi-
vidual sub-analyses). For example, a set of
objectives may require that sub-analysis areas
be defined and analyzed based on size and
shape of typical seasonal home ranges. The
entire analysis area would be defined as the set
of year-around home ranges for some mini-
mally acceptable size population of sage
grouse. However, we caution that as with most
ecological analyses, results of this model may
be sensitive to scale decisions. Hence, analy-
sis scales used must be biologically meaningful
based on specific questions and objectives to
be addressed.

Step 2. Obtain Landsat TM Imagery and
DEM'’s for Analysis Area—Landsat Thematic
Mapper (TM) and Digital Elevation Model (DEM)
are used to characterize the habitat in the

analysis area. Thematic Mapper data are
typically marketed as individual scenes by the
EOSAT Corporation (4300 Forbes Blvd.,
Lanham, MD 20706, (800) 344-9933), the sole
vendor and copyright holder of the imagery.
Data are available for limited dates; the 7-band
image consists of 512 rows by 512 columns
(Verbyla 1995:10). We recommend obtaining a
late spring (May or June) or early summer (July)
TM scene for the analysis. These periods
roughly coincide with sage grouse nesting,
hatch of first clutches, early brood-rearing, and
peak herbaceous cover values in most parts of
their range.

Digital Elevation Models are available at
most regional U.S. Geological Service (USGS)
offices. The DEMs are used to build the topog-
raphy layers of aspect, elevation, and slope in
the GIS, and are available in a variety of formats
(e.g. 7.5 minute, 15 minute, 30 by 60 minute,
and 1 degree). The 7.5-minute DEM data corre-
spond to USGS 7.5-minute topographic quad-
rangle maps and have a cell resolution of 30 m.

Step 3. Classify Digital Imagery—We
recommend that the methods of Homer (1990)
and Homer et al (1993) be used to classify
shrub-steppe vegetation using TM imagery. A
brief overview of the methods follows, however,
Homer's research should be consulted for a
more detailed review.

Homer et al (1993) used Earth Resource
Data Analysis System (ERDAS) software to
process and analyze the Landsat data, create
the GIS, and digitize other ancillary data. ARC/
INFO software could be used if ERDAS is
unavailable. Initially, they subset the analysis
area from the raw Landsat digital data and
retained Band 2 [visible green (0.52-0.60 um)],
Band 3 |visible red (0.63-0.69 um)], Band 4 [near
infrared (0.76-0.90 um)], and Band 5 [mid-
infrared (1.55-1.75 um)] for analysis.

Next, unsupervised classification with
sequential clustering and minimum distance
classifying algorithms was used to identify
spectral classes. The unsupervised classifica-
tion removes human classifying error by allow-
ing analytical clustering of classes based on
band brightness value alone. Near infrared high
altitude aerial photography (NHAP, scale
1:60,000), orthophotoquad maps, knowledge of

o the area, and band signature and scatter plots




were used to identify the vegetation associated
with each of the spectral classes. Field verifica-
tion sites were then ground-truthed to assess
the accuracy of spectral classification and to
refine the spectral classes. Centroid hierarchi-
cal clustering using TM class brightness means
combined with field-collected class vegetation
means determined the final spectral classes.

Step 4. Build GIS Database and Assign
Habitat Values—After classification of the
digital imagery, a GIS is used to create the
vegetation and topography data layers and build
the necessary equations and functional relation-
ships (refer to Step 6) for calculating A. A class
mean attribute value for sagebrush canopy
cover (%), sagebrush height (cm), herbaceous
cover (%), and slope (%) is assigned to each
pixel in the analysis area.

The following two steps (5 and 6) outline the
process for determining habitat suitability. The
process is illustrated using a 4-pixel (2 x 2)
example from a hypothetical analysis area
(Figure 2a-d).

Step 5. Calculate Vital Rates from Habi-
tat Values—A vital rate value is calculated for
each pixel in the analysis area using the habitat
module. First, a vital rate value is determined for
each habitat variable (i.e. sagebrush cover,
sagebrush height, herbaceous cover, and
slope) within each life stage (i.e. NEST,
BROOD, WINTER) using the appropriate
functional relationship (Figures 3a-d, 4a-d, and
5a-c). Then, these vital rates are integrated
using the geometric mean to obtain one overall
vital rate value for each of the three life stages
(Figure 2c).

Step 6. Calculate »—The E(A) of the
observed habitat conditions is predicted for
each pixel in the analysis area using the popula-
tion module. The geometric mean of vital rates
for each life stage component is entered into the
multiple linear regression equation:

E(2) =B, + B, (NEST) + B, (BROOD) + B,
(WINTER),

where B_ = -0.147406, B, = 0.684623, B, =
0.652698, B, = 0.592451 (Figure 2d). This
process is repeated for each pixel in the analy-

sis area. Once A has been calculated for each
pixel, a probability distribution of E(1) is built.

This probability distribution is used as the basis
for evaluating the overall suitability of the analy-
sis area for sage grouse.

Step 7. Evaluate Suitability of Habitat—
Evaluation of habitat suitability is both quantita-
tive and qualitative. Because habitat suitability
is defined in the model as a binomial, a 1-tailed
1-sample t-test can be used quantitatively to
test the hypotheses that the observed distribu-
tion of A is greater or less than 1.0 (i.e. H
2>1.0, H,:A<1.0). The significance level (o) for
this test is left to the discretion of the investiga-
tor, but should be chosen based on: 1) the
relative consequences of committing a Type | or
a Type |l error, 2) determination of replicate
observations, and 3) concern of spatial depen-
dence among replicates. If the central tendency
of the distribution of E(A) is > 1.0, the habitat is
considered suitable (Figure 6a). Whereas, if the
central tendency of E()) is <1.0, the habitat is
unsuitable (Figure 6b). Because A is predicted
for each cell in the analysis area, it is possible
to use the GIS to query the data base and
identify cells with A < 1.0. These cells can then
be qualitatively categorized and ranked by their
predicted value of A to produce a coded map
identifying areas most in need of habitat im-
provement.

Inferences about the status of a population
based on habitat suitability should not be made
without demographic data. Although the habitat
is apparently suitable [i.e. E(A) is > 1.0], a
population could be declining due to stochastic
events (e.g. heavy precipitation or snow storms
during nesting or immediately following hatch-
ing) or other non-habitat factors (e.g. pesticides,
predation). Also, habitat suitability should be
evaluated over multiple years (e.g. 3-5 yrs)
because of yearly fluctuations in both habitat
and non-habitat factors and the long-lived
nature of sage grouse. Demographic data
should be collected simultaneously with habitat
evaluation before altering management actions
specifically designed to affect population vital
rates. Also, habitat quality, as predicted by this
model, would represent the average value E(A)
for a population occurring in that landscape over
an appropriate ecological period (Kellner et al
1992). Such a population would undoubtedly
experience population fluctuations (positive and
negative growth) through time.

o



Advantages and Limitations of the Model

Our HEPM for sage grouse integrates
landscape data on habitat with demographic
data to analyze habitat suitability, and can be
used to evaluate management options and
human impacts on habitat. This model has
several advantages over traditional approaches
to assessing habitat suitability. Advantages
include:

» evaluation of large areas of habitat can be
accomplished without regard to land
ownership or jurisdictional boundaries;
assessments are therefore cost efficient
as to time, effort, and monetary expense
per hectare evaluated;

» digital satellite imagery can be readily
used to qualitatively (i.e. visually) and
quantitatively (i.e. change detection)
document and monitor temporal and
spatial change in the abundance and
distribution of vegetation cover types;

+ the potential impact various land manage-
ment actions might have on the distribu-
tion and abundance of a wildlife population
can be evaluated;

» conservation and management efforts are
focused on the life stages that contribute
most to population growth;

* important management questions can be
addressed through an adaptive manage-
ment approach.

Although our model has several advantages
- over more traditional habitat evaluation methods,
it is not without limitations. These include:

 initial cost to classify satellite imagery,
build the GIS database, and validate the
model is high;

* habitat variables and model resolution (i.e.
pixel size) are constrained by current
remote sensing technology;

» the model is not currently spatially explicit
(i.e. assumes all habitat patches are of
equivalent quality despite spatial orienta-
tion), nor does it account for non-habitat
factors that may influence population
growth;

» the model is not scaled to 1.0 and there-
fore not compatible with U.S. Depart-
ment of the Interior's HEP;

» firm recommendations cannot currently
be provided as to the appropriate analy-
sis scale(s).

MODEL VALIDATION

Despite limitations, we believe the concep-
tual basis of the sage grouse HEPM is sound.
This model has promise for objectively and
quantitatively evaluating habitat quality and for
directing conservation efforts of sage grouse.
The remote sensing/GIS application allows
expanded research of landscape level wildlife-
habitat relationships and habitat quality. A GIS
model also gives managers a rapid and efficient
means of assessing influences of alternative
management strategies over large areas. In
addition, we believe the model has potential
applications for a variety of species, particularly
those that are habitat specialists.

The validity of both the population and
habitat modules of the HEPM must be tested
before widespread use is appropriate. The
validation process should address the model’s
1) appropriateness, 2) objectives, 3) structure,
4) utility, 5) completeness, and 6) accuracy and
reliability. Morrison et al (1992) provide a list of
criteria useful for validating wildlife-habitat
relationship models.

The process of validation should follow the
hypothetico-deductive method (Ratti and Garton
1994) and include a rigorous experimental
design with treatments, controls, and multiple
study sites (i.e. geographic areas) with varying
densities of sage grouse. The process should
also evaluate the validity of model assumptions,
the different mathematical means of combining
habitat variables, and testing of competing or
alternative models (Bunnell 1989). Finally, the
process should address probabilities of com-
mitting Type | and |l Errors when applying this
model for making management decisions.
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N1. Sagebrush Cover = N1 \
N2. Sagebrush Height =N2 _ . n1/4
N3. Herbaceous Cover = N3 = (N1"N2 N3"N4)
N4. Slope = N4

B1. Sagebrush Cover =B1
B2. Sagebrush Height =B2 = (B1*B2*B3*B4)1/4
B3. Herbaceous Cover = B3
B4. Slope =B4

W1. Sagebrush Cover = W1
W2. Sagebrush Height = W2
. Slope = W3

= (W1*W2*W3)1/3

(a) Hypothetical analysis area. Each cell
represents a 30 m x 30 m pixel.

(b) Based on Landsat TM data, each pixel in the analysis area was assigned a value
50 for sagebrush cover and height, herbaceous cover, and slope. A vital rate was then

derived for each habitat variable (N1...W3) within each life stage using the appropriate
functional relationship graph (Figures 2-4). These biological vital rates were then
g 40 integrated into a mathematical formula via the geometric mean.
M
£
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s @ Lambda () = po + B1(NEST) + p2(BROOD) + $3(WINTER)
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Lambda (c) The combined geometric mean probability for NEST, BROOD, and WINTER
(d) The probability distribution of lambda (here a hypothetical was then put into the regression equation from the population module to calculate
normal distribution) for the analysis area is then used to a lambda for that pixel. This process was repeated for each pixel in the analysis
evaluate the overall habitat suitability of the analysis area. area and a probability distribution of lambda was constructed.

Figure 1. The conceptual process by which habitat suitability was determined for sage grouse on a hypothetical analysis area.




Vi=25
V2 =42
V3=25
V4=5

Vi=15
V2 =28
V3=35
V4 =20

(a) Habitat values assigned from Landsat TM data to each
pixel in a hypothetical analysis area (V1...V4 correspond to
sagebrush canopy, sagebrush height, herbaceous cover,
and slope, respectively).

A =Po+B1(0.79) + B2(0.61) | A=po+BI(1.0)+ p2(0.90)

+P3(0.88) = 1.31 +B3(0.95) = 1.68

N1=10,N2=10 N3=0.8 N4=035

B1=05B2=08B3=0.7 B4=05

W1=10,W2=10W4=07

N1=1.0,N2=1.0 N3=10 N4= 1.0

B1=08B2=095 B83=085B4=10

wW1= 085 W2=10W4=10

N1=07 N2=085N3=10.N4=10

B1=1.0B82=10B3=10B84=10

W1=07 W2=085W4=10

N1=04 N2=075N3=10 N4=00

B1=10,B2=0985 B3=1.0 B4=00

W1=03 W2=075W4=01

{b) 2 x 2 pixel subset example of analysis area. Vital rate for each life stage
{N=Nest, B=Brood, W=Winter) within each pixel are derived from their
corresponding functional relationship graphs (Fig. 2-4). N1...N4, B1...B4,
and W1...W4 coarrespond to values derived from V1.4,

v

NEST = (1.0"1.0°0.8°0.§)*1/4 = 0.79
BRCQOD = (0.5*0.8"0.7*0.5)*1/4 = 0.61

1 WINTER = (1.0°1.0°0.7)*1/3= 0.88

NEST = (1.0*1.0*1.0"1.0)*1/4 = 1.0

BROOQD = (0.8*0.95%0.85*1.0)*1/4 = 0.90

W1 = (0.85"1.0"1.0)*1/3=095

A=Po +PI1(0.88) + f2(1.0) | A =po+ H1(0.0) + B2(0.0)

+[(3(0.84) = 1.60 + [3(0.28)=0.01

(d) Geometric mean of vital rates for each life stage are then
entered into a multiple linear regression to calculate 3 for each pixel
(coefficient po=-014, p1 =0.68 2 = 0,65, and p3 = 0.59).

NEST = (0.7°0.85*1.0°1.0)/4 = 0.88
1 8ROOD = (1.0°1.01071.0)/4= 10

WINTER = (0770 85*10)*1/3=084

%n:wmw&w&mm

geometric mean probability.

(c) Integration of vital rate values for Nest, Brood, and Winter into a

NEST = (0.4°0.75"1.070.0)*1/4 = 0.0

BROQD = (1.0"0.95*1.0"0.0)"1/4 = 0.0

WINTER = (0.3"0.75°0.1)*1/3=0.28

2002 10065044

Figure 2. Detailed example of the process by which A was calculated for a hypothetical 2 x 2-pixel analysis area.
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Figure 3. Hypothesized functional relationships between characteristics of sage grouse nesting habitat and probability of a
successful nest.
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Figure 4. Hypothesized functional relationships between characteristics of sage grouse brood-rearing habitat and probability
of survival during the brooding period.
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Figure 6. lllustration of two possible outcomes of a habitat suitability analysis for
sage grouse on a hypothetical analysis area.




Table 1. Literature sources used to develop functional relationship graphs between sage grouse success/survival and characteristics of their
seasonal habitats. Letter(s) indicate whether source provided information on nest (N), brood (B), or winter (W) habitat for the variable in

question.
Source Grass  Grass Forb Forb Herba-  Sage-  Sage- Composi- Shrub  Shrub Visual Bare Slope  Aspect
Cover Height Cover Height ceous brush  brush tion of Big Cover  Height  Obstruc-  Ground
Cover Cover Height  Sagegrush tion
Autenrieth (1986) N NBW NW w w
Barnett and Crawford (1994) N N N N N
Beck (1977) w w w W
Colenso et al. (1980) N N
Connelly (1982) w w
Connelly et al. (1991) N N N
Drut (1993) B = B B
Dunn and Braun (1986) B B B B
Eng and Schladweiler (1972) w W w
Fischer (1994) N N N N N
Gill (1965) N N
Gray (1967) N N N N N N
Gregg (1992) N N NB N
Gregg et al. (1994) N
Hanf et al. (1994) N N N N N
Hayden-Wing et al. (1985; in N
Rothwell 1993)
Hofmann (1991) N
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Table 1. Con't.
Source Grass  Grass Forb Forb Herba-  Sage-  Sage- Composi- Shrub  Shrub Visual Bare Slope  Aspect
Cover  Height Cover Height ceous brush  brush tion of Big Cover  Height  Obstruc-  Ground
Cover  Cover Height  Sagegrush tion
Homer (1990) w w w w
Hulet et al. (1986) N N N N
Hupp and Braun (1989) w w
Jarvis (1974) N N
Klebenow (1968) N N B
Klebenow (1969) NB NB B NB N NB N
Klott and Lindzey (1990) B B B B B B B B
Klott et al. (1993) NB NB NB NB NB NB NB
Martin (1970) B B B B B
Martin (1976; in Rothwell B
1993)
Martin (1990) B B B B B B
May (1970) N N N
Musil et al. (1994) N N N N N N N N N
Nelson (1955) N
Patterson (1952) N
Petersen (1980) N N N
Peterson (1970) B B B
Poley (1969) N N
Pyrah (1970; in Gregg 1992) N




Table 1. Con't.

Source Grass  Crass Forb Forb Herba-  Sage-  Sage- Composi- Shrub  Shrub Visual Bare Slope  Aspect
Cover  Height Cover Height ceous brush  brush tion of Big Cover  Height  Obstruc-  Ground
Cover Cover Height  Sagegrush tion
Rasmussen and Griner N N
(1938; in Gregg 1992)
Ritchie et al. (1994) N
Robertson (1991) w w w w
Rothenmaier (1979) N N
Savage (1969) B B B B B B B
Schiatterer (1960) N
Schoenberg (1982) NB NBW  NBW NBW  NBW
Schroeder (1995) NBW NBW NBW NBW NBW NBW NBW NBW NBW NBW NBW NBW
Sime (1991) N N N N N
Smith and Klott (1995) NB NB NB NB NB NB NB
Sveum (1995) NB NB NB NB NB NB NB NB
Wakkinen (1990) N N N N N N N N N
Wallestad (1971) B B B B B
Wallestad (1975) w
Wallestad and Pyrah (1974) N N
Wallestad and Schladweiler N

(1974)




Table 2. Results of regression analysis used to develop the predictive model relating E(A) to habitat characteristics based
on vital rates associated with characteristics based on vital rates associated with sage grouse life states for a habitat- -
explicit population model.

Regression Results
Analysis of Variance
Source DF Sum of Squares Mean Square F-value P>F
Error
Model 3 18.9961 6.33204 1953.3920 0.0001
Eror 996 3.2286 0.0032
Total 999 22.2247
Parameter Estimates
Parameter DF Estimated Coefficient Standardized SE t-value P>t Partial # Model R?
Coefficient H,:Parameter=0
B, 1 -0.147406 0.0000 0.0230578 -6.383 0.0001
By 1 0.684623 0.75978542 0.0108883 62.877 0.0001 0.5601 0.5601
B, 1 0.652698 0.50210379 0.0157008 41.5M 0.0001 0.2542 08144
By 1 0.592451 0.20095700 0.0356248 16,630 0.0001 0.0403 0.8547







APPENDIX 1. Concepts and Rationale for Building a Habitat-Explicit Population
Model for Sage Grouse

Several concepts were addressed while
developing the Habitat-Explicit Population Model
(HEPM) for sage grouse. The following is a
discussion describing these concepts and their
influence on the underlying premises that define
the development, application, and interpretation
of HEPMs.

DEFINING HABITAT QUALITY

To assess habitat, we first need to define
habitat and its contribution to the observed vital
rates of a population, and thus the population
growth rate [Lambda (A)]. More specifically, we
need to define “habitat quality” and its measure-
ment scale. We define habitat quality as a
binomial: habitat is suitable or unsuitable. Al-
though potentially occupied, unsuitable habitat
[i.e. E(A) < 1.0]is incapable of supporting a self-
sustaining population over an ecologically mean-
ingful period (i.e. sink or suboptimal habitat).
Whereas, suitable habitat [i.e. E(A) > 1.0] can
support a viable population over time (Pulliam
1988, Pulliam and Danielson 1991, Kellner et a/
1992). Therefore, our definition of habitat quality
is intertwined with the population parameters a
particular habitat may be expected to support.

Habitat quality is a much easier idea to
comprehend than to describe rigorously. Of
primary difficulty is quantifying the dynamic 4-
dimensional (i.e. 3-dimensional space and 1-
dimensional time) nature of resource availability
on the landscape and other environmental
conditions. This includes quantifying landscape
heterogeneity, spatially and temporally, with
respect to variation in fitness parameters ex-
pressed in populations occupying that landscape
(Pulliam 1988, Pulliam and Danielson 1991).
Modeling effects of habitat changes on popula-
tions over time is especially difficult (Dunning et
al 1995). The quality of any space in the environ-
ment can also vary among segments of a
species or population with respect to specific life
stage requirements (e.g. nesting, brood-rearing,
or wintering) or activities (e.g. roosting, foraging,
or escaping).

Additionally, habitat patches do not existin a
vacuum (patches are considered homogenous
within some observable boundary). The juxtapo-
sition of patches and the changes in patterns
with time and scale can also be important for
determining habitat quality. This is especially
important for mobile species with specialized
habitat requirements for distinct life stages
(Levin 1992, Pulliam 1988, Pulliam et al 1992).
Thus, the quality of a habitat patch may depend
on (or be correlated with) the quality of an adja-
cent patch or the distance among patches that
provide adequate requirements for subsequent
life stages (e.g. distance between wintering and
nesting habitat; Legendre 1993).

Where do biologists get information for |
modeling the covariation between landscapes
and population parameters that reflect habitat
quality? Empirical research on a species’ habitat
selection as it relates to fitness would be most
useful in determining habitat requirements and
defining variations in quality. However, we
typically lack empirical data on fitness conse-
quences associated with habitat selection
patterns (Warner 1992). This information is
needed to develop a thorough definition of habitat
quality as it relates to all factors that affect a
population’s long-term viability (Gilpin and Soule’
1986, Akcakaya 1992).

Lacking empirical data, we can develop
models that assess a population’s prognosis
with estimates of habitat quality by filling informa-
tion gaps with ecological theory (e.g. foraging
theory: Mangel and Clark 1986, Stephens and
Krebs 1986). Currently, habitat selection data
comprises most of the information available that
relates environmental characteristics to a wildlife
species’ fitness. Habitat selection is defined
here as the nonrandom exploitation of a re-
source or group of resources encountered in the
environment (temporally and spatially) by an
individual. Nonrandom use also implies an
understanding of the environment that the
organism occupies such that it can expect some
rate-of-encounter for the resource of interest, at
least spatially (Manly et al 1993). Therefore,
selection for specific habitat characteristics




implies a level of importance in a resource’s
quality for meeting an animal’s requirements for
survival and reproduction.

However, few habitat selection studies
directly quantify relations between selection and
fitness consequences. Hence, models con-
structed with population-habitat relationships are
generally “hypothesized” from incomplete data
and must be applied with extreme caution until
rigorously validated.

SOURCES OF VARIATION

Our modeling approach relates observable
patterns in the landscape to resulting population
vital rates (Cantrell and Cosner 1991, Dutilleul
1993), assuming habitat patterns associated
with greater population growth are of higher
quality. However, both landscapes and resulting
population vital rates can vary greatly. To detect
factors important for explaining relations be-
tween landscapes and populations, we must first
identify sources of variation for both. Our ap-
proach focuses on explaining covariation be-
tween habitat measures and population param-
eters, keeping in mind that total variation can be
nested or partitioned differently according to
scale (Levin 1992, Palmer 1992).

These sources of variation can be separated
into internal and external factors, which we
operationalize as non-habitat and habitat param-
eters, respectively. Habitat selection is an ex-
ample of an internal factor because it is inherent
to an individual regardless of how the patterns
may have developed (e.g. genetic or learned
behavior; Morrison et al 1992). The environment
that an individual encounters is external and
includes biotic and abiotic factors. Population
fitness parameters are expressions of interac-
tions between internal factors (e.g. energetic
requirements, habitat selection patterns, demo-
graphic stochasticity, density dependence, and
social behavior) and external factors (e.g. physi-
cal environment, predator community, inter- and
intraspecific competition, and environmental
stochasticity) that individuals encounter while
traveling through space and time. Thus the
conceptual model for the probability of persis-
tence over time is indexed by population growth
rate as:

A = f(habitat parameters) + f(non-habitat pa-
rameters) + f(habitat x non-habitat parameters)
+e.

Little empirical information is available for
directly linking the effects of non-habitat param-
eters to fitness parameters. Therefore we do
not specifically attempt to explain these
sources of variation by modeling non-habitat
parameters in an HEPM. Instead, we assume
these non-habitat factors generally account for
relatively less of the variation in A than do
habitat parameters.

We also recognize the importance of
interactions between habitat and non-habitat
factors (e.g. survival affected by the interaction
of hiding cover and predator density) for deter-
mining a population’s observed A. Interactions
are even more difficult to quantify and under-
stand, especially if nonlinear, because specific
information is required for all interacting factors.
We assume interactions most likely occur, but
that increasing habitat quality mitigates the
negative effects of non-habitat parameters. For
example, we assume that the probability of nest
success is ultimately determined by quality and
quantity of hiding cover regardless of commu-
nity composition and densities of potential nest
predators.

Although we de-emphasize many factors in
an attempt to justify focusing on habitat in
predicting a population’s growth rate, we recog-
nize the importance of non-habitat factors.
Those factors not parameterized (i.e. non-
habitat and interaction parameters) can contrib-
ute to unexplained variation in A and account for
discrepancies between predicted and observed
values (e.g. during validation attempts). How-
ever, as parameter estimates for non-habitat
factors become available, they could be in-
cluded in our modeling approach, and thus
improve predictions.

Other sources of error between predicted
and observed As could be due to poor esti-
mates of functional relations between habitat
parameters and vital rates, sampling variation in
empirical data, and environmental and demo-
graphic stochasticity. Moreover, many ecologi-
cal relationships may have nonlinear or syner-
gistic responses. As a result, the usual linear
statistical approaches to understanding and




predicting these relations (e.g. linear regression,
linear discriminant analysis, analysis of variance,
log linear modeling, and logit modeling) may
produce unreliable models (Brennan et al 1986,
Gutzwiller and Anderson 1986).

Although we focus our modeling efforts on
functional habitat parameters, these account for
only a portion of the variation that ultimately
determine the expression of population fitness
parameters. Many other factors can influence
fitness over time (e.g. predator density, climate,
and exploitation). However, habitat may be
thought of as the common denominator for all
factors because in its absence, all other factors,
including the population itself, will be absent.

MODEL STRUCTURE

Because a population’s growth rate is the
best measure of long-term viability (excluding
significant immigration and emigration), we
replaced the arbitrary scale (0.0-1.0) used for
many habitat evaluation approaches (e.g. HSI
models and Habitat Effectiveness Models) with
the biologically interpretable scale of A (Ricklefs
1979, Kellner et al 1992, Noon and Sauer 1992).
Accordingly, the response variable and prediction
scale of an HEPM would be A (accounting for
contributions of survival and reproduction to the
observed A; Pulliam 1988, Kellner et al 1992).

Because of criticisms by Van Horne (1983)
and according to Kellner et al (1992), we pro-
pose using suitability and quality definitions that
relate to the potential of a habitat to support a
viable population. Habitat quality, and thus
expected population viability, would be defined as
an E(A) > 1.0. Therefore, suitability would have a
dichotomous definition with habitat being either
able to support a viable population or unable to
support a viable population. A habitat score > 1.0
would indicate suitable habitat of varying quality,
whereas a score of < 1.0 would indicate unsuit-
able habitat.

The structure of an HEPM also differs from
most other approaches by having two predictive
modules, a population module and a habitat
module. The population module is a means of
relating population vital rates (e.g. nest success,
brood survival, and adult survival) to E(A). Those
vital rates useful for predicting a population’s A

are retained in the population module as module
components. Components may often be related
to discrete segments of a species’ life history,
such as life stages. Partitioning the total varia-
tion between vital rates and habitat variables by
life stages should help eliminate variation in
predictions. More important, the vital rates
modeled must account for a large portion of the
population’s resulting growth rate.

Each component in the population module
must have a corresponding component in the
habitat module that can be sampled from the
landscape. Thus, the habitat module is con-
structed of functional relationships (empirical or
hypothetical) that relate physical, temporal, and
spatial habitat characteristics to population
component vital rates. As with the population
modaule, highly accurate predictions can result
only if habitat characteristics modeled account
for large proportions of the variation observed in
corresponding vital rates.

Any of several methods can be used to
investigate, develop, and model relationships
between vital rates and A, and between habitat
characteristics and vital rates. For example,
population growth models may be acceptable
that are individual-based, life-stage-based, age-
based, or population-based. Methods selected
will depend on available data, on population and
habitat components of interest, and on the
scale at which predictions will be applied. Two
factors are key for accurate prediction with an
HEPM. First, the life stages parameterized (i.e.
vital rates) must account for significant portions
of the variation in A, and second, habitat factors
related to these life stages must account for
significant portions of the variation that the vital
rate estimates. The approach used must
conform to the life history strategy of the spe-
cies of concern and the response variable
should be some measure of population growth
(e.g.A). Also, assumptions of the method used
must be considered so that predictions of the
resulting model are most likely to be reliable.

Habitat quality is predicted using the
population module parameterized with vital
rates predicted from the habitat module. Habi-
tats associated with relatively high survival and
reproduction are considered higher quality.




Predictions of habitat quality are functions of
relations between habitat characteristics and
associated vital rates, and relationships between
these vital rates and the E(A) that landscape
may support (Kellner ef al 1992). For accurate
predictions, habitat components and corre-
sponding vital rates should be clearly associ-
ated, discrete, measurable, and account for
significant proportions of A (e.g. nest sites and
nest success, or roosting sites and winter
survival). The habitat specialist may be most
appropriate for this approach, with its more
easily understood habitat requirements, often
limited distribution, and observable fitness
consequences, e.g. sage grouse and sagebrush
(Artemisia spp.) habitats.

ISSUES OF SCALE

Determining the scale at which habitat is
described and evaluated is critical for all stages
of habitat-explicit population modeling (e.g.
collecting field data, developing functional rela-
tionships, model structuring, and model imple-
mentation). Previously, habitat descriptions for
modeling wildlife-habitat interactions generally
followed some vegetation classification scheme
or habitat typing (U.S. Dept. Inter. 1980, Scott et
al 1993). Classification conventionally resulted
from delineation of habitat patches based on
visually perceived landscape boundaries. For
example, habitat was usually categorized at a
single macro-scale through cover-type mapping
(i.e. vegetational, geographical, and geological
characteristics; U.S. Dept. Inter. 1980). This
approach has the risk of defining human-per-
ceived boundaries as opposed to real and
multiple boundaries most likely to be perceived
by an organism (Levin 1992, Host et al 1996).
This resolution may or may not describe charac-
teristics important for a species’ habitat selection
and associated fitness parameters.

Although habitat patches are usually consid-
ered discrete, homogenous units, habitat char-
acteristics may often be more accurately de-
scribed as a continuum or gradient (Palmer
1992, Host et al 1996). Describing habitat with
continuously measured variables should capture
more information about a landscape, whether
simply describing that landscape, investigating
population-habitat relationships, or predicting

habitat quality with an HEPM. Also, to under-
stand the internal and external processes that
determine a population’s persistence over time,
the first step is understanding the many scales
of heterogeneity and variability in landscapes
that provide the resources necessary for organ-
isms to survive and reproduce. Accurate predic-
tions about population phenomena across
ranges of variation pivot on mechanistic under-
standings of these processes that may operate
at many scales (Levin 1992). Hence the finer
the resolution of description, the better opportu-
nity we have to identify boundaries and features
that organisms perceive in the landscape when
making resource selection choices that ulti-
mately determine their fitness (Pulliam 1988).

A population’s use of a landscape may be
predictable if we have knowledge of the avail-
ability and distribution of resources for a popula-
tion to exploit (i.e. the spatial variability, hetero-
geneity, and geometry of resources across a
landscape; Palmer 1992, Dunning et al 1995).
We may also be able to predict accurately the
expected habitat quality of that landscape at a
finite point in time if we understand the effects
of. 1) scale on resource selection, 2) resource
availability and selection on population survival
and reproduction, and 3) fitness parameters on
population growth and persistence. Finally,
future habitat quality may be predicted if the
landscape’s trajectory is known or modeled
(Hansen et al 1992, Urban et al 1992, Hansen et
al 1993).

Detailed spatially-related environmental
descriptions (i.e. small scale sampling units)
are more likely to capture scales and bound-
aries that animals perceive in their environment.
Many processes affecting ecological organiza-
tion probably also operate across a range of
spatial and temporal scales (Levin 1992).
Detailed habitat descriptions would facilitate
equally detailed investigations of habitat-vital
rate interactions and processes for constructing
an HEPM. However, it may be difficult to de-
scribe habitat availability over large areas with
spatially-referenced and continuously measured
variables without some categorization of the
landscape. Development of a feasible sampling
scale is necessary to quantify available habitat
adequately and capture the multiple scales at
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which individuals of a population perceive their
environment (Levin 1992).

For development, implementation, and
validation of an HEPM, we suggest collecting
habitat information and thus describing land-
scapes at the smallest scale feasible. Measuring
continuous variables in small areas and integrat-
ing them into landscape descriptions may allow
more detailed descriptions of the environment’'s
multivariate, continuous nature. This would also
allow investigation of processes across many
scales. Therefore, the landscape of interest
should be completely gridded with equal-sized
cells of the smallest dimensions feasible. Each
cell could be spatially referenced and assigned
values for each variable, preferably on a continu-
ous scale, in the habitat module. Cells become
homogenous-within “habitat patches.” As the
sampling unit (i.e. grid cell) decreases in area,
descriptions of variables may more closely
approximate the continuum on which they exist.
Information collected at a micro-resolution also
permits assessment at macro-resolutions, and
any number of intermediate resolutions using
different methods of cell aggregation. When
considering validation of an HEPM, micro-scale
information would also allow application of the
model at many resolutions, and tests of accu-
racy and robustness across multiple scales.

REMOTE SENSING AND GIS FOR
HEPMS

Recent developments in remote sensing and
Geographical Information Systems (GIS) have
provided the means to apply the detailed infor-
mation of wildlife-microhabitat relationships to
landscapes (Breininger ef al 1991, Scott et al
1993). Satellite remote sensing makes it rela-
tively easy to describe and monitor temporal
changes across landscapes (Hegyi and Walker
1991, Green and Cosentino 1996). Methods to
rapidly delineate and quantify critical habitat
features on large spatial scales are needed to
implement an HEPM model efficiently and to
facilitate resulting habitat management (Homer
1990). Therefore, we recommend HEPMs be
developed and implemented using remote
sensing and GIS techniques.

Remote sensing and GIS, which allow
evaluation of wildlife-habitat relations at many

scales and over large areas, were used in-
creasingly more during the last decade (Can-
non et al 1982, Leckenby et al 1985, Davis and
Delain 1986, Lancia et al 1986, Donovan et al
1987, Gagliuso 1991, Pereira and Iltami 1991,
Clark et al 1993, Homer et al 1993, Turner et al
1993, Gustafson et al 1994, Roseberry et al
1994, Duncan et al 1995). These methods can
also be used to construct and test spatially-
explicit habitat models (Holt et al 1995) de-
signed to understand processes that influence
wildlife populations (Dutilleul 1993, Conroy et al
1995).

Satellite imagery is a powerful tool for
quantifying habitat because of the large area
covered, detail of information, consistency of
spectral response, and frequent revisit time of
satellites (Green and Cosentino 1996). The
Landsat Thematic Mapper (TM) is one form of
remote sensing that has several advantages
over traditional methods (e.g. interpretation of
aerial photos) for quantifying habitat:

1) itis generally cost effective for analyzing
habitat over large areas,

2) allows for rapid qualitative and quantita-
tive spatial assessment,

3) allows incorporation of ancillary digital
data to aid in vegetation classification and
model development,

4) can be used in temporal analysis to
document and monitor habitat change,
and

5) allows habitat to be monitored at a fine
scale (Homer 1990, Miller and Conroy
1990, Congalton 1991, Choung 1992,
Verbyla 1995, Green and Cosentino
1996).

Recently collected TM data are available for
most of the United States from the Earth Ob-
servation Satellite Company (EOSAT, Scott et a/
1993, Koeln et al 1994).

Commonly, TM imagery is used to identify
and map general cover types (e.g. cropland,
range, or forest) and evaluate wildlife food
availability and potential habitat associations for
species of interest (Homer 1990). Previous
approaches, however, have generally focused
on associating broad cover types to wildlife
habitat and have not evaluated the possibility of
using TM data to associate fine-scale structural
and compositional attributes of wildlife habitat




(Homer et al 1993). We propose using TM data
to identify vegetation cover types and to define
their structure based on measures such as
vegetation height, density, and species composi-
tion. The framework of a GIS can be used to

add ancillary data (e.g. slope and aspect) that
will enhance the TM classification process and
provide a more powerful modeling tool. Our
proposed approach relies extensively on the
work of Homer (1990) and Homer ef al (1993).




APPENDIX 2. Methods, Results, and Discussion for Building a Habitat-Explicit
Population Model for Sage Grouse

The following describes the methods we
used to build the Habitat-Explicit Population
Model (HEPM) for sage grouse, the results of
these methods, and a discussion of the results.
Methods follow from the conceptual approach
described in Appendix 1, and results that apply to
the application of the sage grouse HEPM are
presented in the main text. Additional discussion
and interpretation of the- model’s results are also
presented in the main text.

METHODS

We used empirical and simulated data, and
hypothesized relationships based on ecological
theory and professional judgement to develop an
HEPM for sage grouse. Life stages with vital
rates that accounted for the most variability in
the population growth rate [Lambda (A)] were
selected as variables for the population module
(Edelmann et al 1997). Life stages were se-
lected from analyses of empirical and simulated
data from across the range of sage grouse.
These life stages also were included in the
habitat module. Then “hypothesized” functional
relationships were generated to relate topo-
graphic and vegetational characteristics to vital
rates associated with each life stage in the
population module. Functional relationships were
constructed with guidance from empirical data,
ecological theory, and professional judgement.

We then predicted habitat quality for a
defined landscape using the population module,
parameterized with the vital rates predicted from
the habitat module. Predictions of habitat quality
are functions of relations between habitat mea-
surements and associated vital rates, and
relationships between these vital rates and the
growth rate that habitat may be expected [E(A)]
to support.

Population Module

Determining Life Stage Importance for
Sage Grouse—We used the methods of Wis-
dom and Mills (1997) to identify the relative
importance of sage grouse life stages to popula-
tion growth as specifically applied by Edelmann

et al (1997). Results of this report were used to
develop the population module of our sage
grouse HEPM (report is available from K.P.
Reese).

Modeling Life Stage Importance— Those
vital rates associated with life stages accounting
for most of the variation in A as identified by
Edelmann et al (1997) were then modeled using
least-squares multiple regression (Zar 1984, Ott
1988, SAS Inst., Inc. 1988). Regression coeffi-
cients expressed the relative contribution of life-
stage vital rates (i.e. predictor variables) for
predicting the population’s finite rate of increase
(A, the response variable). The resulting linear
regression function comprised the population
module of the HEPM:

A, =B, + B (life stage, ) + B,(life stage,) + ... +
B (life stage ) + e.

Habitat Module

Life-Stage Components—Prediction
functions were constructed by relating habitat
variables considered important for predicting life-
stage vital rates to the life stage components in
the population module. Individual sets of habitat
functions were developed for each life stage in
the population module.That is, each life-stage
component (e.g. nesting, brooding) comprising
the population module also occurred in the
habitat module. Each life-stage component of
the habitat module was then built with 3-4 habitat
variables that provided the best prediction of that
corresponding population vital rate (e.g. egg
survival). Predicted vital rates for each life-stage
component incorporated in the population mod-
ule, were used to parameterize the population
module from which A was calculated.

Habitat Variables—As with the population
module, many approaches to quantifying the
habitat module may be acceptable depending on
objectives, life history strategies, and data
available. We selected habitat variables that
characterized the current knowledge of habitat
selection by sage grouse at both macro- and
micro-habitat levels of resolution. But little
information is available that relates habitat




characteristics to expressions of vital rates.
When explicit information was not available, we
constructed hypothesized habitat/vital rate
functions based on professional judgement
augmented by ecological theory. Based on
review of available literature, variables reported
to be important to sage grouse ecology were
considered for modeling. Candidate variables
were:

sagebrush cover (%)
sagebrush height
composition of big sagebrush (%),
total shrub cover (%)
 total shrub height (cm)

« grass cover (%)

» grass height (cm)

» forb cover (%)

» forb height (cm)

» total herbaceous cover (%)
 visual obstruction (dm)

» bare ground (%)

» slope (%)

» aspect (degrees)

Spatial Variables—\W\e investigated spatial
variables depicting movement rates and dis-
tances, juxtaposition of habitats specific to life
requisites, and interspersion of different cover
types for inclusion in the habitat module. Infor-
mation on sage grouse movements however,
was highly variable. No data relating movement
patterns to fitness parameters were available to
guide the development of functional relation-
ships. This being the case, we did not account
. for habitat juxtaposition in the sage grouse
HEPM with spatial variables. If spatial data
become available, the structure of our model
would approach that of a spatially-explicit popula-
tion model, providing more accurate and detailed
predictions for conservation management
(Conroy et al 1995, Dunning et al 1995).

Functional Relationships—\We reviewed
52 documents on sage grouse research con-
ducted between 1938 and 1995. These included
state and federal agency reports, university
theses and dissertations, and journal articles.
Peer reviewed literature was given greater
consideration than other sources. However,
because of a general lack of information, all
relevant literature was considered when formu-
lating functional relationships (Table 1).

Functional relationships are only explicit
hypotheses based on the best available informa-
tion about species-habitat relationships and are
not intended to be statements of proven cause
and effect. As such, they have a high degree of
scientific uncertainty, reflecting the fact that our
prediction of species response to environmental
conditions is not perfect. Uncertainty may occur
because: 1) the system is naturally variable and
complex, and thus difficult to predict; 2) the
process of estimating model parameters entails
error; 3) models used to generate predictions
are in some sense invalid; or 4) the scientific
guestion being asked is ambiguous or incorrect
(Morrison et al 1992:228).

We used reported data to guide placement
of minimum, optimal, and maximum values for
the relationships between vital rates and habitat
characteristics. The slope or curve of the
functions between these points was largely
hypothesized because little information was
available to delineate them precisely. In cases
where an actual vital rate was unavailable (e.g.
brood survival) we substituted habitat use
information in its place. As a result, estimates of
variation about these curves were not available
or generated.

Integrating Habitat Variables—Additionally,
we considered how to combine vital rate predic-
tions for life-stage components that contain >1
habitat variable. Individual habitat-vital rate
functions were constructed for each variable and
incorporated into each single life stage compo-
nent of the habitat module. Hence a life-stage
vital rate was estimated with each functional
relationship developed for that life stage. These
multiple estimates must be combined to provide
a single vital rate prediction that can be used to
parameterize that life-stage component in the
multiple regression prediction model of the
population module.

Six mathematical methods of defining
relations between model variables and suitability
of the habitat are commonly accepted: 1) mini-
mum function, 2) additive function, 3) multiplica-
tive function, 4) power functions, 5) arithmetic
mean, and 6) geometric mean (U.S. Dept. Inter.
1980, Stiehl 1994b). No standard equation can
be considered “best” for a given situation, but
some can be defended more easily based on
logic and the biological attributes of the species




in question. Empirically established relationships
would have been preferred if data were available.

The geometric mean or compensatory
function (which assumes interaction among and
between variables) is appropriate when zero
suitability for any variable(s) will result in an
overall value of zero. Optimum conditions exist
only if all values are one. If any value is zero, the
result of the function is zero. A low value (other
than zero) for 1 variable will be partially compen-
sated for by higher values of the other interacting
variables. With respect to our model, we believe
that sage grouse respond primarily to habitat
variables with relatively low ranges in values,
with secondary compensation provided by
variables with higher ranges. Therefore, we
selected the geometric mean to combine mul-
tiple functional relationships into single vital rate
estimates in the habitat module. This was the
best quantification of the relation among two or
more variables and habitat quality for sage
grouse.

RESULTS

Population Module

Results are taken from Edelmann et a/
(1997). Survival during the first year of life
accounted for >84% of the variation in A based
on our analyses. This encompassed the vital
rates of egg survival, chick survival, and juvenile
survival. We regressed A on these vital rates to
build the predictive model for the population
module (Table 2). The population module con-
structed for predicting A based on vital rates
comprising the first year of life for sage grouse
follows:

E(\) = -0.147406 + 0.684623(egg survival) +
0.652698(chick survival)+ 0.592451(juvenile
survival).

Habitat Module

Life Stage Components—Sage grouse
habitat components of nesting, brood-rearing,
and wintering, which correspond respectively to
egg survival, chick survival, and juvenile survival,
comprise the habitat module. Habitats required
for these life stages are called hereafter NEST,

BROOD, and WINTER. These life-stage com-
ponents accounted for most of the variation in
growth rates in the population module analysis.
These life stages also have relatively discrete
habitat components that have been described
and/or quantified with respect to our selection
criteria. For the most part, fitness conse-
quences have not been determined for the
habitat selection patterns described, with the
notable exceptions of nest success and nest
site selection.

Habitat Variables—Of the initial 14 habitat
variables considered for inclusion in the model,
we chose to retain four: 1) sagebrush canopy
cover, 2) sagebrush height, 3) herbaceous
cover, and 4) slope. All selected variables are
included in the modeling of NEST, BROOD, and
WINTER. The exception is herbaceous cover,
which is not included in the WINTER compo-
nent. These variables were selected because
they have repeatedly been important in studies
of sage grouse habitat selection and they can
be classified from Landsat TM data (Homer
1990). Slope was retained to eliminate habitats
unsuitable for sage grouse.

Additional variables thought to be important
to habitat selection by sage grouse were con-
sidered for inclusion in the model, however
these structural characteristics cannot currently
be classified accurately from satellite imagery
and were thus excluded. The most notable
exclusions were grass height and cover, and
forb cover. These structural characteristics are
important for nesting and brooding habitat
(Martin 1990, Connelly et al 1991, Greg 1992,
Fischer 1994) and are at least partially included
in the model through correlations with the
surrogate variable “herbaceous cover.” If or
when technology is available to remotely sense
grass height and separate grass and forb cover,
these variables should be considered for inclu-
sion in the habitat module.

Functional Relationships—The hypoth-
esized functional relationships between sage
grouse vital rates and associated habitat vari-
ables for each life stage component were
constructed graphically. These relationships
were for NEST (Figure 3a-d), BROOD (Figure
4a-d), and WINTER (Figure 5a-c) life stages, as
shown in the main text.

D



DISCUSSION

Although effects of habitat selection on
nesting and brooding have been investigated,
little information is currently available relating
habitat parameters to fitness parameters. More-
over, vital rates have seldom been estimated for
sage grouse populations, which is why simulated
data were required in our analyses. Functional
relationships between habitat used during nesting
and brooding and corresponding fitness conse-
quences should be assessed before reliable
methods for effectively evaluating sage grouse
habitats can be developed (e.g. Habitat Suitability
Models; U.S. Dept. Inter. 1981, VVan Horne 1983,
Kellner et al 1992), or management actions
prescribed with high probabilities of success
(Braun et al 1977).

The following is a discussion of the critical
assumptions as they pertained to the develop-
ment of the sage grouse HEPM.

Assumption 1: Population vital rates mod-
eled account for a significant portion of the
variation in A. Using empirical data, we demon-
strated that the first year of life of female sage
grouse accounted for the largest proportional
influence on population growth. The vital rates
modeled (egg survival, chick survival, and juve-
nile survival) accounted for approximately 84% of
the variation observed in A, showing that this
assumption was valid.

Assumption 2: Vital rates and correspond-
ing life stages are clearly associated with quality
of discrete habitat requirements. This assump-
tion states that habitat requirements are discrete
for each life stage modeled and that vital rates
within those life stages are dependent upon
habitat quality. Based on what is known about
sage grouse biology, the vital rates modeled
appear to be associated with relatively definable
habitat requirements (i.e. egg survival and nest-
ing habitat, chick survival and brood-rearing
habitat, and juvenile survival and winter habitat).
However, minimal data exist to link vital rates with
habitat quality. This is especially true for chick
survival and brood-rearing habitat. Until further
data becomes available, this assumption largely
exists as a working hypothesis requiring rigorous
validation.

Assumption 3: Habitat quality is quantifi-
able and accounts for most of the variation
observed in vital rates and thus in population

growth. This assumption is likely invalid for
many wildlife species. In fact, most HSI or
habitat models that predict species presence,
population density, or species richness from
environmental characteristics capture only a
portion (typically < 50%) of the variation in those
species’ parameters (Morrison et al 1992). This
does not mean that habitat is unimportant; it is
usually critical. It does mean that we may be
limited in our ability to manage habitat alone and
expect with a high confidence that the popula-
tion will show a direct response. Our predictive
ability may be enhanced when modeling a
habitat specialist such as sage grouse. In such
cases, greater probability exists that habitat will
account for most of the variation in population
growth.

Assumption 4: The spatial orientation and
geometry of habitat patches do not affect
habitat suitability. This assumption is probably
not entirely valid because most wildlife species
require a minimum size, juxtaposition, and
interspersion of cover types before the habitat is
used or occupied. Fragmentation or natural
landscape heterogeneity and variability may
make some habitat patches less suitable or
even unsuitable based on size and spatial
orientation to adjacent habitat patches (Palmer
1992, Turner et al 1993). We believe the pre-
dictive power of this model would be greatly
enhanced if it were spatially explicit. However,
little is known currently about the spatial charac-
teristics of sage grouse habitat requirements as
they relate to population vital rates. Conse-
guently, insufficient data are available to model
these complex spatial relations.

Assumption 5. Microhabitat characteris-
tics and landscape heterogeneity can be quanti-
fied successfully and efficiently over large
areas using remote sensing and GIS tech-
niques. Essentially all but one of the habitat
variables (% herbaceous cover) parameterized
in this model have been classified successfully
using Landsat TM imagery and ancillary data
(Homer et al 1993). Homer et al (1993) did not
classify herbaceous cover because they mod-
eled sage grouse wintering habitat. However
nothing has suggested that the classification of
this variable would pose additional problems.
With advances in technology we hope to incor-
porate additional variables (e.g. forb cover and
height of herbaceous cover) that could increase
the predictive power of this model.
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