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Sage-grouse (Centrocercus spp.) populations have declined dramatically throughout the western
United States since the 1960s. Increased gas and oil development during this time has potentially
contributed to the declines. | investigated impacts of development of natural gas fields on greater sage-
grouse (C. urophasianus) breeding behavior, seasonal habitat selection, and population growth in the
upper Green River Basin of western Wyoming. Greater sage-grouse in western WWyoming appeared to
be excluded from attending leks situated within or near the development boundaries of natural gas
fields. Declines in the number of displaying males were positively correlated with decreased distance
from leks to gas-field-related sources of disturbance, increased levels of development surrounding leks,
increased traffic volumes within 3 km of leks, and increased potential for greater noise intensity at leks.
Displacement of adult males and low recruitment of juvenile males contributed to declines in the
number of breeding males on impacted leks. Additionally, responses of predatory species to
development of gas fields could be responsible for decreased male survival on leks situated near the
edges of developing fields and could extend the range-of-influence of gas fields. Generally, nesting
females avoided areas with high densities of producing wells, and brooding females avoided producing
wells. However, the relationship between selected nesting sites and proximity to gas field infrastructure
shifted between 2000 — 2003 and 2004, with females selecting nesting habitat farther from active
drilling rigs and producing wells in 2004. This suggests that the long-term response of nesting
populations is avoidance of natural gas development. Most of the variability in population growth
between populations that were impacted and non-impacted by natural gas development was explained
by lower annual survival buffered to some extent by higher productivity in impacted populations.
Seasonal survival differences between impacted and non-impacted individuals indicates that a lag
period occurs between when an individual is impacted by an anthropogenic disturbance and when
survival probabilities are influenced, suggesting negative fitness consequences for females subjected to
natural gas development during the breeding or nesting periods. | suggest that currently imposed
development stipulations are inadequate to protect greater sage-grouse, and that stipulations need to be

modified to maintain populations within natural gas fields.
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PREFACE

According to the U.S. Department of Energy (www.doe.gov), natural gas consumption in North
America is projected to increase by 1.5% annually between 2002 and 2025. The American Gas
Association (AGA; www.aga.org) reports that domestic natural gas production is expected to account
for at least 60% of the total U.S. supply through 2025. Much of the onshore natural gas in the 48
contiguous states is in the Uinta-Piceance Basin of Colorado and Utah, the Green River Basin of
southwestern Wyoming, the San Juan Basin of New Mexico and Colorado, the Montana Thrust Belt,
and the Powder River Basin of Wyoming and Montana (Connelly et al. 2004). Most of these
Intermountain West reserves are under Bureau of Land Management (BLM) jurisdiction (Connelly et
al. 2004) and in sagebrush dominated landscapes (Knick et al. 2003). The Federal Land Policy and
Management Act of 1976 established the BLM’s multiple-use mandate to serve present and future
generations. Multiple-use includes natural resource conservation, recreation, livestock grazing, and
resource extraction (www.blm.gov).

The Energy Policy Act of 2005 was signed into law by President George W. Bush in August of
2005, and represents the first major energy legislation passed by Congress since the original Energy
Policy Act of 1992. One of the primary focuses of the new law is to increase production of domestic
fossil fuels (natural gas, oil and coal). According to the AGA, the law will result in increased domestic
oil and gas production on non-park federal lands by increasing leasing, expediting the permitting
process in the Intermountain West, and removing stipulations on exploration and development
operations.

Currently, Wyoming’s economy depends heavily upon natural resource industries, with mining
(including oil and gas extraction) generating approximately 23% of the state’s gross state product for
2001 (Federal Deposit Insurance Corporation; www.fdic.gov). According to the Petroleum Association
of Wyoming (www.pawyo.org), in fiscal year 2004 Wyoming’s petroleum industry directly employed
18,000 people with an annual payroll of $730 million, and oil and gas production contributed $1.27
billion to state and local governments. However, natural gas, oil, and coal are non-renewable natural
resources. Although the Wyoming state government is attempting to ensure that the current petroleum-
based “boom” is not followed by a “bust” as has been historically experienced by the state, this type of
cycle is inevitable given the non-renewable nature of fossil fuels.

Quantifying the monetary value of Wyoming’s wildlife and open spaces is difficult, but these
natural resources are vital for long-term sustainable state revenue. The Wyoming state office of travel
and tourism (www.wyomingbusiness.org) estimated that in 2004 tourists spent $2 billion in Wyoming,

and the tourism industry employed over 28,600 people with an annual payroll of $540 million. Of the



marketable overnight stays, between 51 and 73% of those visiting the state were interested in outdoor
type experiences including wildlife, natural environments, and wilderness areas. Additionally, the
Wyoming Game and Fish Department estimated that over 230,000 hunting and fishing licenses were
sold, hunting accounted for 3.36 million recreation days, and hunters spent $380 million in license fees
and expenditures in Wyoming in 2004 (2005 Annual Report; Wyoming Game and Fish Department,
Cheyenne, WY, USA).

Sagebrush ecosystems dominate much of Wyoming, and they are critical to the survival of many
of the state’s most charismatic wildlife. Approximately 100 bird species and 70 mammal species rely
on sagebrush-dominated habitats during at least portions of their life-cycle (Braun et al. 1976, Paige and
Ritter 1999). Many of the state’s big game herds (including elk [Cervus canadensis], mule deer
[Odocoileus hemionus], and pronghorn [Antilocapra americana]) depend on sagebrush habitats during
the winter. Additionally, several species of concern within the state are sagebrush obligates (including
greater sage-grouse [Centrocercus urophasianus] and pygmy rabbits [Brachylagus idahoensis]) and
rely on sagebrush habitats throughout all life stages.

The magnitude of energy development impacts on wildlife resources throughout North America
is relatively unknown. Generally, gregarious species are more severely affected by disturbances than
are solitary species, and hunted species will exhibit a greater avoidance of road-related disturbances
than will their unhunted conspecifics (PRISM Environmental Management Consultants 1982).
Sagebrush-obligate bird species may be important indicators of the health of an ecosystem, and changes
in their population levels may be symptomatic of long-term regional habitat condition (Knick et al.
2003, Crawford et al. 2004). Given that the health of sagebrush-dominated ecosystems is paramount to
maintaining viable populations of many species of wildlife, the reaction of greater sage-grouse
populations to habitat alterations caused by energy development could imply reactions of a wide array

of wildlife species.

Goals and Objectives

This study investigating the potential impacts of natural gas development to greater sage-grouse
was initiated by the U.S. Department of Energy and the Bureau of Land Management in 1998. The
goal was to determine if and how the development of natural gas resources was influencing greater
sage-grouse populations in the upper Green River Basin of western Wyoming. The study was designed
to compare differences between areas where natural gas disturbance potentially influenced greater sage-
grouse behavior (i.e., treatment areas) and areas where there was no gas related disturbance (i.e., control

areas). The assumption was made that the behavior of birds in control areas mimicked that of birds in a



natural setting with natural variation, thus the study could identify changes in behavior resulting from
gas development regardless of annual variations in habitat conditions, weather, grazing, or other factors.
Each question and hypothesis was centered on control versus treatment comparisons, thereby isolating
the measured effects of the potential impacts of natural gas field development on greater sage-grouse.

I organized the objectives based on several increasingly specific questions: Are breeding
greater sage-grouse populations impacted by natural gas development? What aspects of a developing
field are influencing breeding populations? Are individuals dispersing from natural gas development or

are population sizes declining?

Objective 1: Determine if breeding populations of greater sage-grouse are negatively influenced by the
development of a natural gas field.

Objective 2: Determine responses of breeding populations to three independent components of natural
gas field development: (1) drilling rigs, (2) producing wells, and (3) main haul roads. To
determine if specific characteristics of each component influenced breeding populations, I
investigated the influence of distance, density (i.e., well density, total length of main haul road),
visibility, and direction of these natural-gas-field developments. I also investigated the
influence of traffic levels on main haul roads.

Objective 3: Determine if breeding season habitat selection, survival, and lek tenacity of individual
male greater sage-grouse are influenced by natural gas field development.

Objective 4: Determine if nesting and early brood-rearing habitat selection of individual female greater
sage-grouse are influenced by natural gas field development.

Objective 5: Determine if growth of female greater sage-grouse populations is influenced by natural
gas field development.

Objective 6: Assess the adequacy of BLM-imposed development stipulations.

I used variation in the maximum number of males occupying leks to address objectives 1 and 2,

and collected data from radio-equipped individuals to address objectives 3 through 5.

Dissertation Organization

The objectives outlined above are addressed in chapters 1 through 3 of the dissertation. I
included as appendices manuscripts written with non-gas field related information collected during the
study to support methods used in chapters 2 and 3. Throughout the dissertation, I used “greater sage-

grouse” or “Gunnison sage-grouse” (Centrocercus minimus) when reporting information from other



studies or results from this study that were specific to the species, and used “sage-grouse” to suggest
both species in general.

Chapter 1 was written in conjunction with a presentation given at the 70™ North American
Wildlife and Natural Resource Conference, and is to be published in the transactions from that
conference (Wildlife Management Institute, Washington DC, USA). I included this manuscript because
it introduces the overriding question plaguing those dealing with the impacts of natural resource
extraction: Are sage-grouse dispersing from anthropogenic disturbances or are regional population
levels negatively influenced? The manuscript also introduces potential mitigation options not presented
elsewhere in the dissertation. Chapter 1 is presented verbatim to the manuscript submitted for
publication; this chapter could be altered slightly in published form per the editor’s final comments.

I present the bulk of the information on the impacts of natural gas development in Chapter 2.
This chapter is organized the same as the objectives, and progresses from the question “are breeding
populations influenced?” to “what specific aspects or components of a developing field appear to be
influencing populations?” and concludes with “how are individual birds and populations responding to
development (i.e., dispersal or population size influences?)”. The management implications section of
Chapter 2 addresses the adequacy of currently imposed stipulations (objective 6). The chapter is
written in Journal of Wildlife Management (The Wildlife Society, Bethesda, MD, USA) format.

I include a summary of information on natural gas impacts as Chapter 3. This chapter is
formatted as an executive summary, and includes introductory material as well as a summary of
Chapters 1 and 2. It also includes sections on potential mitigation options and future research needs.

Three appendices that represent supporting or non-natural gas field related analyses are
included. These appendices are included as separate documents, thus page numbering for each is
unique. Appendix A presents an investigation of the spatial distribution of greater sage-grouse nests
relative to lek location using data collected from throughout Wyoming since 1994. The manuscript is
to be published in The Condor (Cooper Ornithological Society, Bend, OR, USA; Condor 107:742-752),
and is presented here verbatim to the published manuscript. I used the results presented in this
manuscript to establish the spatial area of interest for investigating female greater sage-grouse nesting
and early brood-rearing habitat selection relative to natural gas field development (discussed in Chapter
2).

Appendix B is an investigation of habitat selection during the early brood-rearing period in
terms of vegetative and invertebrate conditions. The analyses used data collected from throughout
southwestern Wyoming from 1999 to 2003. Kristin M. Thompson was the primary author of the

manuscript, which is to be published in the Western North American Naturalist (Brigham Young



University, Provo, UT, USA). The appendix is verbatim to the submitted manuscript, and could be
altered slightly in published form per the editor’s final comments.

Appendix C summarizes eight completed and two ongoing projects related to greater sage-
grouse conducted by the Wyoming Cooperative Fish and Wildlife Research Unit since 1994. I included
this appendix so that land and wildlife managers in Wyoming had relatively easy access to the major
results from the separate studies. The chapter is formatted as a report for ease of reproduction, and

includes a title page and table of contents.
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CHAPTER 1
Greater Sage-grouse Population Response to Natural Gas Development in Western Wyoming:

Are Regional Populations Affected by Relatively Localized Disturbance?

Matthew J. Holloran
Wyoming Cooperative Fish and Wildlife Research Unit, Laramie, Wyoming.
Stanley H. Anderson
Wyoming Cooperative Fish and Wildlife Research Unit, Laramie, Wyoming.

Holloran, M. J., and S. H. Anderson. In Press. Greater Sage-grouse Population Response to Natural
Gas Development in Western Wyoming: Are Regional Populations Affected by Relatively
Localized Disturbance? Transactions North American Wildlife and Natural Resources

Conference 70:000-000.

Introduction

Current sage-grouse (Centrocercus spp.) breeding populations throughout western North
America are approximately two to three times lower than those during the late 1960s, and populations
have declined 2% annually from 1965 to 2003 (Connelly et al. 2004). In 2000, greater sage-grouse

(Centrocercus urophasianus) occupied 56% of their pre-European settlement distribution (Schroeder et

al. 2004). Throughout Wyoming since 1965, greater sage-grouse populations have declined 5.2%
annually and the average number of males per lek has declined 49% (Connelly et al. 2004). Although
no single factor has been responsible for sage-grouse population declines, the discovery and subsequent
development of gas and oil fields throughout the western United States beginning in the 1930s and 1940s
has been identified as one potential causative agent (Braun 1987, Connelly et al. 2004). Generally,
gregarious [e.g., sage-grouse during the breeding season] and hunted species are more severely affected
by land use disturbances than are solitary and unhunted species (PRISM Environmental Management
Consultants 1982). Additionally, Braun et al. (2002) indicate that a review of available information
suggests that all sagebrush obligate species are negatively influenced by habitat alterations resulting in
sagebrush (Artemesia spp.) removal and reduced shrub patch size.

Potential impacts of gas and oil development to sage-grouse include direct habitat loss and
fragmentation from well, road, and pipeline construction, and increased human activity causing the
displacement of individuals through avoidance behavior. In addition, these impacts may vary through

time in that development may negatively influence sage-grouse populations over the short-term (site



preparation and drilling), long-term (road development and producing well maintenance), and
permanently (processing facilities and pumping stations; Braun 1987). Braun et al. (2002) suggested
that greater sage-grouse leks within 0.25 miles (0.4 km) of coalbed methane wells in Wyoming had
significantly fewer males per lek and lower annual rates of population growth compared to less
disturbed leks. Additionally, the extirpation of three different lek complexes within 220 yards (0.2 km)
of oil field infrastructure in Alberta, Canada, was associated with the arrival of oil field-related
disturbance sources (Braun et al. 2002).

Coal mining activity and oil field development in North Park, Colorado, resulted in decreased
greater sage-grouse lek attendance on leks within 1.2 miles (2 km) of development activities relative to
leks located more than 1.2 miles (2 km) from these activities (Braun 1986, 1987, Remington and Braun
1991). Braun (1986) attributed declines to decreased recruitment of juvenile males (i.e., first-year
breeders). Failure to recruit juvenile males could have resulted from juvenile male dispersal to different
lek sites, poor nesting success or decreased survival of young resulting in fewer available replacement
juveniles, or acoustical or physical factors that deterred juveniles from becoming established
(Schoenburg and Braun 1982, Braun 1986, 1987). Although Remington and Braun (1991) indicated
that leks closely associated with mining activity declined relative to control leks, overall greater sage-
grouse population trends in the area did not change, suggesting that the distribution rather than the
number of breeding grouse was altered.

Greater sage-grouse females disturbed on leks during the breeding season by natural gas field-
related activity in western Wyoming exhibited lower nest initiation rates and those that initiated a nest
selected nesting habitats farther from the lek compared to females breeding on undisturbed leks (Lyon
and Anderson 2003). Reduced initiation rates, when combined with inherently low probabilities of
reproductive success in sage-grouse (Connelly and Braun 1997), could potentially lower annual
productivity rates below sustainable levels. Additionally, if leks are located within or adjacent to
potential nesting habitat (Connelly et al. 2000) and gas field-related activities result in females nesting
farther from leks, then these impacted females may use sub-optimal nesting sites and thus experience
lower nest success. Further, sage-grouse lekking behavior, combined with annual nest site fidelity
potentially passed to female offspring (Lyon 2000), could result in relatively clumped nest distributions
on a landscape scale. As a result, isolated habitat alterations could impact a relatively large number of
nesting individuals.

If declines in the number of males on disturbed leks can be attributed to decreased juvenile male
recruitment, what happens to these juvenile males? Remington and Braun (1991) theorize that they

disperse to different lek sites. However, Lyon and Andersons’ (2003) observations suggest decreased



productivity resulting in fewer available replacement juveniles. This paper investigates the response of
greater sage-grouse populations to natural gas development in western Wyoming. We examine changes
in the number of males on leks relative to the level of activity occurring around those leks, and use
these relative changes to ascertain how individual birds and regional populations might be influenced

by natural gas field development.

Greater Sage-grouse Population Response to Gas Development in Western Wyoming

We investigated the potential impacts of gas field development on greater sage-grouse
populations on a study area designated by 3.1-mile (5-km) buffers around known leks in the upper
Green River Basin near the town of Pinedale, in western Wyoming. The study area was located
primarily within the boundaries of the Pinedale Anticline Project Area (PAPA), but included portions of
the Jonah I and Jonah II gas fields (Bureau of Land Management 2000). The study area encompassed
approximately 421 square miles (1090 km?), and was dominated by big sagebrush (Artemesia tridentata

spp.) and high-desert vegetation. The first natural gas well was drilled in the PAPA in 1939, but only
23 additional wells had been drilled in the project area by 1997. In May 1998, the Bureau of Land
Management (BLM) approved limited exploratory drilling of 45 wells prior to completion of the
Environmental Impact Statement (EIS). The final EIS was approved in July 2000. Full development of
the field is expected to continue for the next 10 to 15 years and be concentrated within a 3.1 mile (5-
km) buffer around the anticline crest. However, areas designated as “hot spots” outside the buffer may
also be developed as the BLM has leased all but 7.3 square miles (19 km?) of the PAPA (total area
approximately 313 square miles [810 km?]) for potential development. The BLM’s record of decision
approved the construction of 700 producing well pads with minimum spacing of 40 acres (16 ha)
between pads (equivalent to 16 wells per section; Bureau of Land Management 2000). In the spring of
1999, approximately 75 producing gas wells were situated within the designated study area; by the
summer of 2004, the study area contained approximately 450 producing wells.

One of the primary objectives of this study was to determine if increased levels of gas field
development near known greater sage-grouse leks influenced breeding behavior. We categorized each
lek based on the total number of producing gas wells located within 3.1 miles (5 km) of the lek by year
(i.e., because gas field development continued through the project, the number of producing wells for
each lek year was a unique value), and we considered leks with less than 5 wells to be controls
(minimal gas field-related disturbance; n = 49 lek years), leks with 5 to 15 wells to be lightly impacted
(n =19 lek years), and leks with greater than 15 wells to be heavily impacted (n = 31 lek years). We

assessed lek attendance as the annual maximum number of males estimated through lek counts



(Connelly et al. 2003). Gas development influences on breeding greater sage-grouse were estimated by
calculating either the total change in the maximum number of males attending all leks within a given
impact status from the year prior to impact through 2004, or by calculating average annual change in
the maximum number of males by lek impact status. In certain instances the impact status of individual
leks changed as the field developed (i.e., from lightly to heavily impacted). We calculated overall
change in the number of attending males by impact status for these leks using lek counts from the year
prior to impact status change.

The total maximum number of males declined 51% on heavily impacted leks from the year prior
to impact to 2004 (control leks declined 3% during the same time period). Further, the total maximum
number of males on three heavily impacted leks situated centrally within the developing field declined
89%, and two of the three leks were essentially inactive in 2004 (one male counted on one of the leks
on one morning in 2004). Additional anecdotal evidence from southern and western Wyoming has also
indicated that leks historically situated within areas developed for natural gas extraction became
inactive as well densities increased (Jonah gas fields, K.J. Andrews, personal communication 2001;
Great Divide Basin gas fields, G.S. Hiatt, personal communication 2000). The evidence appears to
suggest greater sage-grouse are ultimately excluded from breeding within the development boundaries
of natural gas fields.

This leads us to a fundamental question associated with the ultimate extirpation and subsequent
exclusion of greater sage-grouse leks from a region as the probable result of an anthropogenic
disturbance source: are greater sage-grouse displaced from impacted leks to breed on leks away from
the disturbance source; or does the disturbance result in the impacted birds not breeding? Braun (1986)
hypothesized that adult males (i.e., individuals over 1.5 years old, or at least second-year breeders)
returned to leks where they had established territories until they died and juvenile males establishing
territories replaced those adults, and attributed declines on leks influenced by coal mining activity in
northern Colorado to decreased juvenile male recruitment. Our results generally support Braun’s
(1986) hypothesis. Zablan et al. (2003) used band return rates over 18 years in Colorado to estimate
adult male annual survival and found that survival varied from 35 to 45% (95% CI). Following
inclusion in the heavy impact category, average annual declines on the three leks located centrally
within the developing Anticline field was 48% (£SE; +9%). Further, using maximum male lek counts
from the year prior to inclusion in the heavily impacted category as a starting value and assuming 37%
adult male annual survival (Zablan et al. 2003), we were able to reproduce observed overall declines on

these leks with 15.6% annual recruitment (approximately 55 to 65% annual recruitment required for



stability). These observations suggest that declines on the three centrally situated leks resulted from

adult male tenacity with minimal juvenile male recruitment.

Are Regional Populations Affected?

Average annual declines in the maximum number of males differed relative to impact status
[heavy 16% (excluding the three centrally situated leks discussed above); light 19%; control 2%],
suggesting that juvenile males were being displaced by gas field-related disturbance. This leads to an
amendment of the fundamental question: are displaced juvenile males establishing territories on less-
impacted leks, or are they not breeding?

To investigate this question, an annual male population growth rate estimate is needed to
compare with annual changes in the number of strutting males throughout the region. We assessed
average annual change in the regional number of strutting males by combining annual estimates (2000-
2004) of the maximum number of males from 20 leks with consistently accurate counts (Connelly et al.
2003) situated within the study area. Annual male population growth was estimated using average
demographic information from 190 radio-equipped females captured (Wakkinen et al. 1992) throughout
the study area between 1999 and 2003 in the following equation:

A = [(Initiate * Success % Brood) x 3 Chick] + (3 Annual Survival)

Where 4 is male population growth rate; Initiate is annual nest initiation; Success is annual nest success;
Brood is annual brooding period chick survival; & Chick is male chicks produced annually [based on
average August brood size, a brood sex ratio of 45.4 males to 54.6 females (Swenson 1986) and 75%
chick winter survival (J.W. Connelly, personal communication 1998)]; and & Annual Survival is adult
and juvenile male annual survival (56.4%; survival estimate is average from Schroeder et al. 1999 and

Zablan et al. 2003). Demographic values derived from our data were apparent values.

The regional number of strutting males counted on leks declined annually by an average of 13%
(£5%). Using the demographic information, male population growth rates declined 8% (+4%)
annually. The interval estimates for population growth and annual change in the number of strutting
males overlapped, suggesting that a proportion of the displaced juveniles were establishing territories
on leks somewhere within the study area. However, the 5% difference in the annual estimates and the
population growth rate interval being skewed to the left of the male count interval further implies that a
proportion of the juvenile males were not counted on leks, suggesting that these individuals were not
establishing breeding territories.

Two potential alternative explanations to the conclusion that a proportion of the juvenile
population was not breeding exist. These birds may have established territories on leks beyond the
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spatial scope of the study area. The sub-sample of leks used to formulate the estimate for the regional
change in the number of males included eight leks that we had designated as controls. The average
distance between these control leks and heavily impacted leks was 15.5 miles (25 km), and average
distance from control to closest heavily impacted lek was 6.2 miles (10 km [+0.5 miles [£0.8 km]]). In
Colorado, juvenile males typically established on natal leks (63%), with the remaining juveniles
establishing on leks within 8.1 miles (13 km) of their natal lek (Dunn and Braun 1985). Additionally,
82% of interlek movements (i.e., movement of individual males between different leks during the
breeding season) were between leks separated by less than 5 miles (8 km; Dunn and Braun 1985).
These results suggest that the scope of our study area was sufficient to encompass the area typically
exploited by juvenile males searching for lek establishment sites. The second possibility is that these
birds were breeding without visiting a lek. Because sage-grouse males provide neither resources nor
parental care to their mates, mate choice does not provide direct benefits to the females, suggesting that
indirect benefits may be the main evolutionary force behind females’ mate selection (Gibson 1990).
The ability of females to recognize high relative fitness in individual males potentially requires a venue
for direct comparison (i.e., the lek; Beehler and Foster 1988), and the possibility that off-lek breeding
was occurring would constitute a significant change in breeding behavior. We cannot be certain that a
proportion of the displaced population abstained from breeding, but the alternatives would represent

unlikely deviations from normal behavior.

Concluding Comments

Although it is difficult, if not impossible to implicate a single factor or group of factors
responsible for recent range-wide sage-grouse population declines, Braun (1998) suggests that
complexities of factors related to human-caused habitat changes are responsible. Changes rendered
across the landscape include habitat loss (e.g., agricultural conversion, mineral and energy
development, community building, roads, reservoirs), fragmentation (e.g., fences, power lines, roads),
and degradation (e.g., sagebrush treatments, grazing, exotic plant species introduction), with other
factors such as drought, hunting, and predation playing contributory roles. Greater sage-grouse
populations in southern and western Wyoming appear to be ultimately displaced to surrounding areas
by the development of natural gas fields. A proportion of the displaced birds appeared to establish on
leks adjacent to the developed area. However, a proportion of the displaced population apparently did
no breed. These conclusions suggest that natural gas field development contributes to localized greater
sage-grouse extirpations, but that regional population levels, although negatively impacted, are not as

severely influenced.
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Research investigating juvenile responses to a developing gas field would improve our
understanding of specifics. For example: what proportion of the juvenile male population does not
breed; what is the spatial extent of the area searched by disturbed juvenile males prior to establishing a
territory on a lek (spatial extent of gas field influence); is territorial establishment timing of juvenile
males influenced by displacement; what are the well densities within a given distance from an active
lek when juvenile male establishment probabilities become negatively influenced; do increased rates of
dispersal influence juvenile male survival? Future research should further address potential impacts to
the juvenile female cohort. In addition to the questions asked concerning juvenile males, information
relative to female seasonal habitat selection and productivity is needed. What is the proportion of the
juvenile female population displaced from their natal nesting or natal brooding areas; are vital rates
(i.e., survival, nesting initiation and success probabilities, and chick productivity rates) of the juvenile
females displaced from their natal lek, nesting, or brooding areas negatively influenced? These and
additional questions are currently (2005-06) being investigated by researchers at the University of
Wyoming with assistance from the BLM, Department of Energy, and Wyoming Game and Fish
Department.

Braun et al. (2002) suggest that the oil and gas industry should mitigate for habitat and
population decreases associated with mineral extraction activities, considering potential cumulative
effects [e.g., livestock impacts to surrounding landscapes (Kuipers 2004), habitat treatment
consequences (Slater 2003)]. Additionally, mitigation measures aimed at increasing not only
productivity in but carrying capacity of surrounding areas could be important because of potential
density-dependent difficulties (i.e., nest spacing influences on nest success probabilities; Holloran and
Anderson 2005) arising from artificially high populations caused by the shifting of some of the juvenile
cohort. Mitigation measures aimed at minimizing the negative numerical consequences of gas
development to regional sage-grouse populations implies a refugia approach to species conservation.
By protecting and enhancing these reservoir populations surrounding the developing gas field,
mitigation theoretically ensures that sage-grouse will be present to recolonize the field following
reclamation. However, this approach requires lengthening the time-frame between the development of
additional gas fields surrounding the one currently under construction to the life-expectancy of the
original field, thus ensuring that surrounding refugia areas are maintained (individual gas well life-
expectancy estimated at 25 to 40 years for the types of formations encountered in the Pinedale Anticline
area; Wyoming Oil and Gas Conservation Commission, personal communication 2005). Following
reclamation of the existing field, the area then potentially becomes a refuge for reservoir populations

associated with the next gas field slated for development.
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The current energy situation in the United States will likely encourage the development of
natural gas reserves in many western states harboring substantial sage-grouse populations. According
to the American Gas Association (www.aga.org), natural gas consumption in the U.S. is expected to
increase by 50 to 60% over the next 20 years, and that to ensure economic stability and energy security,
the U.S. must reduce its dependence on unstable imports of foreign petroleum. However, the
environmentally safe development of America’s natural gas reserves is of equal importance to the
strength and perseverance of this country. Sage-grouse population maintenance initially requires a
recognition of the intrinsic value of sagebrush dominated landscapes, followed by the development of a
comprehensive approach to sagebrush habitat conservation that involves commitments and partnerships
between state and federal agencies, academia, industry, private organizations, and landowners; “only
through this concerted effort and commitment can we afford to be optimistic about the future of

sagebrush ecosystems and their avifauna” (Knick et al. 2003:627).
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CHAPTER 2
GREATER SAGE-GROUSE RESPONSE TO NATURAL GAS FIELD DEVELOPMENT IN
WESTERN WYOMING

Populations of greater sage-grouse (Centrocercus urophasianus) throughout North America are
one half to one third the size of those during the late 1960s (Connelly et al. 2004). Populations
currently occupy 56% of the species’ pre-European settlement distribution (Schroeder et al. 2004).
Throughout Wyoming between 1965 and 2003, greater sage-grouse populations declined an average of
5.2% annually and the average number of males per lek declined 49% (Connelly et al. 2004). Among
the potential causes of these declines are habitat alterations associated with oil and gas development
(Braun 1998).

Currently the BLM controls approximately 2.7 million ha that are in production status for oil,
natural gas, or geothermal energy (Knick et al. 2003). Connelly et al. (2004) estimated that in 2003 a
minimum of 25-28% of the total area delineated by a 50-km buffer around the pre-settlement
distribution of sage-grouse (Centrocercus spp.) within western North America was influenced by oil
and natural gas well pads, pipelines, and roads. Development of oil resources began in Wyoming in the
early 1880s (Salt Creek and Dallas Dome oil fields), but the industry has placed emphasis on the
development of natural gas resources since the 1960s (Braun et al. 2002, Connelly et al. 2004, T. E.
Rinkes, Bureau of Land Management, Lander, Wyoming; personal communication). In 2003, 6 major
oil and gas producing fields in the Green River Basin of southwestern Wyoming covered over 8,740
km?, and active and potential wells numbered 7,890; by 2015, natural gas development in the region is
expected to increase by 40% (Connelly et al. 2004).

Potential impacts of gas and oil development to sage-grouse include physical habitat loss,
habitat fragmentation, spread of exotic plants, increased predation probabilities, and greater
anthropogenic activity and noise resulting in displacement of individuals through avoidance behavior
(Connelly et al. 2004). Greater sage-grouse leks within 0.4 km of coalbed methane (CBM) wells in
northern Wyoming had fewer males per lek and lower annual rates of population growth compared to
leks situated >0.4 km from a CBM well (Braun et al. 2002). The extirpation of 3 lek complexes within
0.2 km of oil field infrastructure in Alberta, Canada, was believed to be associated with oil-field-related
disturbances (Braun et al. 2002, Aldridge and Brigham 2003). Additionally, the number of displaying
males on 2 leks within 2 km of active coal mines in northern Colorado declined by 94% over a 5-year

period following an increase in mining activity (Braun 1986, Remington and Braun 1991).
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Identifying causes of population declines has remained elusive. Remington and Braun (1991)
theorized that regional distributions rather than numbers of breeding greater sage-grouse were altered
by coal mining activity in Colorado. This displacement theory is supported by several studies. Female
greater sage-grouse disturbed on leks during the breeding season by natural gas development activities
in Wyoming moved farther from the lek to nest compared to less disturbed females (Lyon and
Anderson 2003). Greater sage-grouse in Alberta, Canada avoided nesting in areas with increased levels
of human development (e.g., roads, well sites, urban habitats, cropland), and females with chicks
avoided areas with high densities of visible oil wells (Aldridge 2005). Lesser prairie-chickens
(Tympanuchus pallidicinctus) in Kansas selected habitats removed from anthropogenic features (Hagen
2003). Patch occupancy probabilities of Gunnison sage-grouse (Centrocercus minimus) in Colorado
were positively correlated with distance to roads (Oyler-McCance 1999).

However, potential negative effects on population levels also have been suggested. Female
greater sage-grouse disturbed at leks had lower nesting propensity relative to less disturbed individuals
in Wyoming (Lyon and Anderson 2003). Aldridge (2005) reported that greater sage-grouse chick
survival decreased as well densities within 1 km of brooding locations increased in Canada. Hagen
(2003) suggested that a lesser prairie-chicken population impacted by anthropogenic activity in Kansas
had lower nest success and female survival probabilities compared to a non-impacted population.

In central and western Wyoming, greater sage-grouse populations and habitats are considered to be
an internationally significant stronghold for the species (Connelly et al. 2004). Currently, existing and
proposed oil and gas wells in Wyoming are located primarily within sagebrush (Artemisia spp.)
dominated landscapes (Knick et al. 2003) that are important for greater sage-grouse populations.
Although evidence exists that greater sage-grouse are negatively influenced by the development of oil
and gas reserves (Braun et al. 2002, Aldridge and Brigham 2003), the reaction of populations to specific
components of developing fields are not well understood, and it is unknown if population declines are
resulting from displacement or reduced population growth. Additionally, land management agencies
stipulate restrictions on some types of development during breeding and nesting seasons to protect
sage-grouse, but the effectiveness of those stipulations is unknown.

I investigated potential impacts of natural-gas-field development on greater sage-grouse
populations in the upper Green River Basin of western Wyoming. The specific gas-field components
that I investigated were drilling rigs, producing wells, and main haul roads. I compared temporal
changes in the number of displaying males with respect to lek-to-drilling rig, producing-well, and main-
haul-road distances, producing-well and haul-road densities within specific distances of leks, and traffic

activity levels and timing on main haul roads near leks to test the null hypothesis that natural gas
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development has no effect on greater sage-grouse breeding populations. I also investigated survival,
lek tenacity, and breeding season habitat selection by males relative to cumulative levels of gas field
development surrounding leks to address the question of individual male responses to energy
development.

Because natural gas development in the upper Green River Basin occurs primarily within
sagebrush dominated landscapes, my investigation of the responses of female greater sage-grouse to
energy development concentrated on 2 demographic stages dependent on these habitats (nesting and
early brood-rearing [hatch through 2 weeks post-hatch]). I examined distances moved between
consecutive years’ nests, used versus available nesting and early brood-rearing habitats, and successful
(i.e., hatched or survived) versus unsuccessful nests and broods with respect to gas-field-development
levels to test the null hypothesis that natural gas development has no effect on greater sage-grouse
nesting and brooding habitat selection, nest success probabilities, or brood survival. Finally, I used
population modeling and life table response experiments to investigate the effect of natural gas
development on female greater sage-grouse population growth. I compared populations of individuals
impacted by natural gas infrastructure during the breeding and nesting season(s) to individuals in non-
impacted populations to test the null hypothesis that natural gas development has no effect on growth or

demographic rates of female greater sage-grouse populations.

STUDY AREA

The study area (42°60" N, 109°75" W) was primarily within the boundaries of the Pinedale
Anticline Project Area (PAPA), but included portions of the Jonah II gas field (Figure 1; Bureau of
Land Management 2000). The study area encompassed 51,550 ha and was dominated by big sagebrush
(Artemesia tridentata spp.) and high-desert vegetation. Elevations ranged from 2,100 to 2,350 m and
precipitation averaged 30 cm annually (Western Regional Climate Center, Reno, Nevada, USA). The
first natural gas well was drilled in the PAPA in 1939, but only 23 additional wells were drilled in the
area by 1997. In May 1998, the BLM approved exploratory drilling of 45 wells prior to completion of
the Environmental Impact Statement (EIS). The final EIS and the BLM’s Record of Decision were
approved in 2000. Full development of the PAPA is expected to continue for the next 10-15 years, and
the minimum life-expectancy of the field has been estimated at 59 years. The BLM’s record of
decision approved construction of 700 producing well pads with maximum densities of 1 well pad per
16 ha (equivalent to 16 well pads per 2.59 km” [1 mile®]), 645 km of pipeline, and 445 km of road
(Bureau of Land Management 2000). According to information supplied by the Wyoming Oil and Gas
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Conservation Commission (Casper, WY, USA), 780 natural gas wells were drilled within the PAPA
and Jonah gas fields between 1998 and 2004.

FIELD METHODS
Lek Analyses

Lek Counts.--Known leks within 6.4 km of the PAPA borders were used for the lek count
analyses (Figure 2; Bureau of Land Management 2000). The 6.4 km represents twice the distance
suggested in the sage-grouse management guidelines (Connelly et al. 2000b) for non-manipulation
surrounding a lek in contiguous habitats. Annual lek counts were conducted by personnel with the
Wyoming Cooperative Fish and Wildlife Research Unit (COOP), the Wyoming Game and Fish
Department (WGFD), and the BLM Pinedale Field Office. Lek counts were conducted according to
standardized methods outlined by the WGFD’s Sage-Grouse Technical Committee (Cheyenne, WY,
USA; also see Connelly et al. 2003:19-20). Each lek was visited >3 times from March 20 through May
15. Data recorded during each visit included: (1) total number of males; (2) total number of females;
(3) total number of unclassifiable grouse; (4) ground condition (i.e., snow, clear) on lek at time of
count; (5) precipitation (i.e., snow, rain, sleet) at time of count; (6) percent cloud cover at time of count;
(7) estimated wind speed at time of count; (8) estimated temperature at time of count; (9) the time of
day the count was conducted; and (10) any comments relevant to the count.

In addition, the number of vehicles using haul roads between 0 and 1.3 km from a lek was
recorded during each count (i.e., early morning hours) for 7 leks counted from a main haul road. To
monitor traffic volumes, I installed pneumatic axle counters from April 1 through April 30 on roads
closely associated with 9 leks. Since the pneumatic counters counted axles, not vehicles, and much of
the traffic associated with the Pinedale Anticline gas field consisted of vehicles with multiple axles (i.e.,
tractor-trailers), the numbers represent an index of traffic volumes rather than actual vehicles.

Trapping.--1 captured male and female greater sage-grouse on or near 14 leks from mid-March
through April, 2000-2004 by spot-lighting and hoop-netting (Giesen et al. 1982, Wakkinen et al. 1992).
Each captured grouse was classified as a yearling (first breeding season) or adult (> second breeding
season) based on the shape of the outermost wing primaries (Eng 1955). I secured radio transmitters
with a PVC-covered wire necklace (Advanced Telemetry Systems Inc., Isanti, MN, USA).

Transmitters weighed 19.5 or 25.5 g with a battery life expectancy of 530 or 610 days, respectively, and
were equipped with motion sensors (i.e., radio-transmitter pulse rate influenced by activity).

Male Habitat Selection.--To identify roost locations of males during the day, I used hand-held

receivers and Yagi antennae to locate radio-equipped males between 1000 and 1500 hrs 1 to 2 times
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from April 1 to April 30. Locations were recorded with a hand-held, 12-channel Global Positioning
System (GPS; Garmin 12; Garmin International, Olathe, KS, USA).

Female Habitat Selection and Demographic Analyses

Female Nesting Habitat Selection.--1 monitored radio-marked females at least twice weekly
through pre-laying (April) and nesting (May-June). I located nests of radio-marked birds by circling
the signal source until females could be visually observed. Rubber boots were worn while confirming
nest locations to reduce human scent. I monitored incubating females after nest identification from a
distance of 60 m or more to minimize the chance of human-induced nest predation or nest
abandonment. I recorded nest fate (successful or unsuccessful) when radio monitoring indicated the
female had left the nesting area. Nests were considered successful if >1 egg hatched, indicated by
presence of detached eggshell membranes (Wallestad and Pyrah 1974). Nest locations were recorded
with a hand-held, 12-channel GPS. The area around depredated nests was searched for hairs, scat,
tracks, or other signs left by the predatory species, and condition of the nest area and eggshell fragments
were noted. Hairs and scat were sent to the Wyoming Game and Fish Laboratory (Laramie, WY, USA)
for species identification. Sargeant et al. (1998) described nest conditions following depredation by
several species and I used their descriptions to assist in identification of nest predators. I monitored
unsuccessful females twice weekly to assess re-nesting attempts.

I evaluated vegetation between late May and early June at nest sites. To minimize differences
resulting from herbaceous growth, I measured vegetation at successful and unsuccessful nests
concurrently beginning from the first successful hatch. I evaluated vegetation along 2 perpendicular
30-m transects that intersected the nest bowl. Orientation of the first transect was randomly assigned. I
measured herbaceous vegetation characteristics within a 20x50-cm quadrat using the Daubenmire
(1959) canopy-cover method at 0.0 m (transect intersection), 1.0 m, and 2.5 m from the intersection
along each 15-m portion of the 30-m transect radiating from the nest (12 points measured). Herbaceous
vegetation variables included total herbaceous cover, standing grass cover, and forb cover (including
winterfat [ Eurotia lanata] and fringed sagewort [A. frigida]). 1 grouped and classified grass species as
either new or residual (i.e., standing-dead). I estimated maximum droop height (i.e., the highest
naturally growing portion of the plant excluding flowering stalks) of new and residual grasses by
measuring the average tallest grasses (estimated visually) occurring within each quadrat. Categorical
estimates of herbaceous cover were converted to percentages (1 =2.5%, 2 =15%, 3 =37.5%, 4 =
62.5%, 5 = 85%, 6 = 97.5%; Daubenmire 1959) for each of 12 quadrats, and I averaged height and

converted cover estimates from the 12 points to derive a single estimate for each variable per nest.
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Female Brood-rearing Habitat Selection and Productivity.--1 located females that nested
successfully weekly from hatch through 15 August. Females with >1 chick were considered successful
through each brooding stage (week). Brooding locations of females successful through early brooding
stages (i.e., >1 chick 14 days post-hatch) were recorded with a hand-held, 12-channel GPS. I based
chick existence on either visual confirmation of chick(s) or reactions of brooding females to the
presence of a potential predator (i.e., researcher; Schroeder et al. 1999). Successfully nesting females
recorded as having no chicks were relocated 2-4 days following the initial location to confirm brood
loss. Fledge estimates were obtained through flush counts during the last 2 weeks in August, and were
an estimate of the number of chicks produced per brood.

Female Annual Survival—Survival of brooding females was assessed weekly from hatch
through August. Non-brooding females were monitored from long-range weekly from nest loss
through June, and bi-weekly from 1 July through August. I assessed female survival from 1 September
through March using a fixed-wing aircraft (Mountain Air Research, Driggs, ID, USA); flights were
conducted at least bi-monthly during fall and winter. I used mortality sensors to evaluate female
survival during these stages.

Female Chick Winter Survival.--1 captured chicks (birds hatched that spring) in August 2004 by
spotlighting radio-equipped brood-rearing females. Chicks present with the brooding females were
captured using hoop-nets (Giesen et al. 1982, Wakkinen et al. 1992). Blood samples were collected
from captured chicks and sent to the Wyoming Game and Fish Laboratory (Laramie, WY, USA) to
determine sex. I secured 16-g radio transmitters with a battery life expectancy of 500 days and
equipped with motion-sensors to chicks with PVC-covered wire necklaces (ATS, Isanti, MN, USA).
Chicks were weighed to ensure radio transmitters could be safely attached (Caccamise and Hedin
1985). Tassessed chick survival from 1 September through March using a fixed-wing aircraft

(Mountain Air Research, Driggs, ID, USA), and used the motion-sensors to evaluate survival.

STATISTICAL METHODS
Lek Analyses

I defined the area of interest as the area within 10 km of study leks (Figure 2; Bureau of Land
Management 2000). Gas field infrastructure was spatially mapped within the area of interest using
ArcGIS 9 (Environmental Systems Research Institute, Redlands, CA, USA). Well locations were
obtained from the Wyoming Oil and Gas Conservation Commission (WOGCC; Casper, WY, USA);
because the WOGCC well locations sometimes represent bottom-hole versus well-head (i.e., location

on surface) location, I verified well locations using a hand-held, 12-channel GPS (Garmin 12; Garmin
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International, Olathe, KS, USA). Road locations were provided by the BLM (Pinedale Field Office,
Pinedale, WY, USA) and verified using maps provided by Western EcoSystems Technology, Inc.
(Cheyenne, WY, USA). Dates corresponding to well pad construction, drilling, and production timing
were obtained from the Wyoming Oil and Gas Conservation Commission. The information associated
with each well was sent to the responsible gas company (i.e., operator) to verify location, date, and well
status. Road construction dates were estimated as occurring 1 week prior to initiation of drilling for the
well accessed by that road. Gas-field-infrastructure layers were dynamic and were modified annually.

I considered the annual breeding period to be from March 1-April 30. Sites with drilling rigs
operating during any portion of the strutting period were considered drilling locations; sites with gas
wells yielding gas during any portion of the strutting period were considered producing gas well
locations; and roads built prior to or during the strutting period were considered active road locations.
Producing well locations represent all producing wells and do not represent well pads (i.e., multiple
wells located on a single well pad are considered independently). Roads accessing >5 producing wells
were categorized as main haul roads, and those accessing <5 wells were categorized as secondary roads.
Traffic volumes on main haul roads during the breeding season were estimated as average axle hits per
day (axle/day). I categorized leks as having vehicle influence during the strutting period if >1 vehicle
was recorded on roads within 1.3 km during >1 lek counts.

Measured variables are summarized in Table 1. Lek-to-drilling-location distances (km;
Drill_Dist) and lek-to-producing-well-location distances (km; Well Dist) were estimated from lek
center to well-head location, and lek-to-main-haul-road distances (km; Road Dist) were estimated from
lek center to the closest point along main haul roads. Direction to drilling locations and producing well
locations were direct bearings. Direction to roads was the bearing to the closest point along the road.
The total length of main haul road (km; Road TotalL.ength) and the total number of producing wells
(Well_Density) were calculated within 1-km buffers radiating from lek centers (i.e., total length of main
haul road within 1 km, within 2 km, etc.). To quantify the position of a lek in relation to gas field
infrastructure, the number of quadrats (i.e., directionally based quarter circle wedges delineated by the 4
cardinal directions radiating from leks) occupied by >1 producing well (1 through 4; Well Occupied)
was estimated within 1-km buffers radiating from lek centers.

To guard against clumped (i.e., contagious) data distribution effects (Sokal and Rohlf 1995) for
the variables estimated within 1-km buffers (i.e., Well Occupied and Road TotalLength), I selected the
first buffer distance at which >67% of the leks had non-zero values for the 2 independent variables.

The number of quadrats containing a well within 5 km (Well Occupied5) and total length of main haul
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road within 3 km (Road_TotalLength3) of the lek were the first distance buffers containing >67% non-
zero values; these selected distance buffers were used for subsequent analyses.

Digital elevation maps (DEM; Wyoming Geographic Information Science Center [WyGISC],
University of Wyoming, Laramie, WY, USA) were used to identify viewsheds (i.e., the area visible
from lek centers) from ground level at lek centers to ground level and to a height of 50 m at drilling
locations. Drilling locations visible at ground level were considered to be within full view of leks
(Full_Sight), drilling locations visible at 50 m but not at ground level were considered to be within
partial view of leks (Partial Sight), and drilling locations not visible at ground level or 50 m were
considered to be blocked from view of leks (No_Sight). I also used the viewsheds for each lek at
ground level to estimate the total linear distance of main haul road visible from the lek. All distance,
direction, visibility, and numerical estimates were calculated using ArcGIS 9 (ESRI, Redlands, CA,
USA), Animal Movement 2.04 (Hooge and Eichenlaub 2000) and Hawth’s Analysis Tools 3.04 (Beyer
2004).

Greater sage-grouse response was estimated as the change in the maximum number of males
attending an individual lek through time. For lek counts to be considered reliable, leks had to be
counted >3 times annually and the counts had to be separated by >5 days (Connelly et al. 2003). I used
the average number of males from the 3 highest male counts annually to estimate the maximum number
of males attending a lek. Overall change in the number of males attending an individual lek
(Overall Change) was estimated as the proportional change in the maximum number of males from
1999 to 2004. For leks where reliable counts were not available in 1999, Overall Change was
calculated from the first year with reliable counts. Annual change in the number of males attending an
individual lek (Annual Change) was estimated as the proportional change in the maximum number of
males annually (i.e., maximum male attendance estimate differences between 1999 and 2000, 2000 and
2001, etc.). I calculated Annual Change for years with reliable counts; if lek counts on an individual
lek for a specific year were deemed unreliable, Annual Change was not calculated for that lek that year
or the following year. Overall Change and Annual Change were apparent estimates. I did not weight
proportional change estimates by the maximum number of males occupying the lek, thus the actual
numerical change in the number of males represented by the proportional change estimate was
dependent on lek size. Annual variation in the number of males attending an individual lek was
estimated as the standard deviation of all counts from that lek.

Male Habitat Selection.--Adult male lek tenacity (i.e., probability of a male remaining on a lek
throughout the breeding season) and breeding season survival probabilities were assessed using radio-

equipped individuals. I considered those individuals that were never located on or near the lek where
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they were captured (i.e., lek-of-capture), but documented alive during the breeding season, to have
deserted the originally attended lek (assumed to be the lek-of-capture). I did not attempt to document
these individuals at alternative leks, thus desertion probability estimates solely reflect the probability of
not attending the lek-of-capture. Breeding season (March 15-April 30) survival probabilities were
calculated using known-fate models (logit link functions) in program MARK (White and Burnham
1999) for those individuals that remained at the lek-of-capture. Three 2-week observation occasions
were used and survival data were left-censored to date-of-capture. I estimated the annual percentage of
yearling males as the ratio of trapped yearlings to total number of trapped males by lek, and annual date
of peak male attendance was estimated as the date when the annual high count was recorded. Distances
(km) from lek to male roost locations were estimated from lek-of-capture centers for those individuals
attending the original lek.

I used an ordered approach to the statistical analyses. Results from each level of analysis were
used to designate treatment and control categories for subsequent analyses. Initially, I considered leks
as the sample units and investigated relationships between Overall Change and independent gas-field-
related variables averaged by lek (Drill Dist, Well Dist, Road Dist, Well Occupied5, and
Road TotalLength3). Using control levels suggested from these analyses, I investigated differences in
mean Annual Change by categories defined by the independent variables (e.g., lek-years categorized
by annual Drill_Dist, annual Well Dist, etc.). For these second-level analyses, categories were used as
the sample units, and results from the first-level analyses were used to delineate treatment and control
leks by year. Second-level analyses were used to refine treatment effect levels and investigate within-
treatment-level influences (e.g., direction to drilling rig, drilling rig visibility, etc.). The final analyses
investigated gas-field-infrastructure impacts by comparing mean Annual Change of leks categorically
delineated by the total number of potential gas-field-related influences. The second-level results were
used to designate treatment and control leks for third-level analyses. I also used the third-level
categorization to compare lek tenacity, survival, and habitat selection of individual males. Because of
the nature of this approach, results necessary for explaining how I investigated second- and third-level

relationships are presented in the methods.

First Level: Initial Determination of Treatment and Control Leks
I used a principal components analysis (PCA) to summarize covariation patterns present in the 5
primary gas field-related independent variables (Drill_Dist, Well Dist, Road Dist, Well Occupied5,

Road TotalLength3) because of potential collinearity problems identified through correlation analysis
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(Philippi 1993). Principal components (PC) with eigenvalues >1 were retained (Hair et al. 1995), and
Overall Change was regressed against retained PC scores.

Using leks as the sample units, I regressed Overall Change against Drill Dist, Well Dist,

Road Dist, Well Occupied5, and Road TotalLength3 independently. General relationships