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EXECUTIVE SUMMARY


We conducted population viability analyses of greater sage-grouse for the Bureau of Land Management, to provide decision support for land use planning.  We analyzed the effects of different levels of oil and gas development and different levels of agricultural tillage on sage grouse lek counts, for years with West Nile virus (WNv) outbreaks and for years without.  We also assessed the potential of grazing as a sage-grouse management tool by quantifying the relationships between grass height, nest success and population growth.  Our general conclusions are applicable to Management Zone I, south of U.S. Highway 2.  Our quantitative results focus on three focal areas of interest to the Miles City Field Office: they are the Cedar Creek Anticline (CCA), Carter and Haxby sage grouse areas.  

The three focal areas contain WNv, but have otherwise divergent profiles with respect to current and potential stressors to sage-grouse populations.  Cedar Creek Anticline is already heavily developed for oil and gas extraction, containing an average of 1 well per 364 ac within a 9 mi radius of each lek, and further development is imminent.  Tillage in this area is negligible.  Haxby currently contains an average of 4% tillage and no wells in the vicinity of leks.  The primary threat in this area is a potential increase in tillage.  Carter is largely undeveloped, both in terms of tillage and oil and gas wells, but has large potential for both.  Notably, Carter is 5-7 times the size of the other areas.  

Land use planning must be geared toward preserving sage-grouse in WNv outbreak years, as the disease causes extreme mortality events in this species. Lek counts in relatively intact landscapes such as Haxby and Carter are predicted to drop by approximately 25% when birds are subject to an outbreak.  The negative, synergistic effect of WNv and oil and gas development is evident in the 62% decline that is predicted with an outbreak in CCA.  Should CCA or Carter be developed to 160 ac spacing throughout—that is, to an average of 160 ac spacing within 9 mi of all leks—we predict the increased level of development combined with a WNv outbreak to precipitate a 95% drop in lek counts.   West Nile virus also exacerbates the effects of tillage on sage-grouse.  An increase to 10% tillage in Haxby or Carter, combined with a disease outbreak is predicted to result in a 40-50% decrease in lek counts; while an increase to 20% tillage is expected to result in 60-70% declines. 

Areas with few human impacts and large numbers of sage-grouse contain a mixture of different sized leks.  As human impacts increase and total sage-grouse numbers decrease, the landscape no longer maintains larger leks.  In our simulated populations, large leks (> 25 males) were lost when populations had decline by 42-76% from their predicted size without energy development or tillage.  Disappearance of leks >10 males occurred when declines reached 77-94%.  We consider the presence of large leks to be a leading indicator of population status.  As of last count, CCA contained no leks > 25 males.

Planning units for sage-grouse must be large, at least the entirety of a focal area.  Small and isolated populations are difficult to conserve, and the large-scale impacts of energy development may exacerbate this problem.  We detected the effects of oil and gas development most strongly at the largest scale we tested, a 273 mi2 area around each lek.  Conversely we most strongly detected the effects of tillage at the smallest scale we tested, a 1.2 mi2 area.  The small-scale effect of tillage, and its modest influence on sage-grouse numbers (absent a WNv outbreak) are likely due to the lack of tillage in Management Zone I, at large.  The magnitude of tillage impacts, and the scale at which those impacts are felt, will change if the overall landscape changes.  Should extensive tillage prevail in Management Zone I, we expect the effects on sage-grouse to be far more devastating than can be predicted by analysis of current data.

The effects of grazing management on sage-grouse have been little studied, but correlations between grass height and nest success suggest that grazing may be one of the few tools available to managers to enhance sage-grouse populations. Our analyses predict that already healthy populations may benefit from moderate changes in grazing practices.  For instance, a 2 in increase in grass height could result in a 10% increase in nest success, which translates to an 8% increase in population growth rate.  Managing grass height in otherwise intact sagebrush habitat deserves further research; however, grazing management holds little promise in highly impacted landscapes, because research to date suggests that benefits of grass structure at nest sites are secondary to other habitat features.
INTRODUCTION


Energy development and increased food demand will greatly increase the cumulative human impacts on public lands in coming years throughout the West (McDonald et al. 2009).  Cumulative impacts are the long-term or permanent negative effects of transmission lines, oil and gas developments, surface mining, tillage, roads and other forms of human infrastructure on the land and its resources.  Cumulative impacts present trade-offs in management because public lands lose much of their conservation value following human development (Bottrill et al. 2008, 2009).  Given the magnitude of anticipated impacts, identifying and prioritizing lands with low human disturbance is critical for the Bureau of Land Management (BLM) to follow its multiple use mandate (Federal Land Policy and Management Act 1976) by conserving some areas while developing others.  The management challenge will be to site future developments away from large, intact landscapes that still maintain biological functions and support other natural resources (Kiesecker et al. 2010).


The sagebrush (Artemisia spp.) ecosystem in the West is representative of the struggle to maintain wildlife populations in a landscape that bears the debt of our ever-increasing demands for natural resources (Knick et al. 2003).  The greater sage-grouse (Centrocercus urophasianus; hereafter ‘sage-grouse’) is considered a landscape species, in that it requires large, intact expanses of sagebrush habitat to maintain robust populations (Connelly et al. 2010).  As a result, the sage-grouse has become a focal species for conservation in the West, and the size of breeding populations is often used as an indicator of the overall health of the sagebrush ecosystem (Hanser and Knick 2010).  Loss and degradation of sagebrush habitat has resulted in at least a four decade long sage-grouse decline (Garton et al. 2010, Connelly et al. 2004), and extirpation of the species from 46% of its original range (Schroeder et al. 2004).


Eastern Montana provides habitats that support focal populations of sage-grouse (Doherty et al. 2010).  The recent surge in agricultural tillage and energy development has resulted in rapid, large-scale changes in portions of eastern Montana, and a growing recognition of the need to fully understand and monitor potential impacts to wildlife populations.  The potential for management to influence populations is large, and options vary from no conservation-oriented action to major land use changes, including curtailing energy development, providing incentives to remove farmlands from cultivation, modifying grazing strategies and manipulating water sources to reduce disease risk.  


Reliable knowledge is fundamental to adaptive management because science provides the biological basis for managers to anticipate and plan for desired future conditions.  The goal of management-oriented science is to connect the dynamics of focal species, either likelihood of extirpation or potential for recovery, to actions that managers can implement on the ground to maintain or enhance populations.  In practice, however, land management actions are oftentimes implemented without any clear connection to how those actions affect the dynamics of the wildlife population of interest.  This is particularly true when managers must try to counteract cumulative impacts, because the science on which this management is based often does not capture how population status and habitat availability have changed over space and time.  Because current conditions are easiest to use as a baseline for comparison, the cumulative impacts of past decades are often discarded.  Furthermore, the disparity between the scale of individual management actions and the scale at which populations respond is a persistent problem in understanding cumulative impacts on population viability (Schultz 2010).  Thus, for management-oriented science to be of maximum use, it must be conducted at a spatial scale that captures populations responding to multiple stressors and management actions, and it must capture the accumulation of these impacts over time.  


This report links sage-grouse counts and population dynamics with stressors and management actions to evaluate the viability of populations under future land use scenarios.  Our objectives were to use lek count data and demographic information from marked birds to 1) evaluate current viability of sage-grouse populations in eastern Montana, 2) formulate potential and realistic future management scenarios for populations and 3) simulate these management scenarios to evaluate future viability of populations to provide decision support to BLM officials at field office, state and national levels.


We used lek count data from throughout Management Zone I to apply to three focal areas that exhibit divergent profiles of exposure to energy development and tillage (Figure 1 and Table 1) interacting with West Nile virus (WNv, Flaviviridae, Flavivirus).  To maximize our ability to provide management recommendations, we conducted a second analysis to evaluate the potential effects of grazing management on sage-grouse populations, based on range-wide demographic data from marked birds. With this multi-pronged approach we captured the variability in the response of grouse to stressors and management actions, providing high portability in application to other similar BLM planning units.

Literature Synthesis


Oil and gas development, tillage and disease (WNv) are the primary large-scale factors impacting sage-grouse populations in Montana and across the species’ eastern range.  Grazing is among the most common land use practices in the West, and may be either detrimental or beneficial, depending on particulars of the grazing management (Beck and

Mitchell 2000).  Collectively, these factors represent large-scale stressors that limit populations, and options available to managers to maintain and enhance bird numbers on public lands.  Here we synthesize the current scientific literature to provide readers with an understanding of the biological response of sage-grouse populations to each of these factors.


Oil and Gas Development.  Oil and gas (energy) development has emerged as a range-wide issue in conservation because areas being developed contain large sage-grouse populations (Connelly et al. 2004) and other sagebrush obligate species (Knick et al. 2003).  Breeding sage-grouse populations are severely impacted at oil and gas well densities commonly permitted in Montana and Wyoming (Naugle et al. 2010).  Impacts are indiscernible at < 1 well per mi2, but above this threshold, lek losses are 2-5 times greater inside than outside of development, and abundance at remaining leks declines by 32 to 77% (Doherty et al. 2010).  Magnitude of losses vary from one field to another, but impacts are universally negative and typically severe (Harju et al. 2010).  High site fidelity, but low survival of adult sage-grouse combined with lek avoidance by younger birds (Holloran et al. 2010) results in time lags of 3-4 years between onset of development activities and local extirpation (Holloran 2005, Walker et al. 2007).  Energy development also impacts sage-grouse habitats and vital rates outside the breeding season away from leks.  Risk of chick mortality is 1.5 times higher for each additional well site visible within 0.6 mi of brood locations compared to random locations (Aldridge and Boyce 2007), and sage-grouse avoid otherwise suitable winter habitat disturbed by energy development (Doherty et al. 2008, Carpenter et al. 2010).

Tillage.  Agricultural tillage is a range-wide stressor to sage-grouse populations (Connelly et al. 2004) that is most pronounced at northern latitudes (Aldridge et al. 2008).  Recent changes to the U.S. Food Security Act, coupled with increased commodity prices of grains to meet the demand for biofuels, threatens remaining arable lands as tillage becomes more profitable than ranching (Fargione et al. 2009).  Large-scale tillage continues to fragment the once vast tracts of sagebrush dominated grasslands that sage-grouse require for each stage of their life history.  Population declines after tilling are known in Montana (Swenson et al. 1987), North and South Dakota (Smith et al. 2005, Tack 2009) and the state of Washington (Schroeder et al. 2000).  Disturbance from tillage likely reduces the availability of nesting sites (Holloran et al. 2005), causing females to shift to undisturbed areas, thus decreasing lek size if males recruit to leks outside the disturbance to increase the likelihood of intercepting receptive mates (Holloran et al. 2010).  Tillage risk is high in Montana where 58% of active leks (n = 430) are located on private lands (Tack 2009).  In Montana, large leks (> 25 males) are 4.5 times less likely to occur than small leks when tillage fragments 21% of land within a 0.6-mi radius of breeding sites (Tack 2009).


West Nile Virus.  West Nile virus emerged as a threat to sage-grouse in 2002 and is now an important new source of mortality in low and mid-elevation populations throughout the West (Walker et al. 2010).  West Nile virus simultaneously reduces juvenile, yearling, and adult survival, three vital rates important for sage-grouse population growth.  Persistent low-level WNv mortality, combined with severe disease outbreaks, results in local and regional population declines (Naugle et al. 2004, 2005).  Mortality from this disease reduces growth rate of susceptible populations by an average of 6-9% per year (Walker et al. 2010), and lab experiments show 100% mortality following infection (Clark et al. 2006).  Resistance to WNv in the wild is low (Walker et al. 2007) and is expected to increase slowly over time (Walker et al. 2010).  Eliminating mosquito breeding habitat from anthropogenic water sources is crucial for reducing impacts (Zou et al. 2006).  Better range-wide data are needed on geographic and temporal variation in infection rates, mortality, and seroprevalence.  Small, isolated and peripheral populations are most at risk, particularly those at lower elevations, and those experiencing large-scale increases in distribution of surface water (Walker et al. 2010).


Grazing.  The future of western rangelands is in developing partnerships that help keep sustainable grazing the prevailing land use on public and private lands (Krausman et al. 2009).  Public land managers recognize the importance of top-down strategies that conserve entire landscapes because the scale at which conservation practices are implemented must match the scale of anthropogenic change that threatens populations.  Reversing game bird population declines is an example of landscape level conservation that will require regional management of remaining usable space (Williams et al. 2004).  
Grazing should not be wrongly classified with other detrimental land use practices that overwhelm management of remaining habitat fragments; rather, grazing is a management tool that depending on its application can be detrimental or beneficial to sage-grouse (Beck and Mitchell 2000).   Whether grazing impacts are positive or negative depends on timing and intensity of grazing, and which habitat component is being considered (Beck et al. 2000).  For example, light to moderate cattle grazing has been shown to increase forbs eaten by grouse and to induce grouse to use dense, grassy meadows.  Conversely, heavy grazing reduces herbaceous cover and promotes invasion by undesirable species, while herbicide application to increase grass production reduces or removes usable sage-grouse habitat (Crawford et al. 2004, Beck and Mitchell 2000). Guidelines describing height and density of herbaceous cover necessary to maintain productive habitats are available for many sage-grouse populations (e.g., Connelly et al. 2000), and decreased herbaceous cover in otherwise suitable habitat is associated with reduced nest success (Holloran et al. 2005, Kaczor 2008), a demographic rate that exerts substantial influence on sage-grouse population growth (Walker and Naugle 2010).  
However, little experimental research has been conducted to provide insights into which conservation practices promote the natural heterogeneity of rangelands to benefit sage-grouse.  Most contemporary studies lack experimental controls, are too short in duration, or fail to collect pre-treatment data.  The best available experimental evidence supports reduced grazing as a conservation practice to recover a declining population of black grouse (Tetrao tetrix) in northern England (Calladine et al. 2002).  Black grouse numbers averaged 6.3% higher per year and brood survival was 22% higher at sites with reduced grazing than in normally grazed reference sites.  This study demonstrated that degradation of habitats for black grouse by intensive grazing is reversible and that manipulation of grazing regimes can contribute to conservation (Calladine et al. 2002).  Wildlife managers in Montana readily acknowledge the importance of sustainable grazing to conservation because ranchers that remain profitable are less likely to convert native plant communities to cropland (Licht 1997, Higgins et al. 2002).  Measuring sage-grouse response to grazing systems is a priority for all parties interested in maintaining rural ways of life and in conserving healthy sage-grouse populations on working ranches in the West.

METHODS

Focal Areas and Study Region


The three focal areas of our analyses—Cedar Creek Anticline, Haxby and Carter sage-grouse areas—are of particular management interest to the BLM’s Miles City Field Office. These focal areas (Figure 1) differ in size, number of sage-grouse remaining during recent lek counts, current stressors (Table 1) and predicted future stressors.  Cedar Creek Anticline (CCA, Figure 2), on the Montana-North Dakota border, is the smallest of the three areas, encompassing 780 mi2 which are already heavily developed for oil and gas extraction.  Haxby (Figure 3) is 1.4 times the size of CCA (1090 mi2), with tillage being the primary stressor to sage-grouse populations.  The Carter sage-grouse area (Figure 4) is almost seven times as large as CCA (5200 mi2), including not only Carter County itself (the southeastern-most county in Montana) but also parts of neighboring counties in Montana and South Dakota.  Carter is largely undeveloped, both in terms of tillage and oil and gas wells, yet has large development potential for both.  West Nile virus has been documented in sage-grouse in Montana, Wyoming and the Dakotas (Naugle et al. 2004, Naugle et al. 2005, Walker et al. 2004, Walker and Naugle 2010) and has been documented in humans in the three specific areas of interest (Centers for Disease Control 2004).


Because the focal areas vary dramatically in the extent to which the stressors of interest occur, we based our analyses on a larger study region, and were thus able to capture the effects of multiple stressors on sage-grouse populations.  For our viability analyses based on location of stressors and nearby counts of breeding males, the study region that provided the strongest foundation was the portion of Management Zone I that lies south of US Hwy 2 (Figure 1, Table 1).  We relied on data throughout this region because it encompasses the three focal areas, contains a wide range of stressors and is composed of habitat similar to that found in the focal areas.  This habitat is largely dominated by Wyoming big sagebrush (Artemisia tridentata wyomingensis), with grass cover typical of the eastern portion of the sage-grouse range.  We divided our study region into five supporting areas, based on the Western Association of Fish and Wildlife Agencies (WAFWA) subpopulation designations (Connelly et al. 2004).  Our supporting areas (followed by the WAFWA subpopulation name) are as follows: north-central MT  (north-central MT), central MT (central MT), eastern MT (eastern interior MT/northeast tip WY), Dakotas (MT/ND northwest SD) and Wyoming (northeast WY/southeast MT and Fall River SD/eastern edge WY).  We combined the latter two because of the small size of the Fall [image: image1.jpg]


River subpopulation and its proximity to the northeast WY/southeast MT subpopulation.


[image: image2]


Table 1. Number of lek complex centers used in analysis from a) focal areas and b) supporting areas.  Leks are categorized by presence of wells within best fit scale (9.3 mi. radius) and presence of tillage within best fit scale (0.6 mi. radius) [see Results].  
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Figure 2.  Lek complex centers, oil and gas wells and tillage in Cedar Creek Anticline. 
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Figure 3. Lek complex centers, oil and gas wells and tillage in Haxby.  
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Figure 4. Lek complex centers, oil and gas wells and tillage in Carter.

Data on vital rates (i.e. demographic rates such as survival and nest success) do not exist from any of the 3 focal areas.  Furthermore, while numerous intensive studies have collected such data, these studies have been located erratically across the species’ range.   As a result, for analyses based on vital rates, we capitalized on data from across the sage-grouse range.
Analytical Approaches to Assessing Viability


Two methods are typically used to assess management actions or external stressors on viability, thereby connecting management to the dynamics, persistence, and recovery of wildlife populations (Morris and Doak 2002, Mills 2007).  As indicated above, we used both approaches to extract the most information out of the available data, and to maximize guidance for managers. The first, count-based approach, correlates management actions or stressors in a given area with population size or growth rate via counts of individuals in that area.  The second, vital rate-based approach, connects management actions or stressors to the vital rates of birth and death, and uses the vital rates to project population size or population growth rate.
Count-based Approach.  In the case of sage-grouse, an index of population size that provides a useful measure for analysis is recent lek counts, that is the recent counts of males who congregate on breeding grounds across the study region.  The main stressors to sage-grouse—tillage, energy development, and WNv—can all be mapped at the same scale as the lek count data.  By using lek counts, we took advantage of the most broadly available data on sage-grouse populations, used them to form spatially explicit relationships with land uses across the study region, and then applied these relationships to the focal areas. 
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While count-based approaches sometimes associate stressors with population growth rate, we associated stressors with the lek counts, which are an index to population size.  Population growth rate, derived from time series of lek counts over multiple years (e.g. Garton et al. 2010), is inappropriate in this case for two reasons.  First, the time series of counts in the region are short and inconsistent.  For example, despite a recent surge in lek counting effort, most lek complex centers have been counted 3 or fewer times over the last 7 years (Figure 1).   Second, selecting leks that were counted frequently enough to be [image: image10.png]L0
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used as a time series would fail to capture dynamics on random or representative leks, as larger leks are counted in more [image: image11.png]LSA r-squared
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years than are smaller leks (Figure 5), and these larger leks are likely subject to fewer stressors than are smaller leks.  Because of these problems with time series and population growth rate for our purposes, we associate stressors with the most recent sage-grouse lek count in an area since 2002, the time that WNv was first detected.
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We defined a sage-grouse lek as a site where multiple males have been recorded displaying on multiple visits (Walker et al. 2007).  Because leks often occur in complexes, that is multiple leks within 1.6 mi (2.5km) of each other, we defined the largest and most regularly monitored lek in the group as the complex center (Connelly et al. 2004).  We used the count from each complex center to represent the entire complex, eliminating from the database the counts from the smaller and less monitored satellite leks.  Hereafter, the term ‘lek’ refers to the sample unit of our analyses, which includes complex centers and single leks that were not part of a complex.  
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Although some lek counts in our study area go back to the 1950s, we used counts from 2003 to present, for two reasons.  First, monitoring effort of sage-grouse leks increased greatly in the late 1990s and early 2000s; post-2002, the data were more intensive, more extensive, and more comparable to each other compared to pre-2002 (Figure 6a).  Secondly, WNv was first detected in 2002 in the states of Montana and Wyoming (Figure 6b).  Because leks are counted in early spring, but most WNv transmission occurs in late summer, effects of the disease could not have been apparent in lek counts until spring, 2003.  By confining our analyses to post-2002 counts, we ensured that it was possible for all birds counted to have been exposed to WNv.[image: image15.jpg]Cedar Creek Anticline Focal Area
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For each lek in our dataset, the count used for analysis was the most recent year’s count, even if it was zero.   Some leks with a positive count were discovered after 2002, and some leks with a zero count became inactive before 2003.  A pervasive problem in management oriented analyses is that they often focus exclusively on current or recent conditions, and therefore fail to capture long-term cumulative impacts (Schultz 2010).  In light of this, we found it particularly important to retain inactive leks in the analyses because most tillage in eastern Montana occurred before 2002.  Furthermore, had we eliminated leks that went inactive before 2003, but retained leks discovered after 2002, we would have created a positive bias in the leks counts, as leks can be discovered only if they are active.  If a lek was counted multiple times within a year, we used the maximum count for that year.  Whenever possible, we verified accuracy of lek data with the appropriate agency personnel to resolve discrepancies, such as inconsistent dates or locations. We eliminated from analyses any leks where these discrepancies could not be resolved, as well as any leks that were known to be destroyed by subdivision or mining.   

Stressor variables linked to lek counts included oil and gas development, tillage and WNv.  Energy development was quantified for active leks by the density of producing oil and gas wells near the lek as of April 1 in the year of the most recent count, and for inactive leks, by the density of producing wells near the lek as of April 1 in the year of the first zero count. We quantified tillage as the proportion of tilled lands near the lek in 2004, the year of best available map coverage.  Because sage-grouse are likely to respond to these stressors differently when they occur at different distances from the lek, we calculated the well density and proportion of tillage within the following radii of leks: 0.6 mi (1.0 km), 2.0 mi (3.2 km), 3.1 mi (5 km), 6.2 mi (10 km), and 9.3 mi (15 km).  The 0.6 mi scale represents processes that impact breeding birds at or near leks (Walker et al. 2007); the 2 mi scale is used by agencies to apply drilling restrictions on state and federal lands, and the 9 mi scale should contain over 95%  of nests of female grouse associated with the lek (Holloran and Anderson 2005, Tack 2009).  Of course, these scales cover vastly different areas:  the 0.6 mi scale corresponds to a 1.2 mi2 area centered on the lek, whereas the 9 mi scale corresponds to a 273 mi2 area.


West Nile virus outbreaks in sage-grouse were documented in the summers of 2003 (Naugle et al. 2005, Naugle et al. 2004, Walker et al. 2004) and 2007 (Walker and Naugle 2010) in intensively studied populations in Montana, Wyoming, and South Dakota.  Because these outbreaks had the potential to affect spring 2004 and 2008 lek counts, respectively, we assigned positive outbreak status to each lek whose count used in the analyses occurred in 2004 or 2008.  Although the rest of the document will refer simply to ‘WNv outbreak’ years, we note that other environmental variables (e.g., drought, low grass height) may have been associated with those years and may partly explain the population-level effects that occurred during WNv outbreak years.



Most lek-based analyses include variables describing sagebrush cover (Aldridge et al. 2008); however, ours did not because of the poor quality of sagebrush mapping products in Montana.  For example, the sagebrush maps used in Bradley (2010) indicated almost no sagebrush in the state of Montana, an obviously wrong result based purely on the poor quality of Montana’s sagebrush maps.  Finally, we note that bentonite mining, a potentially important land use in the Carter area, could not be quantified because mine locations have not been mapped and identified as such (Paul Thale, Montana Bureau of Mines and Geology, personal communication).  

The lek count data were analyzed in three steps.  First, we determined the scale of greatest impact for tillage; second, we determined the scale of greatest impact for oil and gas development; and third, we conducted a multiple regression of male counts against the proportion of tillage at its chosen scale, the density of oil and gas wells at its chosen scale, and a factor variable indicating whether or not the count was associated with a WNv outbreak.  Focal and supporting areas were allowed to have their own intercepts.   We used a zero-inflated negative binomial error structure (Bolker 2008), Akaike’s information criterion (Burnham and Anderson 1998) and likelihood ratio tests (Casella and Berger 2002).  Detailed methods are provided in Appendix I.
Vital Rate-based Approach.  To maximize the information we could provide to managers, we also used the second main type of viability analysis, the vital rate-based approach.  This method begins with the mechanistic pieces that determine population dynamics, vital rates such as survival and nest success, and uses those to project population dynamics through time.  These models also demonstrate the relative importance of different vital rates in influencing population dynamics, and how management actions that change vital rates are expected to change population dynamics, probability of extinction or probability of recovery. 
We conducted two related analyses using this model.  First, we asked how the positive correlation between grass height in sagebrush habitats and sage-grouse nest success (Holloran et al. 2005, Kaczor 2008) would translate into changes in population growth rate.  Specifically, we used quantitative data from the Powder River Basin (K. E. Doherty, unpublished data, Figure 7) to estimate the average increase in nest success that would occur under a realistic increase in grass height, from 8 to 10 inches (20 to 25 cm). We then used the vital rate model to estimate how that change in nest success would affect population growth rate.  Although studies have not directly tested whether other vital rates are also positively affected by grass height, the anecdotal
possibility that chick survival and adult survival may also improve led us to compare those rates to nest success.  Thus, we explored how much survival rates would need to change to achieve the same population increase obtained by changing nest success.  Importantly, due to availability of vital rate estimates from field studies, the rates used in our models are representative of healthy populations.  We emphasize that these analyses demonstrate how grass height management might enhance healthy sage-grouse populations; it is inappropriate to believe that grazing management can offset major landscape level stressors such as energy development. 

The second vital rate-based analysis we conducted was a broad-scale sensitivity analysis (Mills 2007) to explore which vital rates are most important to sage-grouse population growth.  Using the mean vital rates and their variances, we generated 10,000 replicate matrices, each representing the vital rates from a sage-grouse population.  For each vital rate we calculated two metrics that measure that rate’s importance to population growth.  The first metric is analytical sensitivity, the change in population growth rate that would occur per unit change in that particular vital rate.  The second is the R2 from a Life Stage Simulation Analysis (Wisdom et al. 2000), representing the proportion of the variation in population growth rate that can be explained by variation in that particular vital rate, as opposed to all the other vital rates.  Details on the vital rate model and the estimates used to parameterize it are given in Appendix III.
RESULTS

Count-based Approach
We successfully linked oil and gas development, tillage, and WNv to recent counts of sage-grouse throughout the study region.  By building the models with data from throughout the study region, and then applying the models to the three focal areas (Carter, CCA, and Haxby), we developed robust predictions of present lek count numbers, past numbers that would have been likely before the influence of stressors, and future numbers that would be likely under different management scenarios.  Underscoring the success of this approach is that the predicted male lek counts, based purely on the model, are consistently within 0 to 5% of the actual lek counts for all three focal areas (Figure 8).  For example, our model predicted a total of 265 males at CCA and there were 251 males actually counted at leks.  Likewise, predicted versus observed numbers were 487 and 487 at Haxby, and 1363 and 1311 at Carter.  Our model’s estimates of the number of leks in small, medium and large size categories was also highly predictive, with correct classification rates of 93% at CCA, 81% at Haxby and 95% at Carter (Appendix IV).  In short, we have high confidence that the use of the data from throughout the study region (Figure 1 and Table 1) to link stressors to abundance is useful in making inferences about processes at the three focal areas.  
Effects of Stressors.  If we dial to zero the amount of a stressor such as tillage or energy development in focal areas that currently have that stressor, we are, in practice, asking what the lek counts would have been in that area at a time in the past, before the stressor occurred.  For simplicity, we can consider a range of possibilities from ‘bad’ to ‘good’ years, with WNv outbreak being the primary driver of bad years.  Thus, under predicted past conditions without energy development or tillage, expected male counts at the three focal areas would be: CCA, 280-345 (Table 2); Haxby, 443-505 (Table 3); and Carter, 1046-1383 (Table 4). 


The differences between lek count numbers in this hypothetical past compared to the present depends on the nature and magnitude of the stressors currently extant in the focal areas (Tables 2-5 and Appendix V).  Of the three focal areas, CCA is the most heavily developed with oil and gas, and it shows the largest decrease in lek counts (23 to 64%) from a time without these stressors to the present. (Again, the range captures good to bad years).  By contrast, Haxby, with only agricultural tillage present, is expected to have lek counts now 4 to 14% smaller than in the past with no tillage.  Finally, Carter, whose present condition has very limited amounts of oil and gas, and tillage, would have counts 1 to 5% smaller now than with no stressors.   Scenarios where any of the focal areas were exposed to hypothetically intensive energy development (e.g. 1 well pad per 40 or 80 ac), led to extreme reductions in total male count and elimination of virtually all leks > 10 males (Tables 2-4).  In short, energy development emerged as a severe stressor to sage-grouse, with effects substantially greater than those of agricultural tillage.


One of the reasons for the differential impact of energy versus tillage may be the different spatial scales at which each impact is operating.  Across the study region, oil and gas impacts to a lek were most apparent at the largest spatial scale investigated (9.3 mi radius, 273 mi2 area) (Appendix II, Table 1).  These large effects of oil and gas mask the smaller and more localized impacts of tillage.  When effects of oil and gas are accounted for, impacts of tillage are most apparent within 0.6 mi of a lek (Appendix II, Table 2).


The direct and striking effects of energy development on sage-grouse lek counts are exacerbated by periodic disease outbreaks.   The rate at which lek counts decline with increasing well density in CCA and Carter becomes more severe in the presence of WNv outbreaks (Figure 9).   In Carter (Table 4), even in the absence of a WNv outbreak, increasing wells from their current density to 160 ac spacing would be expected to cause a 44% decrease in total lek count ((1-[767/1363]) x 100) and to a loss of all but one large lek (> 25 males).  Following a WNv outbreak, the same increase in well density would lead to a 97% decrease in the total male count ((1-[46/1363]) x 100), the loss of all large leks, and the loss of all but 1 lek with > 10 males.   Although CCA (Table 2) is already highly developed, with lower lek counts and therefore less room to decline, the same patterns hold.  Increasing well density in CCA from the current average spacing (364 ac spacing) to 160 ac spacing would decrease total lek counts by 32% without WNv ((1-[180/265]) x 100) and by 94% with WNv ((1-[16/265]) x 100).  In the latter case, only 2 leks are expected to remain, each containing < 11 males.
Table 2. Predictions for CCA with increasing oil and gas developmenta.  ‘Past conditions’ refers to previous levels of energy development.
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Without WNv Outbreak
	
	With WNv Outbreak

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Acre Well 
	Total Male
	% of Original
	Number of leks within size category
	
	Total Male
	% of Original
	Number of leks within size category

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Spacing 
	Count
	Count
	0
	1 to 10
	11 to 25
	> 25
	
	Count
	Count
	0
	1 to 10
	11 to 25
	> 25

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Past Conditions
	
	Past Conditions

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	None
	345
	100
	7
	11
	9
	4
	
	280
	81
	11
	9
	7
	3

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	640
	299
	87
	5
	13
	9
	2
	
	164
	48
	16
	7
	5
	1

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Present Conditions
	
	Present Conditions

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	364 b
	265
	77
	5
	15
	8
	2
	
	100
	29
	20
	6
	3
	1

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Future Scenarios
	
	Future Scenarios

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	160
	180
	52
	4
	21
	5
	0
	
	16
	5
	28
	2
	0
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	105 c
	121
	35
	5
	23
	2
	0
	
	2
	1
	29
	1
	0
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	80
	83
	24
	6
	23
	1
	0
	
	0
	0
	30
	0
	0
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	40
	16
	5
	19
	11
	0
	0
	
	0
	0
	30
	0
	0
	0


a Predictions for CCA assume no tillage.
bCurrent average well spacing surrounding CCA leks is 364.

c Maximum well spacing within 9 mi of any Management Zone I lek is 105: we extrapolate with caution to the 40-80 ac spacings. 

Table 3.  Predictions for Haxby with increasing tillagea.  ‘Past conditions’ refers to absence of tillage.

	Without WNv Outbreak
	
	With WNv Outbreak

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	%
	Total Male
	% of Original
	Number of leks within size category
	
	Total Male
	% of Original
	Number of leks within size category

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Tilled
	Count
	Count
	0
	1 to 10
	11 to 25
	> 25
	
	Count
	Count
	0
	1 to 10
	11 to 25
	> 25

	Past Conditions
	
	Past Conditions

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	0
	505
	100
	6
	17
	14
	5
	
	443
	88
	10
	15
	12
	4

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Present Conditions
	
	Present Conditions

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	4
	487
	96
	6
	17
	14
	5
	
	380
	75
	11
	16
	11
	3

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Future Scenarios
	
	Future Scenarios

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	10
	461
	91
	7
	17
	13
	4
	
	302
	60
	13
	18
	10
	2

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	20
	419
	83
	9
	18
	12
	4
	
	204
	40
	15
	20
	6
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	30
	378
	75
	10
	18
	11
	3
	
	136
	27
	18
	21
	3
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	40
	338
	67
	12
	18
	10
	2
	
	90
	18
	21
	20
	1
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	50
	299
	59
	14
	17
	9
	2
	
	58
	11
	25
	17
	0
	0


aPredictions for Haxby assume no oil and gas development.

	Table 4.  Predictions for Carter with 0 to 1% tillage and increasing oil and gas development. ‘Past conditions’ refers to absence of tillage and energy development.


	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Without WNv Outbreak
	
	With WNv Outbreak

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Acre Well 
	Total Male
	% of Original
	Number of leks within size category
	
	Total Male
	% of Original
	Number of leks within size category

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Spacing 
	Count
	Count
	0
	1 to 10
	11 to 25
	> 25
	
	Count
	Count
	0
	1 to 10
	11 to 25
	> 25

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Past Conditions, No Tillage
	
	Past Conditions, No Tillage

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	None
	1383
	100
	40
	43
	37
	15
	
	1047
	76
	62
	33
	28
	11

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Present Conditions, 1% Tillage
	
	Present Conditions, 1% Tillage

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	33294 a
	1363
	99
	40
	43
	36
	14
	
	992
	72
	64
	33
	27
	10

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Future Scenarios, 1% Tillage
	
	Future Scenarios, 1% Tillage

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	640
	1213
	88
	33
	55
	36
	10
	
	543
	39
	87
	26
	16
	4

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	160
	767
	55
	22
	90
	21
	1
	
	46
	3
	127
	6
	1
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	105 b
	525
	38
	23
	102
	9
	0
	
	6
	0
	133
	1
	0
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	80
	365
	26
	29
	102
	3
	0
	
	1
	0
	133
	1
	0
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	40
	73
	5
	84
	50
	0
	0
	
	0
	0
	134
	0
	0
	0


a Current average well spacing surrounding Carter leks is 33294.

bMaximum well spacing within 9 mi of any Management Zone I lek is 105: we extrapolate with caution to the 40-80 ac spacings. 
	Table 5.  Predictions for Carter with 10 to 20% tillage and increasing oil and gas development.
.

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Without WNv Outbreak
	
	With WNv Outbreak

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Acre Well 
	Total Male
	% of Original
	Number of leks within size category
	
	Total Male
	% of Original
	Number of leks within size category

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Spacing 
	Count
	Count
	0
	1 to 10
	11 to 25
	> 25
	
	Count
	Count
	0
	1 to 10
	11 to 25
	> 25

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Future Scenarios, 10% Tillage
	
	Future Scenarios, 10% Tillage

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	33294 a
	1215
	88
	46
	43
	34
	12
	
	670
	48
	71
	38
	21
	4

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	640
	1096
	79
	38
	55
	34
	8
	
	353
	26
	94
	27
	11
	1

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	160
	712
	51
	25
	89
	19
	1
	
	28
	2
	128
	5
	1
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	105b
	492
	36
	25
	101
	8
	0
	
	4
	0
	133
	1
	0
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	80
	344
	25
	31
	100
	2
	0
	
	0
	0
	134
	0
	0
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	40
	69
	5
	85
	49
	0
	0
	
	0
	0
	134
	0
	0
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Future Scenarios, 20% Tillage
	
	Future Scenarios, 20% Tillage

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	33294 a
	1058
	77
	53
	41
	30
	10
	
	428
	31
	80
	40
	13
	1

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	640
	969
	70
	44
	54
	30
	6
	
	217
	16
	101
	27
	6
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	160
	652
	47
	28
	88
	16
	1
	
	16
	1
	130
	4
	0
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	105b
	457
	33
	28
	100
	6
	0
	
	2
	0
	133
	1
	0
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	80
	321
	23
	34
	98
	2
	0
	
	0
	0
	134
	0
	0
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	40
	65
	5
	87
	47
	0
	0
	
	0
	0
	134
	0
	0
	0



Figure 9.  The number of males counted in Cater and CCA declines as wells are placed closer together, and the declines become more severe in the presence of a WNv outbreak.  The horizontal dotted line depicts an increase in Carter wells from their current density to 160 ac spacing. The vertical dotted line shows the resulting drop in the total number of males counted in Carter. The 44% decline without a WNv outbreak can be seen where the dotted line crosses the solid line, and the 97% decline with an outbreak is shown where the dotted line meets the dashed line. Figures assume no tillage.
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Figure 10.  The number of males counted in Carter and Haxby declines as tillage increases from 0 to 50%, and the declines become more severe in the presence of a WNv outbreak.  Figures assume no energy development.

Given the extraordinarily negative effects on sage-grouse of increasing energy development in the presence of WNv, and given that elimination of disease is unlikely, the question arises as to how predicted lek counts would change with WNv in the system but without additional energy development.  Predicted counts would be down by 27% in Carter ((1-[992/1363]) x 100) and by 62% in CCA ((1-[100/265]) x 100), compared to the 97% and 94% decreases in the two areas with both WNv and increased oil and gas development.


Although tillage can also have negative impacts, made worse in bad years driven by WNv, the effects are not as striking as those of energy development (Figure 10).  For example, the Haxby population (Table 3) currently experiences 4% tillage, with no energy development.  If that were increased to 10% tillage, the total male count would be expected to fall by 5% in a good year (1-[461/487]) x 100) and 38% in a bad year (1-[302/487]) x 100).  If tillage in Haxby were increased to 20%, the declines would be 14% (1-[419/487]) x 100) to 58% (1-[204/487]) x 100).   In Carter, which currently contains 1% tillage and 33294 ac well spacing, a tillage increase to 10% would lead to 11% (1-[1215/1363]) x 100) to 51% (1-[670/1363]) x 100) declines; an increase to 20% tillage increase would lead to 22% (1-[1058/1363]) x 100) to 69% (1-[428/1363]) x 100) declines (Tables 4 and 5). 

A post-hoc inspection revealed when a lek count was small (1-10 males), as opposed to large (> 10 males) the chance of seeing any males on the lek the next year was reduced (Figure 11a).  As lek size decreased from > 10 males to 5-10 males and then to 1-4 males, the apparent chance that a lek remained active the next year dropped from 97% to 90% to 50%.  We note, however, that this apparent rate of activity is confounded by the combination of a bias in observer effort and unknown attendance rates of male grouse at leks.  Notably, larger leks are more likely than smaller leks to be visited multiple times during a year (Figure 12a), and the chance of seeing males on the lek on at least one visit becomes higher as the number of within-year visits increases (Figure 12b).  

We provided a partial adjustment for this bias by requiring that leks be counted least twice in 2009 to be included in Figure 11b.  In this case, as lek size decreased from > 10 males to 5-10 males to 1-4 males, the apparent chance that a lek remained active the next year dropped from 98% to 90% to 52%.  The consistency of these results suggests that the apparent trend is at least partially driven by true changes in lek activity.  Nevertheless small leks are more likely to appear inactive than large leks because the smaller the number of remaining males, the more likely it is that none would attend on the days the lek was observed.  As true lek size decreases, this confounding becomes more severe, probably contributing to the marked drop in apparent activity rates for leks with 1-4 males versus those with 5-10 males.




Vital Rate-based Approach

Our vital rate analyses indicate that, in unstressed environments, altering grass height through grazing management may be an effective way to increase population growth rate and therefore population size.  An increase in average grass height from 8 to 10 inches increased nest success by 10%, leading to an 8% increase in population growth rate.  The same increase in growth rate could be obtained by increasing female survival by 5% or increasing chick survival by 6% (approximately half the increase required by nest success), indicating that if grazing management positively affected these other vital rates as well as nest success, the management gains would be even greater. The vital rate analyses also indicated that nest success, chick survival, and adult female survival, all rates known or suspected to be improved by grass management, strongly influence population growth (Figure 13).  Adult female survival had the highest mean analytical sensitivity (1.70), chick survival ranked second (1.50), and nest success ranked third (0.89).  In the Life-Stage Simulation Analysis, chick survival accounted for 41% of the variation in population growth rate, female survival accounted for 21% and nest success for 16%.  Collectively, these 3 vital rates accounted for 78% of the variation in population growth rate. 
DISCUSSION

West Nile Virus

Our ability to detect the impact of WNv despite the inherent variability in lek monitoring data is strong evidence of its large effect size.  Two severe outbreak years (2003 and 2007) are known since WNv first appeared in Montana in 2002 (Naugle et al. 2004), and now persistent low-level mortality and periodic, yet severe die-offs are expected (Walker et al. 2010).  Even without increasing other stressors, WNv impacts are predicted to decrease male counts in Carter, the largest and least stressed population in our analyses, to 73% of current numbers ([992/1363] x 100, Table 4 and Figures 9 and 10).
Decision-makers should incorporate disease impacts into resource management plans to account for potentially frequent outbreaks and the extreme susceptibility of sage-grouse to WNv (Clark et al. 2006).  Reducing the threat of WNv by reducing the number of new man-made water sources is a sensible option (Walker et al. 2010).  Although we could try to fight WNv with mosquito control, the cost associated with treating tens of thousands of acres may be prohibitive, and benefits of spraying must be weighed against its likely detrimental effects (Marra et al. 2004).  It is quite probable that we just have to live with lower sage-grouse numbers with WNv as part of the system.
Energy Development and Disease

Even more striking is the severity with which disease exacerbates the cumulative impacts of other stressors.  The CCA (Table 2), a small and declining population already impacted by energy development, currently supports 77% ([265/345] x 100) of its predicted past counts.  In WNv years, with no additional energy development, these numbers would decline to 62% of current counts ([100/265] x 100), which is 29% ([100/345] x 100) of their predicted past counts.  Additional development to 160 ac spacing coinciding with a WNv outbreak would reduce counts to 6% of their current levels ([16/265] x 100) leaving only 16 males split between 2 active leks.  Known time lags may delay the inevitable loss of leks by 2-10 years (Walker et al. 2007, Tack 2009, Harju et al. 2010).  Similar extirpations of small populations following WNv outbreaks have been observed in the field (Walker et al. 2004), and < 70 males remain on active leks following repeated outbreaks in North Dakota (Aaron Robinson, North Dakota Game and Fish Department, personal communication).  Outbreaks in a small population like CCA are likely to reduce its size below a threshold from which recovery is unlikely, and the chance of demographic or genetic rescue by adjacent populations is low (Soule and Mills 1998).
Tillage and Disease


West Nile virus also interacts with tillage.  Haxby (Table 3), a population that supports 96% of its predicted past counts, could be impacted by increasing tillage interacting with WNv.  With no additional tillage, a WNv outbreak is predicted to decrease Haxby counts to 78% ([380/487] x 100) of its current numbers.  Absent a disease outbreak, 20% tillage within 0.6 mi of Haxby leks would decrease counts to 91% ([461/505] x 100) of their current numbers.  The same 20% tillage with a WNv outbreak would reduce counts to 42% ([204/487] x 100), resulting in the disappearance of all large leks (> 25 males). Current levels of tillage in our study region result in localized effects that, by themselves, are unlikely to extirpate populations.  However, intensive and wide-spread tillage beyond the localized effects observed in this study would result in higher rates of loss than those reported here.  Although negative impacts of tillage are intuitive, they are poorly documented because leks are no longer counted in the historic range where tillage is most prevalent and sage-grouse have already been extirpated.  Managers planning for sustainable populations must consider the likely greater effects of large-scale tillage, as well as the multiplicative effects of combining small-scale tillage and disease.
Importance of Large Leks

Analyses predicting the number and size of leks under different management scenarios demonstrate that large leks (> 25 males) only occur in relatively unstressed populations.  Furthermore, under present conditions, more males are counted at large leks in Carter (≥ 350 males, Table 4) than at all CCA leks combined (265 males, Table 2).   The continued presence of large leks is a leading indicator of population status, and their abundance is an important measure for prioritizing proactive management strategies to maintain populations (Doherty et al. 2010).  For example, at tillage levels through 10%, Haxby (Table 3) is predicted to maintain 3 of 5 large leks, even in the presence of a WNv outbreak.  However, disease combined with 20% tillage would cause all large leks to disappear.  Following a WNv outbreak, large leks in Carter County would maintain > 2.5 times as many males as all CCA leks combined (≥ 250 males vs. 100 males, respectively).


Our post-hoc exploration of 2008 and 2009 counts indicated that leks with 5-10 males were 7-8% less likely than larger leks to appear active the following year.  The drop in apparent activity rates was 46-47% when leks with 1-4 males were compared to leks with > 10 males.   However, these apparent activity rates are confounded by unknown male attendance rates and possible sampling bias.  We note that multiple within-year visits are required for statistical analyses to estimate the percent of leks that produced a zero count due to inactivity versus the percent that produced a zero count because the few remaining males did not attend the lek on the day it was observed.  As true lek size, male attendance rates, or both become closer to zero, this confounding becomes more severe, probably contributing to the drop in apparent activity from leks sized 5-10 to leks sized 1-4.  While our explorations did not yield an inactivity threshold, we reiterate the undeniable trend in the data.  Areas that have few stressors and high total lek counts contain a mixture of different sized leks; as stressors increase and total counts decrease, larger leks disappear from the landscape.  
Grazing as a Tool for Enhancing Healthy Populations

Grazing should not be wrongly classified with harmful land uses, but rather as a management tool that, depending on its application, can be beneficial or detrimental to sage-grouse populations (Beck and Mitchell 2000).  The scientific literature is rich with correlative studies documenting the importance of hiding cover to sage-grouse habitat selection (see reviews by Connelly et al. 2000, Crawford et al. 2004).  Missing are viability analyses that identify vital rates that influence population growth and then link important vital rates with habitat features to identify appropriate management actions to enhance populations.  Our viability analyses identified nest success as one of three potential vital rates linking grass height and sage-grouse population growth.  Manipulating nest success with a 2 inch increase in grass height yielded an 8% increase in predicted population growth, suggesting that populations will benefit from moderate changes in grazing practices, one of the few tools available to managers to enhance populations.  Because females commonly raise their broods in areas with taller grass cover than is randomly available (Hagen et al. 2007), our finding that chick survival and adult female survival contribute more than nest success to population growth (Figure 13) suggests that benefits of grazing management could be even greater than what we expect from an increase in nest success.  However, we could not fully estimate the potential benefits of hiding cover to populations due to the lack of field data quantifying the effect of grass height on survival.


Rigorous testing of our grazing predictions across large scales should be a top research priority for partners interested in finding ways to maintain and enhance sage-grouse populations on public and private lands across the species’ range.  Severity of WNv impacts, even in healthy populations, suggests that while managers may be able to enhance populations by increasing grass height, changes in grazing management may simply offset anticipated losses from disease.  We recommend radio-marking samples of birds to detect the potential benefits of grazing management in disease outbreak years (Walker et al. 2010).  

We caution readers that grazing benefits may be realized if stressors do not limit population growth, but that implementing grazing systems in otherwise highly disturbed landscapes almost certainly will not offset impacts of tillage and energy development.  Our reasons are twofold.  First, the vital rate analyses herein are based largely on rates from healthy populations (Appendix III), where researchers typically go to radio-mark an abundance of birds.  This is reflected in our vital rate model’s prediction that sage-grouse populations will grow by an average of 20% per year; it is inappropriate to extrapolate from these types of populations to declining populations.  Second, field studies have shown that greater grass height and cover are associated with greater nest success when other aspects of the habitat are appropriate (Holloran et al. 2005, Kaczor 2008).  However, when comparisons are made across different types of landscapes, residual grass height and cover do not follow a consistent pattern with respect to nest success (Schultz 2004).  In other words, the benefits of grass structure at nest sites appear to be outweighed by other habitat features.
Research Needs

Connectivity.  Maintaining the viability of isolated populations is a long-standing problem in conservation biology.  Sage-grouse follow a pattern of isolation by distance; that is, populations that are closer geographically, tend to be closer genetically, suggesting that individuals rarely move between non-neighboring populations (Oyler-McCance et al. 2005). Because sage-grouse are isolated by distance, conservation efforts should emphasize preserving habitats that cover large areas or connect populations.  Unfortunately, the specific connectivity needs for maintaining viable sage-grouse populations are, as yet, unknown.  While a distance of 11.2 mi (18 km) or less between leks appears to promote connectivity in selected leks in portions of the sage grouse range, we do not know how sage-grouse move through or over a landscape (Knick and Hanser 2010).  Connectivity is clearly a pressing concern for birds on the periphery of the range, but it may also be a problem for non-peripheral populations.  For example, data are absent regarding what connections may be present and required between areas such as Haxby and Carter.  Research on sage-grouse genetics and movement is urgently needed to determine what conservation measures might be required on lands between focal areas, simply to maintain populations within the focal areas.  

Sampling Plan.  All statistical analyses are more defensible, meaningful and robust when data are collected according to a sampling plan.  The most intuitive type of sampling plan specifies that leks be chosen for counting without regard to their size, location or any other attribute.  Naturally, however, some observations yield more informative results than do others.  To make more efficient use of time and money, plans using unequal probability sampling and adaptive sampling do provide mechanisms for choosing leks based on size or other attributes (Thompson 2002, Garton et al. 2007).  Making these choices according to a sampling plan provides a quantifiable piece of the mathematical puzzle that helps to disentangle confounding factors.     
MANAGEMENT IMPLICATIONS


Sage-grouse populations in the Miles City Field Office overlay a planning region with wide-ranging and divergent natural resource values.  The BLM mandate to balance multiple uses on public lands requires that difficult decisions be made regarding where to secure energy resources and where to maintain large, intact habitats on which imperiled species depend.  Our viability analyses predict likely outcomes for different environmental and development scenarios to inform managers responsible for making those tough decisions.  Our findings provide resource managers with the following insights. 

1) Planning units for sage-grouse must be large, at least the entirety of a focal area.


2) Loss of large leks is a warning signal of a declining sage-grouse population.


3) Energy development permitted at more than 1 well pad per section is incompatible with sage-grouse conservation.

 
4) Tillage on private lands often impacts sage-grouse on public lands as a result of checkerboard ownership patterns.  


5) The modest effect of tillage on sage-grouse in eastern Montana is likely due to the general lack of tillage in the landscape, at large.  Effects of tillage will almost undoubtedly worsen if large-scale tillage becomes widespread.

 
6) West Nile virus is a new, yet pervasive and overarching concern that must be considered during land management decisions.
 
7) West Nile virus exacerbates the impacts of oil and gas development and the impacts of tillage.

 
8)  Grazing management has the potential to enhance sage-grouse populations in already healthy landscapes, but not in highly disturbed areas.
Large Areas, Large Populations, Large Leks

Our primary management recommendation is for BLM planning to take place at sufficiently large scales to ensure that lands prioritized for sage-grouse conservation are large enough to maintain populations.  We suggest that each planning unit encompass at least a focal area to account for the far-reaching and cumulative impacts of development (Schultz 2010).  Using individual leks or small groups of leks as the planning unit holds little, if any, chance of conservation success because impacts of energy development are most apparent at large scales (273 mi2 area).


We also suggest that BLM prioritize landscapes with the highest bird numbers as the most important for conservation, so that populations remain resilient to disease outbreaks and other environmental fluctuations.  In general, we recommend prioritizing some landscapes for conservation and others for the types of natural resource use that stress sage grouse populations, to balance the needs of our own species with those of others.  

For the three populations considered here, we rank Carter as the most important for sage-grouse conservation.  At present, this is a comparatively large population with big leks that may be enhanced even further through grazing management.  Additional leasing of public lands that leads to energy development would surely reduce this population and increase its susceptibility to disease.


Haxby covers a smaller area that contains a smaller population than does Carter, but it still maintains large leks, and it is important from a conservation perspective. The threat of tillage means that BLM will have to engage its conservation partners to limit detrimental actions on private lands that would further fragment adjacent public lands.  A jointly funded private lands easement program would be one proactive way to address this management issue.  


The CCA is a small, declining and at risk population that presents the most challenges for sage-grouse conservation.  The BLM may need to either halt energy development here to conserve the last remaining birds, or reprioritize the CCA to facilitate extraction in exchange for increased sage-grouse conservation in the other areas.  Choosing between these options will likely be difficult.  While calculating offsets for sage-grouse conservation (Kiesecker et al. 2009, Doherty et al. 2010) will probably show that reprioritization is the most cost effective strategy  per bird, the connection between sage-grouse in North Dakota and all other sage-grouse is through CCA (Herman-Brunson 2007, Swanson 2009).  As a result, the choice to reprioritize CCA for energy extraction may increase risk of extirpation in North Dakota by further isolating this fringe population.

Portability


General conclusions presented here can be applied to other BLM lands in the study region, that is, in Management Zone I, south of U.S. Highway 2.  This is appropriate for scientific purposes and for management purposes, including the preparation of environmental impact statements and resource management plans, because our model was populated with data from the entire study region.  However, numerical predictions are specific to each of the 8 areas (the 3 focal areas and the 5 supporting areas) because quantitative predictions depend both on the levels of stressors being evaluated and on the starting sizes of all leks in the area.  

We recommend against extrapolating results to geographic areas not included in our analyses, or to conditions beyond what is currently observed in Management Zone I.  In particular, this zone contains relatively little tillage at a landscape scale.  In such a landscape, it is not surprising that a 1 mi2 area can include substantial tillage and still support an active lek.  However, the magnitude of tillage impacts, and the scale at which those impacts are felt, will change if the overall landscape changes.  For example, our model does not apply to a highly tilled region such as northern Montana’s ‘Golden Triangle,’ the productive farming area bounded roughly by Great Falls, Havre and Browning.  Should extensive tillage prevail in Management Zone I, we expect the effects on sage-grouse to be far more devastating than can be predicted by analysis of current data. 
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APPENDICES

APPENDIX I: LEK COUNT ANALYSIS METHODS
Error Structure


We used a regression with a zero-inflated negative binomial (ZINB) error structure to model the relationship between lek counts (the dependent variable of interest) and the stressors of tillage, well density, and WNv.  The zero-inflated negative binomial error structure has two parts: the negative binomial, necessary when counts are highly variable in general; and the zero-inflation, which is used when counts contain a very large number of zeros.  The two part error structure is mathematically necessary for analyzing these lek data, but does not represent a biological distinction between active and inactive leks.
Model Selection


We used model selection to determine which stressors affect sage-grouse lek counts and to determine the best mathematical description of the relationship between those stressors and the lek counts. One of the most commonly used model selection criteria in wildlife ecology is delta AIC (Burnham and Anderson 1998).  The general rules for choosing models based on delta AIC are that the best model under consideration will have a delta AIC of zero; other models that are well supported by the data will have delta AIC’s between zero and two; modestly supported models will have delta AIC’s between two and four, and any model with an AIC greater than four is largely unsupported by the data.


When possible, we also used likelihood ratio tests for model selection, because they produce p-values.  The p-value is the probability the result was obtained by chance, alone, and the general rule is that the error rate is acceptable if p < 0.05 (Berry and Lindgren 1996).  In other words, p = 0.05 means there is a 5% chance that we detected a relationship (for example between tillage and lek counts) that does not actually exist.
Analyses to Determine Scale of Greatest Impact

We evaluated 5 biologically appropriate scales at which stressors may affect lek counts (see main text): 0.6, 2, 3.1, 6.2 and 9.3 mi radii.  Our general approach consisted of repeating, for each of these five scales, univariate regressions of lek counts against one of the two stressors (oil and gas, or tillage) and using delta AIC to determine which of the 5 spatial scales best described the impact of that stressor on lek counts.  Because oil and gas is known to have a strong and far-reaching footprint (see text), we were concerned that oil and gas development would confound or overwhelm the signal for scale of tillage effects.  Therefore, for the tillage analysis we removed from the dataset all leks with oil and gas within 9.3 mi of the lek.  We considered doing the same for the assessment of appropriate scale for oil and gas effects (i.e. removing leks with tillage within 9.3 mi), but in preliminary analysis with tillage sites eliminated, the database was reduced from 1269 to 174 leks, almost all of which were outside the 3 focal areas of interest in this study.   
Analyses to Determine Joint Effects of Stressors


Once the appropriate scale had been determined for each stressor, we conducted a multivariate lek count regression, where the independent variables included tillage at its best fit scale, well density at its best fit scale, a factor that indicated whether or not the count could have been influenced by a WNv outbreak, and a factor that indicated from which of eight areas the lek count originated.  We began with a saturated model that included all of the above main effects and all two-way interactions between well density, tillage and WNv.  We did not include any interactions with area.  The biological assumption of fitting only the main effect of area is that lek counts can differ by area, but stressors affect lek counts in the same way, regardless of the area in which the leks occur. We first reduced the saturated model until all interactions were significant (p < 0.05) and removal of any remaining interaction would cause delta AIC to increase by more than two units. We then reduced main effects in the same fashion, but did not remove any of the main effects on which the interactions depended.  We used this reduced model to predict how lek counts should change as different stressors increase.

APPENDIX II: LEK COUNT ANALYSIS RESULTS


The best fit scale for effects of well density on lek counts across Management Zone I is the 9.3 mile radius, the largest scale tested (Table 1). The effect was strong and unequivocal, with delta AIC ranking models in order of decreasing scale: first 9.3 mi, then 6.2, 3.1, 2 and 0.6.  The best fit scale for tillage is the 0.6 mi scale, the smallest scale tested (Table 2), indicating that in the current agricultural landscape, the effect of tillage on lek counts is most apparent at a local scale.  


In the multivariate regression, using the chosen scales of 9.3 mi for energy and 0.6 mi for tillage, we found that two of the three stressors had significant interactions.  The interaction between WNv and well density was highly significant (p = 0.0002) and the interaction between tillage and WNv was significant (p = 0.04).  All main effects were retained in the model, either because they were significant or because the interactions depended on them.  Table 3 shows the model selection results for all terms that were tested for removal, but retained in the model. Parameter confidence intervals are given in Table 4.  


All stressors had a significant impact on lek counts in our reduced, multivariate model, and all stressors predicted a decrease in lek size.  The significant effect of area indicates that different areas have different sized leks, as expected, even when no stressors are present.  Stressors were often quite different for leks in the different geographic areas (Figures 1 and 2).  Of the 1269 leks used in the analysis, 479 had wells within the most appropriate scale of 9.3 mi for oil and gas, 247 had tillage within the most-appropriate scale of 0.6 mi for tillage, and 229 were counted the year after a WNv outbreak.  Lek counts affected by two stressors numbered 82 for wells and WNV, 73 for wells and tillage, and 40 for tillage and WNv.  
	
	
	Effect Included in
	

	
	Scale (mi)
	Zero-inflation
	Negative Binomial
	Delta AIC

	
	9.3
	
	Yes
	0.00

	
	9.3
	Yes
	Yes
	0.85

	
	6.2
	
	Yes
	3.57

	
	6.2
	Yes
	Yes
	4.03

	
	3.1
	
	Yes
	4.95

	
	3.1
	Yes
	Yes
	5.60

	
	2.0
	
	Yes
	9.92

	
	2.0
	Yes
	Yes
	11.17

	
	0.6
	
	Yes
	15.31

	
	0.6
	Yes
	Yes
	17.21

	
	
	
	
	

	
	
	
	
	


 Table 1.  Best fit scales for the effect of well density on lek counts (# wells/km2) using the entire data set.  Three well density models were fit for each of five scales.  The three models included either an effect of well density in the negative binomial portion of the model, the zero-inflated portion of the model or both.  Models shown at right all performed better than a model that assumed no relationship between well density and lek count (intercept-only model).  

	
	
	Effect Included in
	

	
	Scale (mi)
	Zero-inflation
	Negative Binomial
	Delta AIC

	
	0.6
	Yes
	
	0

	
	0.6
	Yes
	Yes
	0.50

	
	0.6
	
	Yes
	5.87

	
	
	
	
	


 Table 2. Best fit scales for the effect of tillage on lek counts when leks within 9.3 mi of oil and gas wells were removed from the database to prevent oil and gas from overwhelming or confounding the signal of tillage. Three tillage models were fit for each of five scales.  The three models included either an effect of tillage in the negative binomial portion of the model, the zero-inflated portion of the model or both.  Models shown at right all performed better than a model that assumed no relationship between tillage and lek count (intercept-only model).  

Table 3.  Model selection results.  Effects that were tested for removal and retained in the model are shown with delta AIC values, and with p-values from variable-added-last likelihood ratio tests compared to their asymptotic chi-squared distributions.  Effects of tillage in the negative binomial component, well density in the zero-inflation component and WNv in both components were not tested for removal because interactions among them were significant.  The model component (negative binomial or zero-inflation) is mathematically important, but does not have a straightforward biological meaning.

	Effect
	Effect 
	Model 
	p-value
	Delta AIC if effect 

	 
	Type
	Component
	 
	were dropped

	Tillage*Virus
	interaction
	negative binomial
	0.0401
	2.21

	Tillage 
	main effect
	zero inflation
	0.0063
	5.46

	Well Density*Virus
	interaction
	zero inflation
	0.0002
	11.63

	Well Density 
	main effect
	negative binomial
	0.0000
	26.60

	Area
	main effect
	zero inflation
	0.0000
	70.37

	Area
	main effect
	negative binomial
	0.0000
	99.56


Table 4. Maximum likelihood estimates and 95% profile likelihood confidence intervals of all parameters in the reduced model.  Negative binomial parameters are presented on the log scale; zero-inflation parameters are presented on the logit scale. In the analyses, well density was the number of wells per km2 within a 15 km radius of each lek, and tillage was the proportion of tillage within 1 km of the lek.  The Bernoulli probability was the probability that a count belonged to the negative binomial distribution, which is the opposite of the typical parameterization of a zero-inflated negative binomial model.

	Parameter
	Model Component
	Lower CL
	MLE
	Upper CL

	overdispersion 
	negative binomial
	1.3958
	1.5785
	1.7891

	intercept
	zero-inflation
	1.7134
	2.2376
	2.8212

	intercept
	negative binomial
	3.2334
	3.3748
	3.5214

	tillage 
	zero-inflation
	-3.8282
	-2.2667
	-0.6659

	tillage 
	negative binomial
	-1.6640
	-0.6073
	0.5254

	well density 
	zero-inflation
	0.4078
	0.8707
	1.4637

	well density 
	negative binomial
	-0.7060
	-0.5233
	-0.3413

	WNv outbreak
	zero-inflation
	-1.1154
	-0.8286
	-0.4107

	WNv outbreak
	negative binomial
	-0.1920
	-0.0119
	0.1742

	Central MT
	zero-inflation
	-0.5974
	-1.2908
	-0.2173

	Central MT
	negative binomial
	-0.5974
	-0.4064
	-0.2173

	Eastern MT
	zero-inflation
	-1.3868
	-0.6736
	0.0082

	Eastern MT
	negative binomial
	-1.2063
	-0.9871
	-0.7684

	Dakotas
	zero-inflation
	-2.0716
	-1.1464
	-0.1207

	Dakotas
	negative binomial
	-1.8020
	-1.4490
	-1.0809

	Wyoming
	zero-inflation
	-2.6608
	-2.0243
	-1.4656

	Wyoming
	negative binomial
	-0.7552
	-0.5610
	-0.3685

	CCA
	zero-inflation
	-2.0694
	-0.8375
	0.8288

	CCA
	negative binomial
	-1.0931
	-0.7101
	-0.3077

	Carter
	zero-inflation
	-1.9485
	-1.2508
	-0.6057

	Carter
	negative binomial
	-0.9404
	-0.7147
	-0.4870

	Haxby
	zero-inflation
	-1.2644
	-0.2257
	1.0812

	Haxby
	negative binomial
	-1.0688
	-0.7603
	-0.4372

	Well density*WNv 
	zero-inflation
	-5.2833
	-2.8187
	-1.1495

	Tillage*WNv
	negative binomial
	-4.8721
	-2.6317
	-0.1287
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Figure 1.  Observed lek counts versus well spacing (# acres/well), with and without tillage in a 0.6 mi radius, and with and without a WNv outbreak.  Each lek is identified by area:  Central MT, Eastern MT, Dakotas, North-central MT, Wyoming, CCA, Carter or Haxby.
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Figure 2. Observed lek counts versus percent tillage, with and without wells in a 9.3 mi radius, and with and without a WNv outbreak.  Each lek is identified by area:  Central MT, Eastern MT, Dakotas, North-central MT, Wyoming, CCA, Carter or Haxby.

APPENDIX III: VITAL RATE ANALYSIS METHODS

We developed a two-stage, female-based, life-cycle model to project stage-specific rates of fertility and survival to population growth rate.  We reviewed range-wide demographic rates from 71 studies from 1938 through 2008; 38 of these studies provided information on one or more vital rates that could be used in our analyses. We used these vital rate data to obtain estimates of stage-specific vital rate means and associated process variances (Table 1) to parameterize probability density functions (PDF’s) for each vital rate.  From these PDF’s we simulated 10,000 sets of vital rates which we used to create 10,000 2 x 2 stage-specific population matrices based on a pre-breeding, birth-pulse census and a 1 year time step.  The two stages were yearling and adult.  We excluded survival estimates from studies that used poncho or wing-tagged birds, as those types of markers may increase detectability to predators and bias survival estimates.  Our efforts to obtain an unbiased sample of vital rates were hampered by the available data.  One reason for this is that researchers usually trap grouse on large leks, and these large leks are more likely to persist when stressors are low and vital rates are high.  In particular, none of the model’s survival rates were influenced by WNv, and although impacts of tillage and energy development affected some birds in some studies, many studies were conducted in areas of excellent habitat. 

We defined vital rates for each stage class as follows.
1. Nest initiation rate:  the proportion of females that initiated a nest (i.e., laid at least one egg in a nest bowl).  
2. Renesting rate:  the proportion of females whose first nests were unsuccessful that initiated a second nesting attempt.  
3. Second renesting rate:  the proportion of females whose first and second nests were unsuccessful that initiated a third nest.  Yearlings have never been recorded attempting a third nest, so third nests were excluded from yearling fertility calculations.

4. Clutch size:  the number of female eggs laid in the nest.  

5. Nest success and renest success: the probability of a nest surviving from when the first egg was laid through hatching.  We considered a nest successful if ≥1 egg hatched.  

6. Hatching rate:  the proportion of eggs in successful nests that hatched.
7. Chick survival:  the proportion of chicks that survived from hatch to 35 days old.  
8. Juvenile survival:  the proportion of females that survived from 35 days old to the start of the breeding season in their second calendar year.  
9. Yearling survival:  the proportion of yearling females that survived from the start of the breeding season in their second calendar year to the start of the breeding season in their third calendar year.  
10. Adult survival:   the proportion of adult (i.e., after-second-year) females that survived from the start of one breeding season to the start of the breeding season the following year.  
Table 1. Estimated vital rate means and process variances with 95% confidence limits.
	
	
	Mean
	
	Process Variance

	Vital Ratea
	
	Expected Value
	LCL (0.025)
	UCL (0.975)
	
	Expected Value
	LCL (0.025)
	UCL (0.975)

	I1y
	
	0.84
	0.81
	0.87
	
	0.0261
	0.0232
	0.0454

	I1a
	
	0.95
	0.93
	0.96
	
	0.0093
	0.0059
	0.0238

	I2y
	
	0.19
	0.14
	0.23
	
	0.0319
	0.0230
	0.0738

	I2a
	
	0.42
	0.37
	0.46
	
	0.0525
	0.0458
	0.0846

	I3a
	
	0.11
	0.05
	0.21
	
	0.0005
	0.0000
	0.0506

	CL1y
	
	3.78
	3.62
	3.95
	
	0.0154
	0.0128
	0.2281

	CL1a
	
	4.10
	3.96
	4.23
	
	0.0200
	0.0132
	0.1662

	CL2y
	
	3.09
	2.69
	3.42
	
	0.0010
	0.0000
	0.1444

	CL2a
	
	3.29
	2.98
	3.53
	
	0.0010
	0.0000
	0.1444

	CL3ab
	
	2.79
	2.48
	3.03
	
	0.0010
	0.0000
	0.1444

	NS1y
	
	0.50
	0.45
	0.55
	
	0.0144
	0.0121
	0.0478

	NS1a
	
	0.55
	0.51
	0.60
	
	0.0160
	0.0135
	0.0395

	NS2y
	
	0.54
	0.36
	0.74
	
	0.0149
	0.0000
	0.1583

	NS2a/3ac
	
	0.58
	0.49
	0.68
	
	0.0043
	0.0000
	0.0652

	HCHd
	
	0.92
	0.91
	0.94
	
	0.0016
	0.0009
	0.0046

	CHSV1y/2ye
	
	0.37
	0.35
	0.41
	
	0.0169
	0.0130
	0.0298

	CHSV1a/2a/3ae
	
	0.37
	0.35
	0.40
	
	0.0098
	0.0069
	0.0187

	JSV1y/1af
	
	0.78
	0.68
	0.85
	
	0.0006
	0.0000
	0.0378

	JSV2y/2a/3a f
	
	0.80
	0.70
	0.86
	
	0.0020
	0.0000
	0.0373

	YSV
	
	0.68
	0.64
	0.72
	
	0.0172
	0.0109
	0.0376

	ASV
	
	0.57
	0.53
	0.61
	
	0.0038
	0.0018
	0.0179


a I = nest initiation rate; CL = clutch size (female eggs only); NS = nest success; HCH = hatching rate; CHSV = survival of chicks from hatch to 35 days; JSV = survival of juveniles from 35 days of age to the start of their first breeding season (~1 April); YSV = annual survival of yearling females; ASV = annual survival of adult females. Subscripts indicate nesting attempt (1-3) and stage (a = adult, y = yearling).

b Data were too sparse to estimate mean third nest clutch size for adults. We approximated this rate by subtracting 0.5 female eggs from the estimated clutch size of adult second nests.

c Data were too sparse to estimate third nest success for adults.  We approximated this rate using data on nest success for second nests of adults because third nests of adults occur at the same time of year and are subject to the same environmental conditions.

d Hatching rate data were not available by stage or nesting attempt, so the same values were used for both stages and all nesting attempts.

e Nest attempt-specific data were not available for chick survival, so we used the same value for first and second nests of yearlings, and the same value for first, second, and third nests of adults.

f Stage-specific and nest attempt-specific data were not available for juvenile survival.  We used the same value for first nests of adults and yearlings, and we used the same value for renests of adults and yearlings.  

Elements in the population matrix included the following. 

1.   Fy: fertility of yearlings (number of female yearlings produced per yearling female per year), 

2.   Fa: fertility of adults (number of female yearlings produced per adult female per year), 

3.   YSV: annual survival of yearlings, and 

4.   ASV: annual survival of adults.  

Stage-specific fertility for yearlings (Fy) was calculated as: 

[I1y x CL1y x NS1y x HCH1y x CHSV1y x JSV1y] + 

[I1y x (1-NS1y) x I2y x CL2y x NS2y x HCH2y x CHSV2y x JSV2y].

Stage-specific fertility for adults (Fa) was calculated as: 

[I1a x CL1a x NS1a x HCH1a x CHSV1a x JSV1a] + 

[I1a x (1-NS1a) x I2a x CL2a x NS2a x HCH2a x CHSV2a x JSV2a] + 

[I1a x (1-NS1a) x I2a x (1-NS2a) x I3a x CL3a x NS3a x HCH3a x CHSV3a x JSV3a].


To identify the change in population growth rate (λ) with a one-at-a-time, infinitesimal change in each vital rate, we calculated analytical sensitivities (the first partial derivative of λ with respect to each vital rate) for each of the 10,000 simulated matrices.  For each vital rate, we then took the mean of these 10,000 replicate sensitivities. 

To determine the proportion of variation in λ accounted for by each vital rate, we conducted life-stage simulation analyses (LSA, Wisdom et al. 2000).  For each vital rate, we used the 10,000 simulated data points together to conduct a simple, linear regression of population growth rate on the vital rate.  From these regressions we calculated the coefficients of determination (R2).  Coefficients of determination in LSA regressions are higher when the slope of the regression line is steep, the variance of the vital rate is high, or both.  
APPENDIX IV: LEK COUNT ANALYSIS VALIDATION

	Type of
	# Counts With
	Mean %
	Range
	Mean Well 
	Range Well
	Total Male
	Number of leks within size category

	
	
	
	
	
	
	
	
	
	
	

	Count
	WNv
	Tilled
	% Tilled
	Spacing (ac) 
	Spacing (ac)
	Count
	0
	1 - 10
	11 - 25
	> 25

	
	
	
	
	
	
	
	
	
	
	

	CCA

	
	
	
	
	
	
	
	
	
	
	

	Predicted
	0
	0
	
	364
	
	265
	5
	15
	8
	2

	
	
	
	
	
	
	
	
	
	
	

	Observed
	1
	0
	0 to 9
	364
	1164 to 225
	251
	5
	15
	10
	0

	
	
	
	
	
	
	
	
	
	
	

	Predicted
	30
	0
	
	364
	
	100
	20
	6
	3
	1

	
	
	
	
	
	
	
	
	
	
	

	HAXBY

	
	
	
	
	
	
	
	
	
	
	

	Predicted
	0
	4
	
	None
	
	487
	6
	17
	14
	5

	
	
	
	
	
	
	
	
	
	
	

	Observed
	4
	4
	0 to 78
	None
	None  
	487
	7
	19
	10
	6

	
	
	
	
	
	
	
	
	
	
	

	Predicted
	42
	4
	
	None
	
	380
	11
	16
	11
	3

	
	
	
	
	
	
	
	
	
	
	

	CARTER

	
	
	
	
	
	
	
	
	
	
	

	Predicted
	0
	1
	
	33294
	
	1363
	40
	43
	36
	14

	
	
	
	
	
	
	
	
	
	
	

	Observed
	24
	1
	0 to 28
	33294
	None to 1386
	1311
	44
	43
	34
	13

	
	
	
	
	
	
	
	
	
	
	

	Predicted
	134
	1
	 
	33294
	 
	992
	64
	33
	27
	10

	Acre spacings of  33294, 1386,1164, 364 and 225 correspond to the following

	 numbers of wells within 273 square miles of a lek:  5, 126, 150, 479 and 775.


APPENDIX V: CARTER PREDICTIONS
	Without WNv Outbreak
	
	With WNv Outbreak

	%
	Acre Well 
	Total Male
	% of Original
	Number of leks within size category
	
	Total Male
	% of Original
	Number of leks within size category

	Tilled
	Spacing 
	Count
	Count
	0
	1 - 10
	11 - 25
	> 25
	
	Count
	Count
	0
	1 - 10
	11 - 25
	> 25

	0
	None
	1383
	100
	40
	43
	37
	15
	 
	1047
	76
	62
	33
	28
	11

	1a
	33294b
	1363
	99
	40
	43
	36
	14
	
	992
	72
	64
	33
	27
	10

	1
	1280
	1291
	93
	36
	49
	37
	12
	
	750
	54
	76
	30
	22
	7

	1
	640
	1213
	88
	33
	55
	36
	10
	
	543
	39
	87
	26
	16
	4

	1
	320
	1057
	76
	27
	68
	33
	5
	
	258
	19
	107
	17
	8
	1

	1
	160
	767
	55
	22
	90
	21
	1
	
	46
	3
	127
	6
	1
	0

	1
	80
	365
	26
	29
	102
	3
	0
	
	1
	0
	133
	1
	0
	0

	1
	40
	73
	5
	84
	50
	0
	0
	
	0
	0
	134
	0
	0
	0

	10
	33294b
	1215
	88
	46
	43
	34
	12
	
	670
	48
	71
	38
	21
	4

	10
	1280
	1158
	84
	42
	49
	34
	10
	
	497
	36
	83
	33
	16
	2

	10
	640
	1096
	79
	38
	55
	34
	8
	
	353
	26
	94
	27
	11
	1

	10
	320
	965
	70
	32
	67
	31
	4
	
	163
	12
	112
	17
	5
	0

	10
	160
	712
	51
	25
	89
	19
	1
	
	28
	2
	128
	5
	1
	0

	10
	80
	344
	25
	31
	100
	2
	0
	
	0
	0
	134
	0
	0
	0

	10
	40
	69
	5
	85
	49
	0
	0
	
	0
	0
	134
	0
	0
	0

	20
	33294b
	1058
	77
	53
	41
	30
	10
	
	428
	31
	80
	40
	13
	1

	20
	1280
	1016
	73
	48
	47
	31
	8
	
	311
	22
	91
	34
	9
	1

	20
	640
	969
	70
	44
	54
	30
	6
	
	217
	16
	101
	27
	6
	0

	20
	320
	866
	63
	37
	67
	27
	3
	
	97
	7
	116
	16
	2
	0

	20
	160
	652
	47
	28
	88
	16
	1
	
	16
	1
	130
	4
	0
	0

	20
	80
	321
	23
	34
	98
	2
	0
	
	0
	0
	134
	0
	0
	0

	20
	40
	65
	5
	87
	47
	0
	0
	
	0
	0
	134
	0
	0
	0

	aCurrent average tillage in Carter is 1%
	
	
	
	
	
	
	
	
	
	
	

	bCurrent average well spacing in Carter is 33294 
	
	
	
	
	
	
	
	
	
	


Figure 1.  Distribution of lek complex centers with respect to focal areas and supporting areas.  








a





Figure 5.  Of lek complex centers counted at least once post-2002, larger centers are counted during more years than smaller centers.  60% of lek centers not counted after 2002 had a last count of 0.
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Figure 6.  a) Proportion of 1508 lek centers in study region counted during the year.  Only counts to the right of the dashed line were used for analyses.  b) Number of human WNv cases in MT and WY (Centers for Disease Control 2010).
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Figure 7.  Sage-grouse nests are more successful when surrounding grass is taller.  Data from the northern Powder River Basin (K.E. Doherty, University of Montana).  Dotted lines represent the increase in grass height we used to predict change in population growth rate.





Figure 8. Predicted and observed counts for the core areas.











Figure 11.  The larger the 2008 lek count, the more likely it is that males will be seen on that lek in 2009.  The percent of leks known active in 2008 on which males were seen again in 2009 a) for the 425 leks counted at least once in 2009 and b) for the 338 leks counted at least twice in 2009.  





Figure 7. Of leks known active in 2008, smaller leks were more likely than larger leks to be visited only once in 2009.  b) Of these same leks, those visited fewer times during 2009 were more likely to produce a maximum count of 0 than those visited more times during the year. 





Figure 12. Apparent rates of lek activity are confounded by bias in observer effort, even among leks that were counted and active in 2008, and counted again in 2009.  a) Leks that are larger in 2008 are more likely to be visited multiple times in 2009.  b) The more times a lek is visited within a single year, the more likely it is that males will be seen on the lek.   





Figure 13.  Life-stage Simulation Analysis R2 versus analytical sensitivity.  For each metric, a higher value indicates greater importance.  Therefore, importance of vital rates increases towards the upper right quadrant of the graph.
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