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ABSTRACT:  

[Significance of Issue] The research outlined here specifically addresses priority 2 of the RMP for the park. The topic has received the most intense national scrutiny, recently exemplified by the attention of the US Congress, US Office of Management and Budget, and the National Academy of Sciences, and a recent series of papers in two national scientific journals (Ecological Applications, Wildlife Society Bulletin). Yellowstone National Park (YNP), Wyoming, has experienced a warmer, drier climate since the turn of the century.  Increasing temperatures and decreasing precipitation may have simultaneously contributed to an expansion in elk winter range, a large decline in beaver populations, possibly declines in local water tables, and a decline in the extent of riparian communities dominated by willows (Salix spp.). During this same period, management of wildlife in YNP was revised to adhere with the concept of natural regulation, and managers are thus concerned that a possible overabundance of elk may be responsible for the decline in riparian shrubs.  Because climate change coincided with increased abundance of elk on the northern range and a decline in beaver, evidence to evaluate the roles of these factors on riparian shrubs is equivocal and the subject of intense debate.  The proposed research will evaluate the causes of decline in riparian shrubs by evaluating the importance of beaver activities on key ecosystem attributes and processes, conducting experiments to determine biotic and abiotic controls on production and establishment of riparian shrubs, and integrating existing information to historic and future ecosystem responses to climate and management scenarios.  To do so, we plan to assess heights of water tables and water sources of willows in sites occupied and abandoned by beaver, and conduct experiments to evaluate responses of willows to water availability and herbivory by adding water to some sites and fencing willows.  This research will allow us to present managers with forecasts of the effects of climate change on riparian shrub communities, elk distribution, beavers, and the potential cascading effects on elk-wolf dynamics.  We will evaluate specific prescriptions for management of willows.  By so doing, this research will support decisions on management of riparian communities in the face of climate change, and identify key ecosystem variables driving changes in riparian plant and animal communities in YNP.  The research specifically addresses, resources management priority 2 for Yellowstone National Park and BRD BIN NPS-3 for the central region.

PROBLEM STATEMENT:

[Severity of the Threat]: There is an urgent, mission-critical need to determine if an overabundance of elk exists and if such overabundance is contributing to decline of willow and aspen or alternatively, if changing climatic conditions are the cause, or if both stressors are, in part, responsible. The manifest threat is extensive and very likely irreversible. A fundamentally important component of the nation's effort to protect the environment requires managing areas of land to sustain ecological process and to protect biological diversity (Halvorson and Davis 1996, Szaro and Johnson 1996).  This effort is manifested in the mandate of the National Park Service.  Historically, it was widely believed that parks and other conservation areas could be protected by simply prescribing incompatible human uses.  A more recent view recognizes that parks are imbedded in an environmental context that often differs markedly from conditions within park boundaries (Botkin 1990, Pickett et al. 1992).  Many of the dynamics of the ecosystems of parks respond in a sensitive way to these contrasting external conditions (Pickett e al. 1992).  It follows that a central challenge confronting managers of National Parks is to sustain the operation of important ecological processes within parks, processes that may be influenced by a rapidly changing external context.


This challenge is clearly revealed in the controversy surrounding management of ungulates in Yellowstone National Park and other large parks in the western United States.  External forcing resulting from land-use change adjacent to Park borders, shifts in regional climate, and the extirpation of large, capable predators may have allowed ungulates to become overabundant within parks.  Excessive abundance of ungulates, in turn, is believed to cause enduring harm to other components of the Parks' ecosystems, particularly rare plant communities like willow and aspen (Cole 1971, Houston 1971, USDI Yellowstone National Park 1997).  Current policy maintains that the abundance and distribution of native ungulates in Yellowstone is the outcome of internal, naturally-regulating processes like over-winter mortality and density-dependent feedback to juvenile recruitment.  However, this policy fails to indicate whether Park managers should attempt to compensate for external processes that may exert "unnatural" effects on processes within the park.


The core of the controversy surrounding impacts of ungulates on Yellowstone ecosystems focuses on the effect of herbivory by elk on riparian plant communities, particularly willow (Kay and Wagner 1994, Wagner et al 1995).  Field observations reveal dramatic declines in willow (Salix spp.) height, distribution, and recruitment on the park's northern ungulate winter range (Singer et al. 1994).  Comparisons of willows in areas photographed in the 1860's and 1970's reveal that many stands have died since the park was first designated (Houston 1982, Kay and Wagner 1995, Meagher and Houston 1998).  Willow pollen in sediment samples decreased between 1900 to 1940 in 6 of 8 ponds sampled on the winter range (Engstrom et al. 1991).  Cover by willow has declined by as much as two-thirds since the 1930s, from a total cover of about 1% historically to about 0.4% in the 1980's (Houston 1982).  Declines in willow cover are thought to have been most rapid during 1920 through the 1940s and although the loss of willows appears to have slowed, the downward trend persists (Singer et al. 1994, Singer 1997).  Other woody browse, such as aspen (Populus tremuloides) and cottonwood have also declined (Kay 1990, Yellowstone National Park 1997).  


If current trends continue, then Yellowstone is likely to lose an important component of the northern range ecosystem, a component that contributes in a fundamental way to the area's biological diversity.  There are three, competing explanations for the diminishing abundance and distribution of willow.  First, feeding activities of large herbivores like elk can force marked shifts in the composition of landscapes (Pastor and Naiman 1992, Hobbs 1996, Bork et al. 1997).  Declines in willow have occurred coincidentally with rapid increases in elk numbers that were noted about 1930 to the early 1990’s (Coughenour and Singer 1996).  Historic photos reveal heavy browsing on willow plants (Houston 1982, Kay and Wagner 1995, Meagher and Houston 1998) and elk have recently expanded their feeding habitat to include willow communities that historically were not browsed (Coughenour and Singer 1996).  It may be that excessive browsing by elk has compromised plant vigor and increased mortality (Chadde and Kay 1991, Wagner et al. 1995) thereby reducing the presence of willow communities on the landscapes of the northern range.


However, other agents of change are operating on riparian zones occupied by willow in Yellowstone.  The Park has experienced a small but significant change in climate, leading to warmer and drier conditions (Balling et al. 1992a). Over the past century, summer temperatures increased by an average of 0.87o C and January-June precipitation decreased 61 mm (Balling et al. 1992a, 1992b).  There have been fewer large floods this century (Meyer et al. 1992), until a very large flood in 1997.  In addition hydrologic patterns have been altered across the landscape as a result of diminished disturbance by beaver.  Precipitous declines in beaver populations have eliminated active dams from many streams on the middle and lower parts of the winter range where dams were formerly common (Warren 1926, Jonas 1955), and as a result, wetted areas have obviously downcut to levels 1-1.5 m below prior beaver dammed water levels (visual observations F. Singer).  The extent of these at least local dramatic declines in streamside water tables since the 1940s to 1950s period of relative beaver abundance needs, however to be sampled, quantified and extrapolated to the landscape scale.  These local declines in water tables are suspected to have more of an influence on willow growth and abundance than any increase in temperature, per se.  But, the increasing temperatures in Yellowstone NP this century may have had an interactive influence on increasing elk, decreasing water depths and decreasing willows.  The interactive effect of water vs. temperature increases on willows needs to be sorted out.


Changes in climate and the absence of disturbance by beaver may combine to shrink the area of habitat suitable for persistent communities of willow. The shortest individual willows for any species in YNP were found in the lower reaches of the winter range, where conditions were warmer and drier, suggesting a strong role for climatic controls on willow growth.  About 47% of all sampled willow stands were height-suppressed (Singer et al. 1994) for that species.  [Note: All sampling will be done by willow species.  Some taxa have determinant heights and are naturally shorter than other willows.]  These height-suppressed willows averaged 43 + 2 cm in height and they produced only one-fourth the current annual growth, had a lower N concentration in tissues, and contained a lower concentration of secondary defense compounds than taller willows (Singer et al. 1994).  These shortest willows, growing in warmer, drier areas, were apparently more vulnerable to herbivory by ungulates (Singer and Cates 1995).

Thus, it remains fundamentally unclear whether the decline in willow is a result of processes internal to the park, the decline of beaver and herbivory by elk, or is driven by external ones, such as changes in climate.  Reversing the decline in willow communities may require intervention by park managers.  Decisions on the wisdom of intervention and choices among remedial actions must be based on an understanding of the role of multiple stressors in determining the downward trajectory of willow communities.


Importance of research need to YNP. [Problem Definition]:  The problem has been well defined through a series of prior, but more descriptive research efforts (Singer et al. 1994, Singer et al. 1998, YNP 1997).  Additional experimental approaches and simulations are now needed to determine the relative roles of the multi-causal factors (beaver dams, water tables, climate, elk) that influence willow growth and stature.  In 1968 Yellowstone National Park adopted a policy to manage ungulates within the park under a philosophy of natural regulation.  This policy was based on the premise that abundance of ungulates would be limited by food in severe winter conditions (Cole 1971, Houston 1971, 1976).  Sport hunting outside park boundaries, including special late hunts, and natural predation would assist natural control of ungulates.  Following cessation of controls, the parks ungulates population approximately tripled and the northern winter range currently supports one of the highest densities of free-ranging ungulates in North America.  Not surprisingly, these ungulates are suspected to have a significant, albeit controversial, influence on the vegetation (Beetle 1974, Houston 1982, Despain et al. 1986, Chadde and Kay 1991, Wagner et al. 1995, Boyce 1991).  Early hypothesis suggested that ungulates have significant and detrimental influence on vegetation (Pengelly 1963, Beetle 1974, Wagner et al. 1995).   Evidence from long term exclosures suggested that grazing on the winter range has not dramatically altered herbaceous species composition, species diversity, or reduced herbaceous production (Coughenour et al. 1994, Coughenour 1991, Singer 1995, Singer and Harter 1996, Frank and McNaughton 1992, 1993).  In fact, the data indicated an increase in aboveground productivity on grazed sites (Frank and McNaughton, 1993) and increased concentrations of nitrogen and other macro-nutrients in herbaceous vegetation from grazed sites (Coughenour 1991, Merrill et al. 1994, Singer and Harter 1996).  Thus the declines in riparian woody browse is in stark contrast to apparently sustainable grazing impacts in upland grass and upland shrub communities.  The controversy over natural regulation management in the park (Table 1) has therefore focused primarily on these riparian communities.   

Table 1.   Impacts of herbivory by elk on the northern winter range have motivated reviews of park policy by several branches of government and by the scientific community.

	Year
	Policy Action

	1986
	Congress mandates studies to determine if Yellowstone National Park (YNP) was over-grazed by native ungulates.

	1996
	Senate subcommittee review.

	1997
	Office of Management and Budget review.

	1998 
	National Academy of Sciences initiates review of natural regulation

	1998
	Decline in willow listed as #2 priority problem in YNP Resource Management Plan

	1998
	Special issue of Wildlife Society Bulletin focuses on impacts of ungulates on the northern range


Ongoing Research. [Feasibility]: The principal investigator has developed sampling methodologies, procedures and proposed actions which are technically sound within a time frame to accomplish project objectives.  The park strongly supports this program and will commit park source-funding to support the five year investigation.  Related research on the climates of Yellowstone National Park was reported by Balling et al. (1992), Despain (1987), and Meyer et al. (1995).  Inferential studies of pollen in lakes and ponds that relate to long-term climate changes was conducted in the Yellowstone area by Engstrom et al (1991), Whitlock et al. (1991, 1995), Barnosky et al. (1994).  Long-term fire history research was conducted by Romme and Despain (1989).   Closely related work on willow growth, physiology and water relations is in progress in Rocky Mountain National Park under support by Biological Resources Division (BRD; Plant-ungulate interactions in RMNP, 1994-99, Midcontinent Ecological Science Center).  The BRD also contributed to the completion of Congressionally-mandated studies to evaluate potential overgrazing by native ungulates in YNP (Yellowstone National Park 1997, Singer 1997).  This work led to the following conclusions relevant to this proposal:

 1) The climate of RMNP is wetter and beaver occupy more of the stream reaches (25%) than in YNP (< 1%), although elk densities (~ 13/km2) and ungulate consumption rates on willow (~ 27%) are nearly identical.  Compared to YNP, willows in RMNP produced nearly 2.5 times as much current annual growth, mass of individual willow shoots were 119% greater, and lengths were 41% longer.  These results were apparently due to greater water availability.  When subjected to clipping treatments identical to those imposed on willows in RMNP, willows in YNP produced fewer catkins, their heights declined, current annual growth declined, mortality increased, N content declined, and secondary metabolites were unchanged.


2) The shortest willows in YNP were found in the lower reaches of the winter range, where conditions were warmer and drier, suggesting a strong role for climatic controls on willow growth.  About 47% of all sampled willow stands were height-suppressed (Singer et al. 1994).  These height-suppressed willows averaged 43 + 2 cm in height and they produced only one-fourth the current annual growth, had a lower N concentration in tissues, and contained a lower concentration of secondary defense compounds than taller willows (Singer et al. 1994).  These shortest willows, growing in warmer, drier areas, were apparently more vulnerable to herbivory by ungulates (Singer and Cates 1995).  


3) The strongest, negative influences of ungulate herbivory in YNP are apparently on riparian communities, the same areas where climate change could most severely alter local hydrology and thus plant communities.  A large volume of research (Yellowstone National Park 1997, Singer 1997) concluded that plant production, species diversity, seed production, and plant sizes in most upland bunchgrass, upland shrub steppe, and dry swale communities were either not influenced by ungulate herbivory or any influences due to herbivory were subtle and not easily detected.


4) Wolves (Canis lupus) were reintroduced to the YNP system in 1993 and they are variably predicted to reduce elk populations either a minor 10% (Boyce 1993), or as much as 50% (Lime et al. 1993).  A recent review by the National Academy of Sciences found considerable evidence for limitation of ungulates in northern Canada and Alaska by both wolves and bears (Orians et al. 1997).   There is a possibility for top down, cascading, trophic level controls of ungulates, riparian vegetation, and associated nutrient processes.  There is strong correlative evidence for possible limitation of the park’s northern elk population.  Elk counts have averaged about 24% less during the last 4 years as wolf populations increase.  The most convincing evidence, however, for possible limitation of the elk is recent lower elk calf:cow ratios, since the lower densities of elk predict the opposite should be occurring, i.e. calf ratios should be higher, not lower, at lowered densities of elk, since per capita forage availability is higher.


To investigate the possibility of a new limitation of the elk population by wolves, three of our study team members (F. Singer, G. Wang, and N. T. Hobbs) modeled the elk population since 1995 using density dependence and the prevailing weather parameters since 1995 without wolves (i.e., the “expected” population) and we compared this model to the “observed” elk population performance since 1995 that occurred with the restoration of wolves.  Population growth rates and elk recruitment were significantly lower than the expected values since 1995.  In other words, the elk population has been limited since 1995.  We do not attribute the limitation solely to wolves, but instead to the addition of wolves into a system that already supported bears, coyotes and a recent increase in sport hunting predation on elk. Limitation is far more likely to occur when multiple predators are preying upon the prey species, and in this instance, including predation by humans.


In addition to fewer elk with wolf restoration, elk distributions and habitat use are also apparently being modified by the hunting behavior of wolves (D. Smith, pers. corres., Sept. 1, 2000). This hypothesis is currently being investigated by Dr. Mark Boyce and Julie Mao (Univ. of Alberta) in collaboration with our team (F. Singer) and by Dr. Dave Mech and students in collaboration with David Vales (see Ancillary Studies, Appendix I). 

OBJECTIVES AND PROJECT ORGANIZATION:

[Problem Resolution]: The proposed investigation is well documented and provides a sound foundation for problem resolution.  The proposed collaborative research program will permit park managers to participate intimately in feedback inclusion of new knowledge gained during project implementation. We propose a comprehensive research, driven by pressing management needs, aimed at a providing clear separation among alternative choices of action.  We propose work to understand the roles of herbivory, climate change, and disturbance by beaver on the distribution and abundance of willow communities on the northern range of Yellowstone National Park.  We will conduct small-scale manipulative experiments, analyze trends in willow abundance, investigate the relation of willow growth to both elk abundance and water availability and integrate these findings in an ecosystem model designed in collaboration with Park managers.  To match the $210K requested from NRPP (FY01-03), the USGS-BRD-MidContinent Science Center will provide in-kind support of the Principal Investigators salary ($30k/yr FY01-03) and YNP has already provided $150 ($50K/yr FY01-03).  This work will inform the current policy debate (Table 1) surrounding natural regulation and its consequences for biological diversity and ecosystem function in Yellowstone National Park and will provide managers with clear alternatives for intervention.

We propose NRPP funding ($210K FY01-03) and YNP funding ($150K FY01-03) for this proposal to address the following objectives, listed by priority

1. Determine the influence of hydrology, herbivory, and their interaction on growth and persistence of willow. 

2.
Evaluate the role of disturbance by beaver in controlling spatial variation in hydrology  necessary to sustain willow communities. 

3.
Analyze trends in willow abundance using historic aerial photos, mapping of willows by GIS, ground truthing, and coring of willow roots.

4. Evaluate history of disturbance by beaver and its relationship to the distribution of willow at local and landscape scales. 

5. Determine if some willow patches are being released due to alterations in elk activity areas.

6. Determine influences of beaver activity on nitrogen and phosphorous budgets in riparian zones and examine the effect of altered budgets on plant productivity.

Taxonomic Considerations

It is essential to identify all willows to the species level.  As our taxonomic reference we will use the taxonomic concepts published by Dr. Robert Dorn in Vascular Plants of Wyoming (Dorn, R. D. 1992. Vascular Plants of Wyoming, Second Edition. Mountain West Publishing, P.O. Box 1471, Cheyenne, Wyoming 82003).  We will also evaluate more recent keys in the monograph of willows of the Rocky Mountain region prepared by Dorn for the Forest Service if desirable, however the treatment is quite similar to that presented in his Wyoming flora.  Voucher specimens of each willow species will be collected for verification by Dorn, and duplicate collections will be sent to Ron Hartman at the Rocky Mt. Herbarium at the University of Wyoming in Laramie, and if desirable a voucher set provided to Yellowstone National Park.  Our study will be measuring willow response to changing hydrologic conditions, and individual willows will be tagged and numbered at each site.  This will ensure our ability to repeat visit individuals, to record their phenology (eg. precocious or not, and timing of flowering) and morphological characteristics of stems, and aments that will help in positive identification.  However, identification of willow seedlings to the species level is very difficult.  Their identification is possible in their second year for some species, but is more difficult for other species.  One of us (DJC) is an expert in wetland plant identification and teaches classes in wetland plant identification, including willows.  He has ongoing projects on montane willow ecology (eg. Rocky Mountain National Park), and understands the critical issues in willow identification.  He will be involved in the identification of all willows being measured in the study area.  If confusion still persists, we will invite Dr. Dorn to visit study sites with us.

PROPOSED METHODS: 

Objective 1.  Determine the influence of hydrology, herbivory and their interaction on growth and persistence of willows.

Objective 2.  Evaluate the role of disturbance by beaver in controlling spatial variation in hydrology and nutrient dynamics necessary to sustain willow communities.

We have pooled these two objectives, since to save dollars and efforts, we propose to meld the beaver-occupied vs. beaver-abandoned comparisons with the experiments to raise water tables with artificial dams at ½ of the beaver-abandoned study sites (see experiment design).  The artificial dams are projected to simulate the effects of beaver dams, but at a smaller scale.  The purpose of incorporating the artificial dams into this portion of the study design is that the scientific influence will be much greater from before (2001) and after (2002-2004) data from the same sites.  
In particular, beaver dams can regulate and stabilize stream flow by storing up to 30-60 % of water during dry periods (Smith 1983).  Thus, growth of willows may be more sensitive to loss of beaver-modified ecosystem processes than other factors and, hence, the decline of beaver may offer a telling explanation for the decline of willows.  Since this prior work was not done in the Rocky Mountain west, we propose to test these hypotheses in the park

H1:
Willows growing in beaver-occupied and artificially dammed sites will have higher rates of primary production and greater annual height increments of growth.  Thus, willows will have greater growth potential to sustain ungulate herbivory.

H2:
Riparian zone water tables will be higher on beaver-occupied sites and dammed sites than on sites that have been abandoned by beaver.

H3:
Within the range of natural variability in levels of soil wetting and browsing intensity, commensurate changes in soil moisture will exert greater effects on willow than browsing does.

H4:
The effect of browsing will be amplified by restricted availability of water to willows.

H5:
Water tables are higher, fluctuate less during the summer, and provide more water late in the growing season (July, August) in active beaver complexes.

​Experimental Design

We will examine effects of herbivory by elk and changes in hydrologic regime on a suite of physical and biological response variables relevant to the establishment, production, and recruitment of willows.  Responses to treatments will include depth to water table, area and duration of inundation, soil redox potential, soil volumetric water content, willow growth and production, willow height, browsing intensity by elk, seed production, soil organic matter content, nitrogen accumulation and nitrogen yield.  These responses will be observed in a split plot experimental design where the whole plot will be hydrologic modification (damed vs undamed streams) and the split plot will be herbivory by elk (areas fenced and unfenced) (Figure 1).  We will also include manipulations to [image: image1.wmf]0
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assess the effects of herbivory by beaver, anticipating the possibility that beaver might invade our study sites during the course of our work.  The treated whole plot will consist of areas adjacent to streams with flow restricted by one or more log dams simulating dams constructed by beavers.  Paired whole plot controls will be included on sites of similar aspect and soil type sufficiently upstream from the treatments to prevent hydrologic effects from the dams.  Dams will be constructed from lodgepole pine logs anchored to the streambed with rocks and rebar and similarly anchored to the banks.  The split plot will consist of pairs of exclosed and open 1 ha plots.  Exclosures will be constructed of 8’ panels of 4x4” mesh steel wire fencing supported by wooden corner posts and steel posts along the perimeter with additional wooden posts set every 20 m.  

We will replicate plots on five different study sites chosen on the northern range.  Sites will be on similar sized streams, and have similar floodplain widths, stream and valley gradients, channel sinuosity and pre-treatment vegetation.  Our design will have a repeated measures structure with 3 temporal replications.  Pretreatment measurements of all responses (taken during summer of year 1) will serve as covariates to reduce experimental error.  We anticipate 5 replications (blocks) of each whole and split plot.  We chose 5 as our sample size based on the following power analysis.
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Power analysis of multiple responses is made difficult by the differences in the biological significance of different effect sizes and differences in precision of measurements of different responses.  Thus, for a design like ours, there are actually many estimates of statistical power that are relevant to decisions on sample sizes.  Some responses (e.g., willow height) might require 3 replications; others might require more.  So, to estimate an adequate sample size across responses, we presumed that we would observe differences of at least 30% between treatments and controls within the whole plot (hydrology) and the treatments and controls within the split plot (elk herbivory).   Based on our past experience differences of this magnitude are entirely plausible.  We assumed an among replicate standard deviation of 10% (i.e., 1/3 of the magnitude of the difference in means) and standard deviations for the whole plot x block and the overall residual error of 8%.   Given these assumptions on effect sizes and error terms, increasing our sample size from 4 to 5 causes marked improvements in power, while increasing from 5 to 6 provides substantial less improvement (Figure 2).  Conservative estimates of power are .93 for the whole plot, 1.0 for the split plot, and .72 for the whole x split interaction.  These estimates are conservative because they do not include reductions in experimental error among replicates resulting from use of covariates.  The number of replications needed to assuredly detect smaller differences (15%) required 8 or more replications.  Thus, we believe that a sample size of 5 blocks will achieve the best compromise between costs of constructing dams and enclosures and the benefits of increased sensitivity in our experimental design. We are confident that we will be able to obtain statistically reliable results because our past experience with a similar set of experiments in Rocky Mountain National Park suggests that the effects of treatment will be large.   However, these results also suggest that fewer than 5 replications could compromise the reliability of our future conclusions.

We will analyze results using a split-plot analysis of covariance with a repeated measures structure.  Repeated measures will be treated as within subject effects using a multi-variate approach (Cole and Grizzle 1966, Potvin and Lechowicz 1990).  All responses to treatment will be reported as confidence intervals on effect sizes.
Field Measurements

We will measure growth responses of 25 individual willow plants from each of the 2-3 most common species at each site. Measurements will include biomass and catkin production. To measure riparian zone water tables, we will install ground water monitoring wells in a grid on all study sites.  The wells will be constructed from machine slotted 1.5-inch diameter PVC pipe and installed by hand auguring, and digging.  Staff gauges constructed from steel fence posts will be installed in the stream along each well transect and are used to measure the height of river stage. Approximately 25 wells and staff gauges will be installed in each study site. Depth to the water table will be measured weekly with an electronic tape during the growing season. No motorized equipment or noise will be needed. All wells and staff gauges will be surveyed with a full station relative to a common datum, so that the elevation of water tables can be calculated.  We will construct water table contour maps for several time periods of each summer (eg. high stream flow, summer low flow) for each study site.  Crews used to install monitoring wells will be small (2-4 people), and the wells will extend above the soil surface 6-12 inches. To conceal the well casings we will paint them gray. Holes excavated for monitoring well will be backfilled with soil from the borehole.  All responses will be analyzed with paired t-tests, or repeated measure ANOVA for all three years of proposed NRPP funding and subsequent two years of YNP funding.  


Within the study sites we will measure the area inundated and the duration of inundation, volumetric water content in the top 1 m of soils, soil organic matter content, and soil redox potential.  The area inundated will be determined by walking the inundated area edge and using a GPS to collect data on its location.  Soil water content will be measured using either Time Domain Reflectometry (TDR) or soil sample collections.  If soils are collected, they will be weighted, dried at 100ºC for 24 hours and reweighed. Water content is the difference between the sample weights.  Soil oxidation-reduction (redox) potential will be measured with bright platinum electrodes installed in the field. Electrodes will be installed at 20 cm soil depth, with two electrodes per site, and 4 sites per study plot.  Redox potential will be measured weekly and related to soil water content, water table depth, and time of year.  All redox measurements will be calibrated with a Calomel reference electrode.  Redox potential is likely to drop substantially in saturated soils.  Measurements will identify the duration of anoxic conditions in the soil, and the duration of redox potentials low enough to drive denitrification processes.  Soil organic mater content will be determined by randomly collecting soils from each study plot, drying the samples at 100ºC for 24 hours, weighting the sample, then ashing the sample in a muffle furnace, and reweighing the sample once cool.  Organic matter well be determined by the difference in mass before and after ashing.


Responses of individual willow plants to treatment will be evaluated through measures of aboveground current annual growth as described in Singer et al. (1994) following methods described by MacCracken and Viereck (1990).  Biomass will be estimated from density of willow clumps per unit area, numbers of shoots per clump, average shoot size and average shoot weight.


The comparisons will be analyzed with split-plot analysis of variance as described under experimental design.  Experimental units will be individual plants.  Repeated measures will be treated as within-subject effects using a multivariate approach (Roberts 1992).  

Objectives 3 and 4 Pooled:

Analyze Current, Recent and Long-term Trends in Willow and Beaver Pond Abundance and Stream Patterns

Current Trends.  This time scale would evaluate current willow reproduction, willow growth, water table depths and dynamics in and out of beaver complexes.  

H7:
Willow seed rain density varies exponentially as a function of browsing intensity.

H8:
Lack of seed rain limits willow seedling establishment in heavily browsed areas. 

H9:
The effect of browsing will be amplified by restricted availability of water to willows.

H10:
Recruitment by asexual reproduction, i.e., rooted willows shoot cuttings will be higher in the beaver-occupied than in the beaver-abandoned sites.

Studies to be conducted.  

Seed rain density will be quantified using seed rain traps.  Traps are 400 cm2 boards mounted horizontally on fence posts, coated with a sticky substance such as Tangelfoot, and placed in grids in each study site.  Seeds stick to the surface, and can be removed with tweezers once or twice each week.  The sticky substance is reapplied after each sample period.  While it is often reported that seed rain does not limit sexual recruitment of willows, we have found in Rocky Mountain National Park that willow seed rain can be limiting in large areas where browsing intensity is high.  To help identify which willow species is likely contributing to seed rain at any portion of the summer, we will identify and tag female willows of each species present at each study site and record standard phonological stages relevant to flowering and seed dispersal.  We will match up seed dispersal timing with seed rain counts.

Representative or randomly selected sites with bare soils will be used to determine the patterns and controls on seedling establishment. We will establish belt transects in each site that run perpendicular to the main hydrologic gradient (from the river margin to the upland) with 0.25 m2 plots located at each meter along the transect to quantify the density and survival of willow seedlings for each willow species. Plots would first be monitored at the end of the seed rain period each year to determine the initial density of seedlings, and plots would be analyzed for survival in mid and late summer. The plots will also be searched for any willow shoot cuttings by beaver that have successfully taken root. We anticipate that three main types of bare surfaces suitable to seedling establishment occur, stream bars, abandoned channels, and abandoned beaver pond surfaces. If we find any seedling establishment in any site we will measure the water table depth, soil texture and water holding capacity, soil water content and herbivory to determine what controls the patterns of establishment and survival.

Beaver-influenced sites, such as mud flats, wetted areas, and open soil sediments in recently abandoned ponds, may provide recruitment sites for willows.  Beaver cuttings of willows are an important source of willow recruitment in some portions of the Rocky Mountains (Cottrell 1995), although more recent work in Rocky Mountain National Park indicates that asexual reproduction is of only very local importance and most willows are established by sexual reproduction.  Heavy grass cover apparently impedes the establishment of willow seedlings.  We propose to plant willow seed and cuttings (n = 10/m2 plot) in order to evaluate the survival rates of potential new recruits on a variety of sites.  Recruitment of new willow plants is a serious problem on about the lower two-thirds of Yellowstone’s northern winter range (Singer et al. 1994, Singer 1996).  Only local willow shoot materials from the site (< 100 m away) will be used.

Recent.  Research at this scale includes the time period 1965 to present.  We will evaluate changes in the area of active beaver colonies, the temporal and spatial patterns of willow establishment, changes in the area occupied by living willows.

H11:
The area occupied by active beaver colonies and living willows is correlated and has steadily declined in recent decades.

H12:
No willow cohorts have established in recent decades.

Studies to be conducted.

Air photos from as many dates as can be acquired will be digitized, rectified, and overlaid so that the area of living willows and active beaver colonizes can be mapped.  

We will age willows in recently abandoned beaver colonies to determine if willow establishment occurred in former ponds, ox-bows and point bars.  Determining the year of a willow’s establishment is essential for relating willow colonization to newly available bare substrates created by specific ecological or hydrologic events such as floods, stream channel avulsion, or beaver dam abandonment.  

Precisely aging willows requires excavating each willow to the root crown (germination point), and collecting an increment core (large willows) or a partial or complete slab through the willow tap root.  Because willows are shrubs, with relatively short-lived stems, no stem represents the age of the plant.  However, the taproot just below the root crown contains a growth ring from each year of the willow’s life, and can be used to accurately age plants. Identification of the germination surface is difficult, and we use all three of the following methods for identifying the point of germination:  (1) soil evidence of a distinctive sediment deposition event; (2) more rings occur at the root crown than any section below or above it; and (3) the root crown will be the lowest section of stem with pith.  Pith develops in stem tissue only, not in root tissue.  The point in the stem where the pith ends is the germination point.  We use carefully drawn sketches from each trench indicating soil stratigraphy and root patterns, to aid in making taproot cross sections, and interpreting ring count and pith identification results. Taproots also can potentially be used to determine other factors, such as the timing of sediment burial or immersion after establishment, and plant growth rates.  Burial is indicated as stem tissue becomes root tissue, which has aerenchyma (very porous tissue allowing the downward movement of air).  Taproot ring widths may correlate closely with above ground leaf area and growth during particular years and we will examine the feasibility of using ring widths to predict aboveground production.

Cutting an older willow taproot is typically not harmful to the plant because they will have established sinker roots (roots extending vertically down to the water table from lateral roots).  However, for smaller and younger willows, collection of the entire below ground taproot area is essential, and may harm some plants.  Willows however, can be established by planting rooted or unrooted stems, and we will rebury each excavated willow to ensure its survival. In addition, each trench, which will be up to 1 m in depth, and ½ m in width, will be carefully back-filled and tufts of plants placed carefully in the soil.  We are confident that we can conduct these studies with no residual visual impact on willow stands.  

We will age willows only where there is an abundance of reproduction at the site.  However, enough willows must be aged so that the age structure of the stand can be determined.  In the past 6 years we have analyzed 500 cottonwoods, 700 tamarisk, and 200 willows in this manner in Dinosaur National Monument and Rocky Mountain National Park, and feel that we can develop very realistic data sets on long-term establishment patterns and processes, without damage to woody plant populations.  


The historical prevalence of beaver ponds will be assessed in two manners.  First, more recent (previous 35-40 years) trends in beaver ponds and any stream channel changes will be assessed with GIS interpretations of a series of aerial photos of the northern winter range.  The old photos will be digitized, stream patterns and old dams will be digitized and old dry channels and old dams will be identified from ground truthing and an additional series of spring (post snow melt off, pre-green up) aerial photos following procedures developed by our study team in Rocky Mountain NP (R. Pienetti and M. Coughenour, unpubl. rept., Rocky Mountain NP, Estes Park, Colorado).  


We will also analyze recent trends in willow abundance from that period when aerial photos are available using photo interpretation and ground truthing techniques developed in Rocky Mountain NP.  Willow patches will be identified and the perimeter of each patch will be walked with a GPS to identify their boundaries.  Willow patches will be classified by the proportion of the most common shrubs (i.e. Salix, Betula, Populus), predominant height, density, and willow morphological type based on the numbers of dead plants and any recruitment.  Changes in willow abundance will be interpreted using GIS.  All willows will be identified to the species level.

Historical. This scale includes the time period earlier than 1965.  We will evaluate changes in beaver colony occupation, temporal and spatial willow establishment patterns.  Hopefully, we can evaluate beaver dam abandonment patterns, sediment accumulation patterns, and willow establishment back 100-200 or more years.

H13:
The majority of willows and willow communities are relicts from the mid-1800s and were established in dynamic beaver complexes that no longer exist.  


We will address this hypothesis using several paleoecological and dendro-chronological approaches. We will analyze the age structure of willow stands to determine the age of individuals and the population structure of stands.  We will establish minimum ages for the timing of beaver dam abandonment by aging lodgepole pine and other upland trees that have colonized the dams.  Coring trees to their pith, near the tree bases will provide material for analyzing tree age.  We will also attempt to develop an analysis of wood used in beaver dams.  Beavers cut live shrubs and trees for dam building. By excavating relict dams we can collect wood to age when the plants were cut.  This can be accomplished for buried tree sections by cross dating with living trees, and by 210Pb and 14C dating methods.  We will also analyze the timing of sediment deposition in beaver dams.  Carbon rich sediment, small pieces of wood buried in the sediments, and trees buried in the sediment can be aged using both dendrochrological cross dating and 210Pb and 14C dating methods.


Second, longer term (50 to several hundred years) trends in beaver pond abundance will be evaluated by the aging of buried beaver dam debris and ancient pond sediments.  We will dig into the fine laminated sediments at old beaver pond sites and age the carbon in the sediments with 210Pb (recent) and 14C (older) techniques.  We will locate old trees and logs at the site and age the date of their deposition there with dendrochronolgy techniques.

Objective 5.  Determine if some willow patches are being released due to reduced elk browsing pressure.


We suspect elk browsing pressure on willows has been altered since about 1997 due to a combination of factors.  We concluded that elk numbers have declined about 12-15% (Singer, Wang and Hobbs 2001) on the northern range.  Perhaps more importantly, wolf searching and chases of elk may have altered elk use and elk feeding areas.  Our reconnaissance survey in 2000 indicated some willow patches are receiving considerably less browsing pressure than those same patches received during the 1986 to 1992 period.  Some willow patches are being released dramatically in height increases.  

H14:
Some willow patches are being released in height since about 1997.

Potential height release of some willow patches due to the effects of wolves on elk distribution will be investigated by resampling a large number of elk browse plots that were established and sampled by F. Singer and assistants, 1986-91, during the pre-wolf period. During late April to early May of 2001, we will relocate these plots and resample willow height, willow current annual growth, percent of shoots browsed, bite size and biomass consumed, using the same methods used by Singer et al. (1994, 1998) (bite-size removed – Pitt and Schwab 1990, biomass estimation – MacCracken and Viereck 1990). We will also record the distance to the nearest forest stand, elevation, slope and aspect of the stands. We will identify any released patches and compare the site characteristics of the released versus non-released patches. We will also compare the location of both categories of willow patches to wolf distribution and kill site information.

Objective 6.  Determine influences of beaver activity on nitrogen and phosphorous budgets in riparian zones and examine the effect of altered budgets on plant productivity.

Nitrogen is an essential nutrient for plant growth.  Many ecosystems are nitrogen limited.  Beaver dams cannot only increase the availability of water, but also can greatly increase the flow-through and deposition of nitrogen and phosphorous into dam sites (Naiman et al. 1994).  These large inputs of nutrients may greatly benefit the growth rates of willows and other plants and also improve their tolerance to ungulate herbivory.  This has been verified for Great Lakes forests of the U.S., but not yet for any Rocky Mountain ecosystem. We propose to document the nitrogen pools, nitrogen fluxes, nitrogen inputs and losses in three beaver-occupied and three beaver-abandoned willow patches. We propose to sample and compare nitrogen pools in the soil and sediments (Pinay and Naiman 1991), decomposition rates of herbaceous litter and leaf litter fall, soil nitrogen mineralization rates, nitrogen pools in the aboveground vegetation (current and accumulated biomass x N concentrations), nitrogen inputs in the water column that moves through the site (Naiman et al. 1994), and N inputs from ungulate feces and urine (see methods in Schoenecker et al. 2001).  Nitrogen losses due to consumption of forage and N yield by ungulates will also be sampled.  We will evaluate the net loss or net gain of nitrogen and other nutrients to the sites from elk herbivory and elk activity and also from inputs through the water column in beaver-occupied vs. beaver-abandoned sites.

To measure relative rates of N-uptake (as an indicator of N-limitation) we will apply N fertilizer at a rate of 10gN/m2 to 5m2 plots located within a 20x20m macroplot in each of the four beaver-abandoned and beaver-active areas. Each fertilized plot will be paired with an unfertilized control in each area. These N limitation experiments will be conducted in one year only (2002). Foliage will be sampled from paired plots one year following the fertilization and average leaf weight and N concentrations will be measured. Greater nutrient limitation is indicated by a larger foliar weight gain per unit of N concentration.  These fertilizations are critical to determine if nitrogen is limiting on the sites (usually it is).  This means any effects of ungulates or beaver on the nitrogen supply could influence plant community relations.

EXPECTED PRODUCTS:

Management of the ecosystems of Yellowstone National Park pivots on understanding sources of variation in ecological states and processes.  If that variation shows strong human influences or if it falls well outside of the range of variability that characterized the ecosystem's evolution, then managers may need to intervene to compensate for forcing effects like herbivory or climate change.  Such intervention, of course will always engender heated controversy, and so it follows that active management must be based on credible, defensible science.  Here we propose work to illuminate the causes of the decline of willow on the northern range in Yellowstone National Park.  In so doing, we provide a basis for decision-making on active intervention.  For example, if we determine that disturbance by beaver is critical to persistence of willow, then active efforts to reintroduce beaver and protect their habitat may be required. 


Park staff will be presented with better techniqued for long-term monitoring of willow abundance.  These decisions may relate to wolf abundance, intervention in elk population management, and efforts to determine management actions to ensure willow persistence under a variety of climate, elk harvest, or wolf predation scenarios.  Of particular interest to managers will be the predictive effects of beaver dam, simulated experimental dams, depth to the water table and ungulate herbivory on willow growth and the experiments to sort out the relative importance of these factors.  Also of great value to managers will be the proposed additional maps of snow depths and ungulate distributions relative to areas of released willows.  Reports will be prepared annually with a final report at the end of the project.  We expect to produce at least one publication on each major aspect of the study, and two to three papers on synthesis and model results, or about eight journal articles for publication in major peer-reviewed ecological journals.  In addition, the spatial modeling will produce maps of ungulate distributions, maps of willow communities past and present, a working snow model (proposed), the magnitude of willow forage off-take by elk, maps of released and non-released willow patches, and other environmental processes that vary over space. These maps are excellent tools for communicating the results of research to managers, scientists, and citizens and they will be useful to other researchers in their work.

TECHNOLOGY/INFORMATION TRANSFER: 


[Transferability]:  The results of this research will have immediate relevance and will transfer directly to a wide-array of national parks, national forests and natural areas across northern North America. We expect other interested parties to include federal and state mangers throughout the Intermountain west that have similar problems with possibly overabundant ungulates, reduced populations of natural predators, and climates similar to those in YNP.  For example, federal (USFWS, NPS, USFS) managers in the Jackson Hole area have very similar concerns related to high densities of elk and declining woody browse, as do NPS and state managers in the town of Estes Park and in Rocky Mountain National Park, Colorado.  Managers in Banff National Park and Jasper National Park have similar interests.

DATA MANAGEMENT: 


We will create a website for the project in conjunction with the NBII program of BRD.  During the initial stage of the project we will design a relational database that will include all information collected from field sites, model parameters, and sources of data.  To the extent possible, we will adhere to NBII metadata standards that include documenting original data sources, units, resolution, data quality, and other characteristics.  We will consult with NBII personnel in the Denver office to ensure adherence to NBII data standards.

BRD PRINCIPAL CONTACT: 


Lead role in the elk sightability corrections and population responses to wolves, elk habitat responses to wolves, and the studies of potential willow release.  Assists with beaver pond comparisons.  Francis J. Singer, Research ecologist and Project Leader, Ungulate ecology studies, Biological Resources Division of US Geological Survey, 4512 McMurray Avenue, Fort Collins, Colorado 80525 970-491-7056, FAX 970-491-1965, email: francis@nrel.colostate.edu.  Overall coordination, supervise studies of any trends in elk abundance (sightability model re-analysis), elk distribution changes, co-direct studies of the ecological comparisons of beaver-occupied vs. beaver-abandoned sites, and direct studies documenting any willow-release.

CO-PRINCIPAL INVESTIGATORS: 


N. Thompson Hobbs, Senior scientist, Natural Resources Ecology Lab, Colorado State University, Fort Collins, CO 80523 970-484-2836.  Model selection, data management, quality control of experimental, sampling design and direct historical studies (GIS, root core analysis, sediment analysis).  Lead investigator, assessment of historical conditions and long-term trends in willow and beaver.  David Cooper, Research Scientist/Assistant Professor, Department of Earth Resources, Colorado State University, Fort Collins, CO 80523 970-491-5430.  Hydrology relations, plant-water-soil relations, paleochronology, experimental design, co-direct both the historical and the beaver pond comparison studies.  

NPS PRINCIPAL CONTACT -COOPERATORS/PARTNERS: 


Douglas Smith, Wolf Ecology Project Leader, John Mack, Wildlife biologist, Glenn E. Plumb, Supervisory Wildlife Biologist, Yellowstone Center for Resources, Yellowstone National Park, Box 168, Yellowstone National Park, WY 82190 (307-344-2203, FAX 307-344-2211). YNP has agreed to provide $150K cost-sharing from park gate fee dollars FY01-03. 

FACILITIES/EQUIPMENT/STUDY SITES: 


The Yellowstone Center for Resources (NPS) also will provide limited temporary lab facilities, drying ovens, and dorm space on a first come basis.  Computer resources (web site server, internet connectivity) will be provided by the Natural Resources Ecology Lab, Colorado State University.

LEGAL AND POLICY SENSITIVE ISSUES: 


The aging of root cores and sediments, the placement of small (1.5” diameter) water wells, the fertilization of small plots (m2) with nitrogen and the experimental plantings will need approval of the park's Resource Council Committee.  The ideas presented here have been presented to John Varley, Director Yellowstone Center for Resources and Mike Finley, Superintendent in field site inspections and meetings held in the park relative to this proposal over the past two years.  In 1997, F. Singer spent several days looking for appropriate study sites.   The amount of manipulations would be minor within the park.  This proposal is very much in accordance with park priorities and no logistical problems are foreseen.  

PROPOSED NRPP BUDGET: 

[Cost Effectiveness and Project Support]: The proposed research represents a major partnership between USGS-BRD and NPS to implement an important research program that is driven by clear and pressing management needs, aimed at a providing clear separation among alternative choices of management actions.  

	NREL Portion
	Year 1
	Year 2
	Year 3
	Year 4

	Graduate students (2)
	24
	16
	18
	18.9

	1st Co-PI salary
	5.0
	5.0
	0
	0

	2nd Co-PI salary
	0
	0
	4.7
	4.9

	Field Assistants
	10
	10
	0
	0

	Fringe benefits
	4.5
	2.8
	4.9
	5.96

	Exclosure, dam construction
	14
	
	
	

	Lab Analysis
	2.5
	5.0
	5.0
	

	NREL Lab-use fees, comm., secretarial
	9.0
	0
	8.0
	8.4

	Computer tech, secretarial
	4.3
	4.0
	1.3
	4.3

	Travel
	3.0
	6
	3.0
	3.0

	House rental
	4.0
	4.0
	4.0
	4.0

	Indirect
	9.0
	7.8
	7.8
	7.8

	

Total, NREL
	90
	57
	57
	57

	BRD Portion
	
	
	
	

	Vehicles (cost, mileage, maintenance), travel, start-up equipment
	39.2
	7.4
	7.4
	7.4

	Analysis of changes in the elk population and habitat selection
	4.5
	
	
	

	Exclosure materials
	5.0
	
	
	

	Direct Research Support
	12.0
	5.6
	5.6
	5.6

	

Total
	60.7
	13.0
	13.0
	13.0

	

GRAND TOTAL
	150
	70
	70
	70


Budget notes: The proposed NRPP budget ($210K) with matching by YNP ($150K) will address Objectives 1-2 and test Hypotheses 1-8 described above.  Our NRPP budget reflects costs associated with setting up extensive experiments during years 1-3.  Technicians and work-study students will assist in routine laboratory analyses, literature searches, data entry, and fieldwork.  One Ph.D. student will be supported; this student will be heavily involved in the studies of historical presence of beaver and changes in depth to water tables (age willow basal crowns, age dams, age beaver pond sediments). Additional cost sharing is represented by reduced rates for laboratory analyses conducted at Natural Resource Ecology Laboratory, Colorado State University, and use of existing computer resources (personal computers, software licenses (SAS, Arc/Info, etc.).  A second student (M.S.) will be supported to conduct the ecological comparisons of the beaver-occupied vs. beaver-abandoned willow patches and the experiments to simulate the addition of water and the raising of water tables on beaver-abandoned sites.  

Cost sharing: There will be extensive cost sharing.  Senior PI salary will be contributed in all 5 years (one month for Hobbs, one month for Cooper per year) for a total contribution of 10 months and approximately $130,000.  One of the graduate students has an NSF graduate fellowship which contributes $91,000 over the course of the project.  She also has fellowships from CSU totaling $9000.  Thus, matching support from CSU totals $230,000.

WORK AND REPORTING SCHEDULE:

Year 1: 
Correct elk counts with new sightability model. 



Acquire and analyze GIS layers and other data (ongoing for rest of project).




Field sampling:

Locate historical beaver sites and begin historic sampling.

Locate 8 sites near occupied and unoccupied beaver streams.

Install wells, start measures of willow recruitment, hydrology, experimental plantings, fertilizations, initial data management. Build 8 new tall exclosures and 8 short beaver-only exclosures.  Install dams in experimental study areas.

Year 2:

Sample historical beaver sites, sediments and age willows.  

Sample efforts at beaver pond comparisons.  Budgets permitting, analyze elk, survey data for any changes in distribution and habitat selection. Resample 1986-91 willow plots for possible height release of willows.  

Year 3: 

Sample historical conditions.



Sample beaver pond and artificial dam comparisons.


Year 4:

Complete analysis of all data.  Finish all field trial measurements.

Complete publications, submit manuscripts.

Report schedule:

January 15, 2001
First Annual Report

January 15, 2002
Second Annual Report

January 15, 2003
Third Annual Report

April 1, 2004

Final Report
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eVALUATION CRITERIA:

[Significance of Issue]: The topic has received the most intense national scrutiny, recently exemplified by the attention of the US Congress, US Office of Management and Budget, and the National Academy of Sciences, and a recent series of papers in two national scientific journals (Ecological Applications, Wildlife Society Bulletin). The research outlined here specifically addresses priority 2 of the RMP for the park.  The park's ungulates have been managed since 1968 by what was then called natural regulation management (Cole 1971; Keiter 1997). Inherent in this approach is the idea that that the abundance and distribution of native ungulates in Yellowstone is the outcome of internal, naturally-regulating processes like over-winter mortality and density-dependent feedback to juvenile recruitment.  However, this policy fails to indicate whether Park managers should attempt to compensate for external processes that may exert "unnatural" effects on processes within the park. Any evaluation of the success of YNP's management of ungulates is complicated by the possible abbreviation of former migrations from the park (the full extent of the elk and bison migrations are not known), the absence (until 1993) of the most significant predator of elk, fewer fires, and a drier, and warmer climate this century.

[Severity of the Threat]: There is an urgent, mission-critical need to determine if an overabundance of elk exists and if such overabundance is contributing to decline of willow and aspen declines, or, alternatively, if changing climatic conditions are the cause, or if both stressors are, in part, responsible. The threat is extensive and very likely irreversible.  Delay of the proposed project will result in multi-trophic level resource degradation. For example, if elk are determined to be overabundant and the primary factor in the willow decline, restorative management of plant communities may take many decades.  The soil chemistry, moisture, and competitive environment in which willow seedlings try to become established might be quite different in a wet meadow.  The time required for the elk population to rebound from any management intervention is, however, just a few years, as evidenced by the rapid recovery of elk numbers after the fires and severe winter events of 1988-89.   Thus, the consequences to the plant and soil environment of a possible error in park management are serious, far-reaching, and not easily reversed. It follows that understanding the relative contribution of elk, climate and water tables is essential to park management. 

[Problem Definition]: The problem has been well defined through a series of prior, but more descriptive research efforts (Singer et al. 1994, Singer et al. 1998, YNP 1997).  Additional experimental approaches and simulations are now needed to determine the relative roles of the multi-causal factors (beaver dams, water tables, climate, elk) that influence willow growth and stature.  We propose an innovative sampling of historical presence of beaver dams, and innovative series of small in-situ experiments, an innovative application of stable isotope technology, and a manager-friendly modeling effort to determine these relative roles.

[Feasibility]: The principal investigator has developed sampling methodologies, procedures and proposed actions which are technically sound within a time frame to accomplish project objectives.  The park strongly supports this program and will commit park source-funding to support the five year investigation. This research will build on the findings of a 5-year research effort into willow-elk relations in Rocky Mountain NP conducted by the USGS, BRD, Midcontinent Ecological Science Center.  Further, major components of this research can be accomplished in three years, in particular the two major objectives outlined in the NRPP proposal that deal with an assessment of the factors that effect willow growth and the relative contributions of beaver dams to local hydrology and nutrient dynamics.  However, a longer period of time is required for the full results from the common garden experiments (two years are required to establish the plants from cuttings), for the clipping experiments and for the modeling.  Therefore, a 3-year partnership with USGS-BRD and YNP has been formed to fully execute the proposed research.  

[Problem Resolution]: The proposed investigation is well documented and provides a sound foundation for problem resolution.  The proposed collaborative research program will permit park managers to participate intimately in feedback inclusion of new knowledge gained during project implementation. We propose a comprehensive research, driven by pressing management needs, aimed at a providing clear separation among alternative choices of action. The research we propose will help managers understand and communicate the relative contributions of beaver dams, local hydrology, climate trends, and elk abundance on the growth and status of willows.  Depending upon the force of these different influences, managers may decide whether and how to intervene with the elk population, the beaver population, or to protect of willow or aspen communities.  The companion work we propose, involving collaborative design of a management-oriented ecosystem model, will extend the results gleaned here to longer time spans and to include other ecosystem components, including wolves.    

[Transferability]:  The results of this research will have immediate relevance and will transfer directly to a wide-array of national parks, national forests and natural areas across northern North America. Many national parks and other management areas in the US and Canada share similar concerns over the possible overabundance of elk and declining willow and aspen. Examples of areas with nearly identical management questions include Rocky Mountain NP in Colorado (where the climate has also been warmer and drier this century), the National Elk Refuge in Wyoming, Banff National Park in Alberta

[Cost Effectiveness and Project Support]: The proposed research represents a major partnership between USGS-BRD and NPS to implement an important research program that is driven by clear and pressing management needs, aimed at a providing clear separation among alternative choices of management actions.  Strong cost-sharing is proposed with YNP providing $140K (16%) to match the requested NRPP $210K  (25%). YNP has also agreed to provide logistic support and expertise. 

Option 2. Request For Additional Funds to Expand Study to Include:  (1) Development of a Snow Model; (2) Documentation of All Nitrogen Pools and Nitrogen Fluxes in Beaver vs. Non-Beaver Occupied Willow Patches; and (3) In Situ Experimental Construction of Simulated Beaver Dams. 

Develop an Operational Snow Model for the Northern Range. 

Our studies, both this research and for a second proposed study under consideration by NSF, would be assisted by development of an operational snow model for the area, as would the research of Boyce, Park Wolf, Mech, and other projects.  The Snow Model would allow estimation of snow water equivalents across the entire northern range for any prior winter date. We propose to include the winters of 1970-2001 into the model. We have recently successfully built a snow model for the Jackson Valley using data on snow stations and sampling locations and with the input of Phil Farnes (Retired SCS, Bozeman, Montana). Phil will similarly assist us with the Yellowstone model. 

Cost:  $10,000

Figure 1.  Schematic of split plot experimental design.  The whole plot will consist of areas with hydrology modified by check dams and a paired control.  The split plot will consist of areas where herbivory by elk is excluded and paired controls.  There will be 5 replications.





Figure 2.  Power calculations for different numbers of replications of a split plot experiment.  The Y-axis gives power for whole plot contrasts at P = .05.  There are two curves, one for an assumed 30% difference between whole plot means, the other for a 15% difference.
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� We will address the highest priority objectives first   Lower priority objectives (particularly 5 and 6) will be accomplished only if additional funding can be obtained.
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