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ABSTRACT 

Quaking aspen stands in many areas of the intermountain west are currently 

dominated by older (>100 year) age classes and may be in decline. The goals of my 

research are to: 1) place current observations of aspen decline into context by using 

historical and ecological data to investigate the interaction of fire, ungulate browsing, 

climate and human institutions in the regeneration of aspen stands over the last two 

centuries; 2) evaluate the challenges and limitations associated with using ecological 

history for management of aspen and other systems; and 3) compare current and 

historical aspen regeneration across three elk winter range areas in the intermountain 

West. 

Based on results from stand age structures, aspen regeneration in the Jackson 

Valley has occurred episodically since 1830, with three major periods of regeneration: 

1860-1885; 1915-1940; and 1955-1990. These multi-decadal episodes of aspen 

regeneration are related to similar variability in precipitation, where above average 

periods of annual precipitation are associated with aspen regeneration. However, 

significant levels of aspen regeneration have only coincided with low or moderate elk 

population estimates and fewer aspen have regenerated than expected when elk 

populations are high (X^ = 59.92, p < 0.0001). Current aspen reproduction, though 

minimal, is strongly affected by elk browse with percent browse significantly higher in 

elk winter range than outside of elk winter range (p = 0.051). Though extensive or 
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frequent fires may have maintained aspen communities during the pre-settlement era, 

current management controlled fires have not affected aspen sucker density. 

The influence of multiple interacting processes and drivers in the Jackson Valley 

suggests that reconstructing past ecosystems as benchmarks for ecological management 

should be considered carefully. Given future environmental variability, reconstructions 

of past systems should focus on ecological relationships rather than on single states or 

processes. 

Comparison of aspen in the three elk winter range areas indicates that heavy 

browsing by elk populations has had a strong influence on episodes of aspen regeneration 

for the last 150 years in all three elk winter ranges. However, elk are not having strong 

impacts on aspen outside of elk winter range. 



14 

CHAPTER 1. OVERVIEW 

As a pioneer of disturbed sites, quaking aspen (Populus tremuloides Michx.) 

plays a significant role in the ecological dynamics of forests in the Central Rocky 

Mountains. Aspen forests provide habitat for wildlife, livestock forage, and valuable 

terrain for recreation (DeByle and Winakur 1985). Though aspen may only cover a small 

percentage of the total land area, aspen stands function as ecological hotspots for avian 

diversity (Hansen and Rotella, In Press). Finally, aspen stands serve as wildfire fuel 

breaks (Fechner and Barrows 1976) and may prevent catastrophic wildfires by 

maintaining heterogeneous forest structure. In recent years, some researchers have 

suggested that aspen stands in the Rocky Mountains may be in decline (Gruell and Loope 

1974, Allen 1989, Kay 1990, Wirth et al. 1996, Baker et al. 1997). The purpose of this 

study is to determine the role of fire, elk browsing, and climate in constraining aspen 

regeneration in northwestern Wyoming at spatial scales ranging from trees to landscapes 

and temporal scales ranging from individual years to multiple decades. The goals of my 

research are to: 1) place current observations of aspen decline into context by using 

historical and ecological data to investigate the interaction of fire, ungulate browsing, 

climate and human institutions in the regeneration of aspen stands over the last two 

centuries; 2) evaluate the challenges and limitations associated with using ecological 

history for management of aspen and other systems; and 3) compare current and 

historical aspen regeneration across three elk winter range areas in the intermountain 

West. 
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Several competing explanations for observed aspen decline have been suggested. 

Aspen trees regenerate both sexually and vegetatively following fire (Gruell and Loope 

1974, Schier and Campbell 1978, Jones and DeByle 1985, Romme et al. 1995), 

suggesting that fire suppression in the last century could be associated with aspen decline. 

However, some researchers argue that elk browsing may inhibit and possibly prevent 

aspen regeneration following fire (Kay 1990, Baker et al. 1997). Addressing multiple 

variables, Romme et al. (1995) used stand age and measures of post-fire aspen 

regeneration to suggest that fire suppression combined with ungulate pressure, in 

particular elk, and dry climatic conditions may have prevented aspen regeneration in 

Yellowstone National Park in the 1800's and following the 1988 fires. However, they 

concluded that none of these factors alone were sufHcient to explain the temporal patterns 

of aspen regeneration they observed in the last century. Because the study was limited to 

two post-fire regeneration events, Romme et al. were unable to separate these drivers or 

to estimate which drivers were most important in affecting regeneration. Though Romme 

et al.'s work identified some of the key variables important for aspen regeneration, many 

questions about the effect of fire, elk, and other variables on aspen regeneration remain 

unresolved. 

The questions surrounding aspen decline are embedded in a larger context of the 

impact of human management on ecological systems. When human impact is minimal, 

ecological systems tend to be highly variable, have heterogeneous spatial structure, and 

no single, quantitative equilibrium (Veblen 1992, Gunderson et al. 1995). Human use 

and management of ecological systems in the last century can be characterized by a 
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tendency to restructure ecological systems and to manage systems at spatial and temporal 

scales that may be inconsistent with the scale of ecosystem variability. The Jackson 

Valley in northwestern Wyoming was chosen for this study because it is characteristic of 

western regions in the United States where human use and management has changed 

dramatically over the last 200 years. In the Jackson Valley, elk hunting, cattle 

production, fire suppression and predator control have all had long-term and far-reaching 

impacts on ecosystem dynamics. These activities and their effects may be related to a 

problem of fit between the scale (both temporal and spatial) of management and the scale 

of ecological processes (Folke et al. 1998). 

This dissertation includes three chapters, each intended for submission as a single 

paper to journals in geography and ecology. Chapter one describes the spatial and 

temporal variation in aspen regeneration in the Jackson Valley over the last two centuries. 

My goal is to relate this variation to both human-induced changes in the watershed, such 

as changes in elk densities and fire suppression, and to drivers of ecological variability, 

such as climate and forest stand dynamics. This research describes the important drivers 

constraining aspen regeneration at different scales, both temporal and spatial. Chapter 

two describes paleoecological methods for exploring the history of both human-induced 

landscape change and natural variability in other regions with a varying history of human 

influence. Finally, chapter three compares aspen regeneration and management in the 

Jackson Valley with other elk winter range areas in the West to identify some of the key 

known and unknown factors important for future aspen research and management. 
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CHAPTER 2. ASPEN: ECOLOGICAL PROCESSES AND MANAGEMENT 

ERAS IN NORTHWESTERN WYOMING, 1807-1998 

INTRODUCTION 

Humans manage terrestrial ecosystems at an increasingly global scale (Vitousek 

et al. 1997). Human land-use patterns, though similar to natural disturbance in some 

aspects, may generate new and unpredictable responses from biotic systems (Foster et al. 

1998, Holling 1996). As land-use change becomes ubiquitous globally, knowledge 

gained from historical studies of land-use change and ecosystem dynamics are 

increasingly important to conservation and management. When human impact is 

minimal, ecological systems tend to be highly variable, have heterogeneous spatial 

structure, and no single, quantitative equilibrium (Veblen 1992, Gunderson etaL 1995). 

However, as human impact grows, ecosystems tend toward simpler structure and less 

variability (Foster et al. 1998). Over the last 200+ years, as local, regional and national 

economies have become more dependent on goods and services provided by lands in the 

western United States, land use in this region has intensified. Human management of 

many ecological systems in the western United States in the last few centuries can be 

characterized by a tendency to restructure ecological systems, reducing variation in a few 

keystone processes for the purpose of obtaining a constant yield of a desired resource. 

Though several studies address the direct ecological impacts of past land use 

(Foster 1992, Motzkin et al. 1996, Foster et al. 1998), little is known about the indirect 
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effects of human land use on ecological processes and patterns at a regional scale 

(McDonnell and Pickett 1997). In this study, I develop a framework for studying the 

interactions between human and biophysical drivers of ecosystem variability, using a 

regional example of aspen, elk, fire, and climate in the western United States. In this case 

study, a few key ecological processes, affected by both human and biophysical drivers, 

influence critical ecological patterns (Figure 2.1). Because key ecosystem processes, 

such as fire and elk population dynamics, operate over large spatial and temporal scales, 

changes in these processes have the potential to generate far-reaching, pervasive impacts 

on regional ecosystem patterns. The direct effects of land use history in this system 

include predator control, changes in the fire regime, and changes in land cover due to 

settlement patterns. Land-use history may also have many indirect effects on populations 

and processes inadvertently affected by land use. For example, elk populations may have 

increased in the absence of predators and fire exclusion may have lead to a reduction in 

post-fire vegetative reproduction among aspen clones. At the same time, abiotic 

influences, such as climatic variability affect ecological patterns and processes, making it 

difficult to separate human influences from the effects of biophysical drivers on 

ecosystem processes. 

Given the complex history and influence of human and biophysical drivers of 

ecosystem variability in aspen forest systems, it is not surprising that management of 

aspen is currently at a crossroads (e.g. Miller 1998). "Decadent" or 'declining" aspen 

stands in many areas of the Rocky Mountains are dominated by stems in 100+ year age 



Figure 2.1. Conceptual model of aspen - land use dynamics in the Jackson Valley, Wyoming. The top tier represents the 
drivers of ecosystem variability, the middle tier represents ecosystem processes and the lowest tier represents the ecological 
pattern recognized and measured in the field. 
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classes and have low rates of regeneration (Gruell and Loope 1974, Allen 1989, 

Mueggler 1989, Wirth et a!. 1996, Baker et al. 1997, White et al. 1998). Aspen stems 

regenerate both sexually and vegetatively following stand destructive fires (Gniell and 

Loope 1974, Schierand Campbell 1978, Jones and DeByle 1985, Ronime et al. 1995), 

suggesting that changes in the fire regime over the last century may be associated with 

aspen decline. However, some researchers argue that elk browsing may inhibit and 

possibly prevent aspen regeneration following fire (Olmsted 1987, Kay 1990, Baker et al. 

1997). Historical changes in hunting policy, elk feeding, predator control, and fire 

management may have indirectly influenced aspen regeneration dynamics, however 

biophysical processes, especially climate, may also be important In Yellowstone 

National Park, fire suppression combined with ungulate pressure, in particular elk, and 

dry climatic conditions may have prevented aspen regeneration following the 1988 fires 

(Romme et al. 1995). Though all of these are key processes involved in aspen 

regeneration, Romme et al. were unable to separate the influence of these variables or to 

estimate which processes were most important in affecting aspen regeneration, leaving 

many unanswered questions about the relative impact of human and biophysical drivers. 

The questions surrounding aspen 'decline' involve the rate, scale, and interaction 

of different biophysical and human-related drivers of ecological process. While fire may 

be the dominant disturbance influencing aspen reproduction on the scale of lOO's of 

years, other variables may operate at faster rates, uncoupling the effect of fire when it 

does occur. Herfoivory has the potential to interact with fire when browsing reaches a 
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level that prevents recruitment of aspen saplings (Baitos and Mueggler 1978), disnipting 

the pattern of ecosystem dynamics expected by ecologists and managers. Similarly, 

though the life span of an aspen clone may approach millenia (Barnes 1966), the absence 

of fire for over 100 years due to fire suppression or cattle grazing, may damage the 

clone's ability to reproduce vegetatively, and profoundly change the distribution of aspen 

in a watershed for centuries. To isolate human versus biophysical effects on ecological 

processes, the rates and interactions of these drivers with ecological processes must be 

isolated, identified and matched with scale-appropriate ecosystem patterns. 

This study describes the spatial and temporal variation in aspen regeneration in 

the Jackson Valley over the last two centuries. My goal is to relate this variation to the 

effects of human land-use, such as elk management and ftre suppression, and to 

biophysical drivers of ecological variability, such as precipitation and pre-settlement fire 

regimes. To place current observations of aspen decline into the context of historical 

land use and in order to develop a framework for understanding the interaction between 

human-induced change and ecological variability specifically, I address the following 

questions; 

1. What is the pattern of aspen regeneration in the Jackson Valley over the last 150 

years? Is aspen regeneration continual or episodic? 

2. How does climatic variability, fire regimes (suppression and prescription fire) and elk 

population dynamics (numbers and spatial distribution) relate to the observed spatial 

and temporal variation in aspen regeneration? 



22 

3. How has intensification of land management over the last 200 years, (in particular fire 

management, elk hunting, domestic cattle grazing, and elk feeding), altered ecological 

processes and how have social institutions responded to the resulting changes in 

ecological systems? 

In explicitly linking ecological changes and institutional dynamics I seek to 

address a current gap in the study of land-use change. Light et al. (1995) developed a 

framework for exploring the history of human interaction with a natural system through 

their detailed institutional history of the Florida Everglades. They focused on phases of 

institutional development (e.g. exploitation, conservation, crisis, and reconfiguration), but 

failed to describe a methodology for identifying and measuring signals in the biophysical 

system related to changes in human land use. This study develops a method for 

analyzing the interactions between human land use activities and ecological processes. 

The Jackson Valley of northwestern Wyoming was chosen as a case study for this 

project because it is characteristic of western regions in the United States where human 

land use and social institutions relating to the environment have changed dramatically 

over the last 200 years. Institutions are systems of rules and decision-making processes 

that lead to social practices and guide interactions among human participants (Young et 

al. 1999). In the Jackson Valley, institutions revolving around beaver pelts, cattle 

production and later elk hunting have demanded constantly high yields in plant and 

animal biomass. Similarly, fire suppression has reduced the variability in fire frequency 

and size (Loope and Gruell 1973). When human land use activities affect broad-scale 
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ecological processes, such as fire regimes and large ungulate populations, the indirect 

effect of human institutions may be far reaching. These indirect effects may influence 

not just the lands under human use, but adjacent protected areas as well. In the Jackson 

Valley, a relatively long (for the intermountain West) history of human institutions and 

management has led to a complex mosaic of impacts on ecosystem dynamics. These 

social institutions and activities may have reduced variability and resilience in 

ecosystems leading to an increased potential for ecological surprise. 

STUDY SITE: THE JACKSON VALLEY, WYOMING 

Biophysical Setting 

The Jackson Valley, located in northwestern Wyoming on the east side of the 

Teton Mountains, ranges in elevation from 1800 m on the valley floor to 4100 m at the 

summit of the Grand Teton. Annual precipitation is low (mean = 59 cm) with most 

precipitation falling as snow in winter. Vegetation is primarily dominated by sagebrush 

(Artemesia spp.) grasslands bordered by coniferous forest vegetation composed of 

Douglas-fir (Pseudotsuga menziessi), Engelmann spruce (Picea engelmanni), and 

subalpine fir (Abies lasiocarpa). Aspen stands occur within a matrix of montane and 

subalpine coniferous forest as well as within sagebrush grassland, forming a diffuse band 

of deciduous vegetation between approximately 2000 m and 2SS0 m, though smaller, 

stunted stands occur infrequently up to treeline. Aspen in this study were sampled within 

and adjacent to the winter range of the Jackson Hole elk herd. 
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Elk are the dominant wild ungulate in the Jackson valley with current herd 

population estimates exceeding 16,000 animals. The Jackson herd is the second largest 

elk herd in the world; Yellowstone's northern herd is the largest (Boyce 1989). Elk 

prefer aspen over other habitats especially in fall, winter, and spring (Boyce 1989) 

making aspen forest important for elk management. Most of the Jackson Hole elk herd 

winter range is located between 1800 m - 2500 m in the south and eastern portions of the 

valley. 

The Jackson Hole elk herd is composed of two major groups. One segment 

winters on the National Elk Refuge and one winters on the Bridger-Teton National Forest 

in the Gros Ventre watershed. In summer, both components of the herd may migrate to 

Grand Teton National Park, Yellowstone National Park or high ground in the Bridger-

Teton National Forest (Smith and Robbins 1994). Some of these animals migrate up to 

100 km between their winter and summer range culminating in what is probably the 

longest migration of any of the North American elk herds (Boyce 1989). 

Institutional Setting 

The Jackson Valley is a complex mosaic of private, federal, state, and county 

owned lands (Figure 2.2). Because elk and other wildlife habitats transcend political 

boundaries. Grand Teton National Pailc, National Elk Refuge, Bridger-Teton National 

Forest, and the Wyoming Department of Game and Fish all have strong interests in the 

Jackson elk herd and cooperatively manage the elk herd (Smith and Robbins 1994). In 
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Figure 2.2. Map of Jackson Hole critical winter range and surrounding land ownership. 
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the Greater Yellowstone Area, elk are highly important as an economic resource through 

tourism, hunting, and wildlife viewing (Boyce 1989). 

METHODS 

Sampling Locations 

Data on aspen stand dynamics were collected from 30 stands dispersed across 

gradients of elk use and across varying fire regimes within the Gros Ventre watershed of 

Bridger-Teton National Forest and the National Elk Refuge. Stands were distributed 

across three levels of elk use. These categories are based on Wyoming Department of 

Game and Fish classes of elk habitat derived from annual frequency of elk observations 

(Wyoming Department of Game and Fish, pers. com). The three elk use categories are; 

"critical winter range" (elk are observed every winter); "winter range" (elk are observed 

most winters); and "non-winter range" (elk are only occasionally observed in winter). 

Non-winter range sites had to be within S km of the winter range boundary and have 

similar vegetation, elevation and slope/aspect to winter range and critical winter range 

sites. Within each category of elk use, I randomly selected 2-8 stands that had been 

burned by recent (<1S year old) management ignited or prescribed natural fires. Stands 

were selected using a Bridger-Teton National Forest GIS map of aspen stands generated 

from aerial photo interpretation (Bridger-Teton National Forest pers. comm.). Stands 

smaller than 625 m^ were omitted from sampling due to the difficulty of observing them 

on aerial photos and the small number of trees present for age structure analysis. 
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Aspen Distribution and Stand Dytunnics 

Stand age structures provide stand-level histories of aspen regeneration. Age 

structures are temporally explicit data on the birth and death of individual trees or stems 

in a stand that can be interpreted in terms of the impact of local as well as regional 

factors. Individual stand histories may indicate responses to stand level variables, such as 

herbivory, fire and regeneration processes (Veblen 1986). When multiple stand age 

structures are pooled across a landscape they may suggest how a population responds to 

regional scale variables such as climate change (Hessl and Baker 1997, Villalba and 

Veblen 1997). 

At each sampling location, at least 40 trees (>2m tall) were include in plots that 

ranged in size from 2Sm x 10m, 25m x 25m, or 25m x 50m plot depending on the tree 

density. By randomly locating the plot, I was able to measure a representative sample of 

aspen ages, not just the older trees that tend to be centrally located within the stand. All 

standing trees >2m tall (live and dead) were tallied and a random sample of 25-50 trees 

were cored twice, as close to the base as possible, to determine approximate recruitment 

dates. Some cores were taken up to Im above rotten bases, reducing the resolution of 

regeneration dates for these trees. Cores were taken back to the lab and processed for 

aging according to standard dendroecological techniques (Stokes and Smiley 1968). In 

the lab all cores were counted and cores older than 50 years were visually cross-dated 

using sequences of marker rings to improve the accuracy of regeneration dates 

(Yamaguchi 1991). 
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Age structures for individual stands were constructed using all datable cores from 

each stand. Because aspen in this region are often infected with a large number of fungal 

pathogens (Krebill 1972), many cores were rotten and were not datable. To assess 

whether the dated sample used for age structure analysis actually represented the 

structure of the stands observed in the field, I compared the original size structure (DBH 

distribution) of all trees in the plot with the size structure (DBH distribution) of the trees 

that were included in the age structure using a two sample Kolmogorov-Smimov test. 

For those trees that did not have at least one core reaching the pith (29%), I used a 

geometric method to estimate the number of rings required to reach the pith. I estimated 

the radius of the last ring in each sample (with at least 1/3 of its diameter represented) 

using clear plastic drawings of circles of different radii, then estimated the remaining 

number of rings based on the average ring width of the last S rings in that sample. If the 

sample required more than IS additional rings to reach the pith, it was discarded. 

Villalba and Veblen (1997) have recommended adjusting for coring height based on the 

growth curve of seedlings growing in the same conditions as the sampled trees. I did not 

adjust ages for the age at coring height for several reasons. Almost all suckers currently 

growing in the study area have been heavily browsed (see below) resulting in suppressed 

growth. Mature trees do not display the same pattern of early suppressed growth, instead 

showing a pattern of rapid early growth. Therefore, the radial growth rates of current 

suckers would not represent the eariy radial growth of mature trees. Unbrowsed suckers 
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(with unsuppressed radial growth) can elongate to at least Im/yearof growth making it 

unnecessary to adjust ages to coring height (~0.5-lm) (Romme et al. 1995). 

Spatial Pattern of Recent Aspen Regeneration 

Information on recent regeneration and vigor of aspen '^suckers" (vegetatively 

regenerated stems <2m tall) was also collected at each site using a smaller 5 x 5m plot 

taken at one comer of the larger age structure plot Within this smaller plot each stem 

<2m tall was tallied and several estimates of elk use were recorded. Elk use was 

measured using an ocular estimate of the percent of photosynthetic biomass removed by 

browse, height of the tallest live branch, height of the tallest dead branch, and total 

number of stems (live and dead) per root node. The number of stems per root node was 

measured to more objectively quantify the effect of elk browsing on aspen. More than 

one stem per root node indicates that the clone had made more than one attempt to 

produce a successful sucker. I also collected up to 20 disks from each of these smaller 

5m X 5m plots in order to estimate the age of these smaller aspen stems. 

Key Ecosystem Processes: Elk Population Dynamics and Fire Regime 

Aspen regeneration may be strongly affected by certain key ecological processes 

that are influenced by climate as well as by human drivers of ecosystem variability 

(Figure 2.1). Elk population dynamics and fire regime, both important for aspen 

regeneration (Romme et al. 1995) have been strongly regulated in the last 200 years by 

both management policies and climatic variability. To understand the relative importance 
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of these processes for aspen regeneration, I collected relevant ecological information on 

fire history and elk population dynamics over the last 200 years. 

I synthesized several forms of fire history information for the study site including 

a previous fire history study (Loope and Gruell 1973), previous historical photograph 

analysis (Gruell 1983), informal Bridger-Teton National Forest fire history studies, and 

recent Bridger-Teton National Forest records of prescribed fire. Because aspen tend to 

regenerate profusely following fire, stand initiation dates may indicate previous fires, 

especially when these dates are coupled with other independent fire history information. 

I compared stand origin dates from the aspen stand age structures with the results of 

earlier fire history studies to provide additional lines of evidence of fire history for the 

last 200 years specific to the area I sampled. To do this, I recorded the recruitment year 

of the S oldest stems in each aspen stand. Stands with at least 3 stems with synchronous 

(to the year) recruitment dates were assigned that date as the potential stand origin date 

following fire. These dates were compared to the dates suggested by Loope and Gruell 

(1973) as large fire years based on fire scar and stand age data (not cross-dated) taken 

from coniferous forest surrounding aspen stands in the Jackson Hole Valley. These 

multiple lines of evidence were used to draw broad conclusions about the history of fire 

in aspen for this area. 

Elk population estimates, including both temporal and spatial information, were 

collected from the Wyoming Department of Game and Fish as well as the National Elk 

Refuge (1912-1997). Because the period of recorded elk numbers is short relative to 



ecological dynamics, I supplemented elk population estimates with other historical 

information on the elk population and distribution. Historical accounts include the 

writings of eariy trappers (1808-1840) and government surveys (1876-1899). Though 

historical accounts are often biased by the objectives of the author, a general picture of 

elk populations in the 19*** century can be described based on these accounts. 

I used the chi-squared goodness of fit test to evaluate the effect of elk numbers on 

aspen regeneration. Three elk classes were defined by finding five-year means to 

coincide with the five-year bins of aspen regeneration (see above). The range of the five 

year means was divided into thirds and elk classes assigned based on these thirds. 

Expected frequency of aspen regeneration (given total frequency for the period) for each 

elk class was compared with the observed frequency of aspen regeneration for each class. 

Abiotic Drivers 

The abiotic drivers of elk population dynamics and fire regimes are primarily 

climatic. Elk populations are strongly influenced by snow depth and duration. Deep 

winter snows often result in high mortality of calves and adults (Boyce 1989), while the 

duration of snow cover directly relates to the timing of the seasonal migration to high 

elevation meadows. Fire regimes in sag^rush grassland are influenced by net primary 

productivity (Knight 1994) which is likely driven by annual climate variability through 

the accumulation of fine fiiels. Climate also directly influences aspen reproductive 

success through moisture available for rapid growth of young suckers. Though clonal 

root systems allow aspen to avoid drought (Jones et al. 1985), droughts of long duration 
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may strongly affect height growth among suckers and mature trees (Jones et al. 1985, 

Einspahr et al. 1972, Stoeckeler I960). In the foothill transition zone between sag^rush 

grassland and evergreen forest, aspen often occur on north-facing slopes and in the lee of 

snow banks, suggesting that aspen may be moisture limited in arid environments (Knight 

1994). Snow duration, as it relates to the time aspen are susceptible to elk browse, may 

also be important for successful aspen regeneration. 

I analyzed monthly temperature, precipitation, and snow depth (1915-1997 from 

the Moran climate station (National Climatic Data Center 1998). To extend the 

climatological record to the century long scales required for this analysis, I improved and 

updated a dendroclimatological study of the southern Yellowstone region (Stockton 

1973) with 27 additional cores taken from trees at the same location near the Gros Ventre 

River (Uhl Hill, Appendix A). Cores were collected and processed according to standard 

dendroclimatological techniques (Fritts 1976) and were added to the original chronology 

collected in 1973. I also developed a suite of models that describe climate-growth 

relationships and can be used to infer past variation in precipitation and summer 

temperature (Appendix A). 

RESULTS 

Long-Term Patterns of A^n Regeneration 

1044 trees were sampled for age structure analysis from 30 aspen stands. Of 

these trees, 774 trees were successfully dated and 270 trees were eliminated from the 
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analysis due to rotten wood. At each site, between 9-45 trees were successfully dated and 

for 22 of 30 sites, more than 20 trees were dated. Two sites were discarded from the age 

structure analysis because they did not have enough dated trees for age structure analysis. 

Because a large percentage of the samples had to be discarded due to rotten wood, 

I compared the diameter distribution of the original sample with the diameter distribution 

of the dated subsample. The DBH distributions did not significantly differ (ks = 0.0376, 

p-value = 0.5601), indicating that the sample was unbiased, at least with respect to DBH. 

I also compared the number of dead trees in the original sample with the number of dead 

trees in the aged subsample. Of the total number of trees sampled, 32.5% were dead (338 

of 1040), while for the total number of trees dated, 29.1% were dead (224 of 770), 

suggesting that the final dated sampled contained a representative subsample of standing 

dead trees. Though downed logs were too rotten to date, the frequency of downed logs in 

most stands was not high. 

Aspen stands in the Jackson Valley exhibit surprisingly similar age structures 

given environmental variability and the history of human intervention in the area (Figure 

2.3). For all stands (n = 28) aspen regeneration appears episodic (Figure 2.4). The first 

period of regeneration (>5 stems) occurred between 1840-1900 for all stands except one 

located on the National Elk Refuge. This stand does not have any surviving trees from 

earlier than 1903. For many stands, this initial r^eneration period in the late 1800's 

represents the bulk of trees that remain alive today. Thirteen stands experienced a recent 

period of regeneration beginning in 1960 and extending through the late 1980's. Seven 



Figure 2.3. Aspen age structures in five year age classes for 28 sites sampled, 
taken from live all trees sampled. 

Bars represent the percent of aspen stem ages. 
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Figure 2.4. Raw data and locally weighted regression (lowess) curves (15-
year window) of tree ring index from Uhl Hill, Wyoming (a; Appendix A), 
annual precipitation (b) and estimated elk population for the National Elk 
Refuge (c). Estimates of elk population highs and lows are noted with black 
circles (population estimate > 1 standard deviation above or below the 
series mean for the period of record). The period of market hunting 
occurred between ~1800-1900. Combined age structure of aspen 
regeneration (black bars) for all sites (n=28) (d). 
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stands have an intermediate regeneration period that extends between 1910-1950, though 

this period is not as consistent between stands. Though regeneration is not continuous 

over time at any site, most sites with early regeneration in the 1830's continue to 

experience some regeneration in the late 1980's. However, five sites have failed to 

reproduce successfully since 1910. 

Long-term Aspen Regeneration and Biophysical Variables 

Using stand age structures pooled from 30 stands, I compared regeneration (stems 

>2m in height) in the last 160 years with elk population data, annual precipitation, and a 

tree ring index taken from drought sensitive trees (Figure 2.4). Aspen regeneration has 

occurred episodically since 1830, with three major periods of regeneration; 1860-1885, 

1915-1940, and 1955-1990. 

Elk population estimates are highly variable over time, though there is an overall 

trend of increasing population size over the time series (Figure 2.4). Significant levels of 

aspen regeneration have coincided with low or moderate elk populations and aspen have 

regenerated only sporadically when elk populations are high. Aspen regeneration was at 

its highest sustained level in the late 1800*s. Though it has been postulated that elk 

populations were extremely low during this period due to market hunting, quantitative 

estimates of the elk population are not known (see below). Aspen recruitment reached 

its lowest levels between 1940-1955 when elk population estimates were at a peak only 

equaled by elk estimates in the 1990's. The 1970's show short-term periods of high 

levels of aspen regeneration, coinciding with elk population estimates that were less 
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variable and remained close to or below the series mean (7748 elk) for three consecutive 

decades. Aspen regeneration has again fallen since 1990 coincident with high elk 

numbers. The chi-squared goodness of fit test is consistent with this interpretation. For 

sixteen five year bins, fewer aspen regenerated during periods of high elk numbers than 

expected (X^ = 59.92, p < 0.0001). 

Aspen recruitment since 1912 also appears to be associated with low frequency 

variation in annual precipitation. High precipitation extremes, especially in the 1920's 

coincide with decadal periods of aspen recruitment (Figure 2.4). However, in general 

aspen regeneration does not track precipitation closely and there appears to be only a 

weak relationship between the dendroclimatic reconstruction and the three episodes of 

aspen regeneration (Figure 2.4). 

Recent Patterns of Aspen Regeneration 

Sucker density varies dramatically across all sites (minimum = 0 stems/ha, 

maximum = 62,000 stems/ha), however, 28 of 30 sites have less than 21,000 stems/ha 

and 14 sites have less than SOOO stems/ha (Appendix B). Though one stand with high 

sucker density (S0,000/ha) has a history of prescribed fire, the stand with the highest 

sucker density was located in the National Elk Refuge and had no history of recent 

disturbance (pers. com. Bruce Smith, National Elk Refuge). 

Browsing intensity was also highly variable across sites, ranging from no browse 

evidence on any suckers (0%) at some sites to nearly complete browse of all suckers 
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(99.75%). Across all sites, percent browse averaged 48%. With the exception of one 

stand, sites with average browse <20% were either outside of the elk winter range (3), 

had evidence of old elk exclosures (2), or had extremely high sucker densities (2). 

Sucker height was not highly variable between sites (mean = SS cm, standard 

deviation = 33 cm) with 18 of 30 sites having mean sucker height fall between 25-75cm. 

Only two sites had an average sucker height > 2 standard deviations greater than the 

mean and both of these sites were located outside of the elk winter range. Most sites (24) 

did not have any suckers > 150cm tall. Sites with tall suckers (>I50cm) tended to have 

steep slopes (1) or were located immediately adjacent to roads (5). Most of these sites 

had also been burned by prescribed fire (5). 

At one site, a single root node contained 35 stems (all dead), indicating a high 

degree of sucker mortality, primarily due to elk browse. Though this is an outlier among 

the sampled stands, 16 sites had'single root nodes that produced more than 5 stems. On 

average, sites had a range of from 1 to 3.6 stems/root node and a mean of 1.875 

stems/root node for all sites. 

Recent Aspen Regeneration and Biophysical Processes 

Prescribed fires had no effect on sucker density as measured 5-15 years following 

fire (p = 0.921; Figure 2.5). In contrast, elk browsing on aspen is variable across a 

gradient of elk-use, but follows a gradient fiom high browsing on aspen suckers in 

critical winter range and winter range stands to lower browsing in areas outside the 



Figure 2.5. Boxploi of vegelalive reproduction (sucker) densily in burned and unburncd aspen stands. 
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winter range (p = 0.051; Figure 2.6). 

DISCUSSION 

Keystone Processes and Aspen Dynamics 

At short time scales (from 10-50 years), elk variability, and not fire, is the crucial 

ecological process controlling aspen regeneration. There are significant elk impacts 

across the entire population of aspen suckers sampled, even those outside the winter 

range. With the exception of two sites with sucker densities greater than 50,000/ha, 

sucker densities at sampled stands will not be sufficient to replace current mature stems 

(Bartos et al. 1994) regardless of recent fire history. Though one stand with high sucker 

density (50,000/ha) has a history of prescribed fire, the stand with the highest sucker 

density was located in the National Elk Refuge and had no history of recent disturbance 

(personal communication, Bruce Smith, National Elk Refuge). This stand may be 

genetically unique, too dense for elk habitat, or may be located beyond the range of the 

elk migration route, as there was little evidence of elk browse or elk activity at this site. 

Though elk browse is intense at all sites (mean = 48% browsed), percent browse 

is variable even between stands within the same category of elk use, indicating that 

frequency of elk use may not be the only factor affecting elk browse on aspen at short 

time scales. Other factors, such as proximity to roads and clone genetics may affect how 

suitable a stand is for elk habitat The proximity of some sites to roads may make these 

stands less attractive to elk due to increased human traffic during hunting season or 



Figure 2.6. Boxplot of vegetative reproduction (suckcr) density in burned and unburned aspen stands. 
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increased snow mobile traffic in winter. Elk can be displaced as far as 2.7 km from well 

traveled roads (Gruell and Roby 1976). 

At long time scales (50-200 years), both fire and moisture availability may be 

important for major periods of aspen regeneration, though extreme fluctuations in elk 

may uncouple these effects. The longest and most prolific period of aspen regeneration 

occurred during a period of frequent fires (relative to the present fire regime) between 

1850-1890 (Loope and Gruell 1973), when elk populations were likely low due to market 

hunting. In recent years, fire frequency has increased due to prescribed natural fire and 

management ignitions but aspen regeneration has remained low due to high levels of elk 

browsing. The presence of large numbers of elk browsing on aspen has reduced the 

utility of prescribed fire (both natural and management ingnited) as a tool in promoting 

vegetative aspen regeneration. This 'uncoupling' effect of large ungulate browsing, 

where fire no longer drives aspen regeneration, has been documented in other systems 

(Romme et al. 1995), and may represent an important change in ecosystem dynamics 

increasingly influenced, both directly and indirectly, by human land use and 

management. 

People. Institutions and Keystone Processes 

Human Institutions and Management 

Given that human activities influence ecosystem processes and changes in 

ecological states feed back to alter institutions (Figure 2.1), it is critical to describe the 
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evolution of institutions and management. The history of the Jackson Valley is defined 

by dominant land uses that are consistent for several decades before they change 

abruptly, usually in response to an unusual biophysical event. I identified four eras of 

human management important for understanding the historical and current status of aspen 

(Figure 2.7). Here I describe the processes and events that lead to the development of 

new kinds of interactions between human institutions and biophysical processes. For 

each era, I describe the nature of significant changes in land use, the drivers of these 

changes, and the relationship between these changes and aspen dynamics. 

Native Land Use: Pre-1807 

Archeological records indicate that the Shoshone had probably hunted bison and 

antelope seasonally in the Jackson area for 4S00 years prior to Euro-American settlement 

(Prison 1971). Unfortunately, evidence regarding native use of elk and fire is lacking 

(Wright 1984), leaving the indirect effects of native land use on aspen regeneration 

relatively unknown and difficult to reconstruct. Whatever the native land use prior to 

1800, new economies surrounding trapping and drastic changes in native populations due 

to disease and warfare undoubtedly altered human interactions with the biophysical 

system in the late 1700 and early 1800's (Crosby 1986, Denevan 1992). 

Market Hunting: 1807-1871 

John Colter, the first Euro-American to visit the Tetons and Yellowstone, entered 

the Jackson Valley through the Gros Ventre River in 1807. Soon after Colter's first visit. 



Figure 2.7. Timeline of dominant land use, lire regime, and elk management from prior to 18(X) to present. Land use history is 

categorized into four distinct eras during which human land use had subtle but far reaching effects on ecosytems. Era I is 
characterized by unknown native uses and management strategies, era II is characterized by market-driven hunting of both 
beaver and elk with an unknown fire regime, era III is characterized by cattle ranching, fire suppression and elk protection, and 
era IV is characterized by recreational land use, a prescription fire regime (Rxn fire) and intensive elk management (including 
winter elk feeding and managed hunting). 
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the region opened to extensive beaver trapping and exploration until 1840 when beaver 

populations declined dramatically and the era of the trapper ended abruptly (Mattes 1948, 

Say lor 1970). Elk, treated as a common pool resource in the 19*'' century, were initially 

hunted without regulation (Figure 2.8). Elk were hunted primarily for their skins and 

ivory teeth (permanent canines) or "tusks" which were prized by many hunters and by 

Elks Club members (Irland 1903, Woodward 1904). Elk hunting was unregulated in 

Wyoming for most of the 19"* century until 1871 when Congress restricted elk hunting 

and "wasting" game was prohibited (Sheldon 1927). 

The majority of aspen stems present on the landscape today regenerated during 

this period (Figure 2.4). However, the period of market hunting also coincides with 

extensive fires observed through synchronous aspen regeneration (Figure 2.9) and other 

fire history studies (Loope and Gruell 1973). 

Ranching: 1872-1960 

Following the decline of the beaver trade, Euro-American exploration in the 

Jackson region dropped off with only a few gold miners remaining for short periods in 

the valley between 1840-1863 (DeLacy 1876, Say lor 1970). By 1867, the railroad had 

been completed to Cheyenne, Wyoming allowing easier transport of beef to eastern 

markets (White 1991). As a result of new access to distant mailcets, cattle ranching 

became the primary land use in the region. Permanent settlement by ranchers began in 

the Jackson Valley in 1883 and by 1898, the Jackson Valley contained 21 ranches 



Figure 2.8. Photograph of Lispenard Stewart engaged in unregulated hunting of elk in the Teton-Yellowstone area, 1887. 
Photo by F. Jay Haynes; courtesy of the Montana State Historical Society. 



Figure 2.9. Frequency of aspen stand recruitment dates (bars) compared with regional fire dates (black arrows) derived from 
fire scarred conifers (Houston 1973, Loope and Gruell 1973). Only large fires described by the authors are included. 
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(Brandegee 1899). However, under the severe climatic conditions of northwestern 

Wyoming, successful ranches required additional hay grown for feed and "hay" 

agriculture became the dominant use of the most productive lowland areas. Ranches 

preferentially established in lowland areas occupying the same grasslands that had been 

historical elk winter range (Boyce 1989). Gradually, much of the low elevation 

grasslands in the valley were devoted to ranching, leaving only the high elevation areas 

for preservation of elk habitat. Snow depth in the Jackson Valley varies dramatically 

with elevation (Figure 2.10) with the result that protected elk winter range occurs on land 

with a shorter snow-free season than private land. 

By the turn of the century, local ranchers were in favor of game preserves 

primarily to prevent elk from feeding on hay grown on private land for cattle (Boyce 

1989). In 1897 the Teton Forest Preserve (now part of Bridger-Tetoxi National Forest) 

was established (Brandegee 1899), in part to provide winter range for the elk herd, 

however most of this land was high elevation and failed to provide habitat during extreme 

winters. Between 1909-1920, the Jackson Valley experienced what were probably the 

most severe winter conditions since ISSO (Figure 2.4 and Appendix A, Figure A.1). 

These extremely wet winters resulted in drastic reductions in the elk population (Sheldon 

1927). In response to public outcry regarding severe elk mortality, the state of Wyoming 

allocated $5000 in 1910 to feed the elk near the town of Jackson (Sheldon 1927). The 

following year. Congress allocated $20,000 towards the same purpose, and in 1912, the 



Figure 2.10. Total monthly snow depth averaged for the period of record for three climate stations at different elevations in the 
Jackson Valley. Snow depth increases and snow free season decreases with elevation. 
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National Elk Refuge was established to protect some of the remaining winter range of the 

elk herd just outside the town of Jackson (Sheldon 1927). 

In subsequent years, elk populations fluctuated on an annual basis, but long term 

trends demonstrate an increasing number of elk over time (Figure 2.4). During the early 

years of elk protection, management tended to blame any drastic reductions in the elk 

population on the increasing number of settlers in the valley. It was thought that the 

animals had been "cut off from their winter quarters on the Green River drainage" by 

livestock grazing and human habitation (Sheldon, 1927 p. 25). As a result of this loss of 

habitat, it was argued that feeding at the National Elk Refuge was necessary to prevent 

massive elk mortality until additional winter range could be provided. Similarly, winter 

feeding of elk was required to keep wild ungulates from eating hay grown for domestic 

cattle (Boyce 1989). Shrinking elk habitat was compounded by management efforts 

designed to reduce variability in elk population dynamics and migration. At least through 

1927, the objective of management was to "preclude any wide variation in the numbers 

of the herd" (Sheldon 1927 p. 8). In the absence of predators, elk hunting and feeding 

became the dominant forms of population control and are currently used to regulate herd 

size. 

During most of the 20^ century, policies and institutions worked to constrain the 

variability of other ecological processes into more narrow bounds. Between 1600-1900, 

fires occurred every 50-100 years in the grassland-forest boundary (Loope and Giuell 

1973, Houston 1973), but, by the mid-20''' century, fires were actively suppressed in the 
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Jackson Valley and there were no fires larger than 400 hectares between 1941-1973 

(Loope and Gruell 1973). It is difficult to determine whether the success of fire 

suppression in the 20"' century was due to actual suppression efforts or the reduction of 

fine fuels resulting from domestic cattle grazing. At the same time elk populations were 

continuing to grow (early 20"* century), cattle ranching, (as measured through the number 

of cattle grazing on Bridger-Teton National Forest lands), increased, reaching a sustained 

high during the 1940's (Figure 2.11), when demand for beef rose in conjunction with 

World War II. Regardless of the cause, reduced fire frequency, high ungulate numbers 

(both wild and domestic), and two droughty periods in the 1930's and the 19S0's are all 

associated with the low levels of aspen regeneration during this period (Figure 2.3). 

Recreation/Intensive Management: 1960-Preseiit 

As the market for recreation began to outstrip the market for beef in the 1950's, 

many ranchers transitioned their cattle ranches into dude ranches geared toward wealthy 

vacationers from the eastern United States (Saylor 1970). By the 1970's, many of the 

original leaseholders using National Forest land for grazing ceased to use their permits on 

an annual basis and eventually lost their rights to graze (Bridger-Teton National Forest 

files). This transition from ranching to recreation, lead to a period of rapid turnover in 

permittees, different management strategies between permittees, and highly variable 

numbers of domestic livestock on forest service land (Figure 2.11). Coinciding with this 

period of variable domestic livestock grazing, intensive management of elk populations, 

including regulated hunting, winter-feeding, and managed herd size continued to 
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Figure 2.11. Average number of cattle grazing on three watersheds in the Gros Ventre 
winter range of the Jackson Hole elk herd over time (black line). Data are taken from 
management plans, invoices and other notes in forest service files and are intermittent 
prior to 1940. Data from Fish Lake watershed, the most well-documented watershed 
(gray line) and Teton County (National Agricultural Statistics Service) (dashed line) are 
plotted for comparison. The recent period of high variability documents the recent 
decline of cattle ranching in the Jackson Valley as fewer permittees return each year. 
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constrain the variability in the elk population and range. Feeding on an annual basis 

continued at the feed grounds on the National Elk Refuge and additional feeding was 

started on an annual basis at three feed grounds in the Gros Ventre Valley on National 

Forest land in 1960 (Boyce 1989). 

Though scientists had described a decline in aspen as early as the 1950's (Knight 

1994), it was not until the 1970's that managers began to manage aspen intentionally. 

Following an influential paper by Loope and Gruell (1973) documenting both the lack of 

recruitment in aspen forest and changes in fire history, the Wyoming Department of 

Game and Fish along with the Forest Service implemented a prescribed fire program in 

much of the Gros Ventre winter range. This program was meant to enhance elk habitat in 

aspen and other vegetation types (Bills and Novak 1994). 

Ltwk of Fit with Respect to Human Institutions and Ecological Processes 

Elk population dynamics and fire, the keystone processes involved in aspen 

dynamics, have both been strongly influenced by human land use patterns over time. 

Over the last 200 years, several low frequency, extreme biophysical events have 

precipitated changes in land use patterns. These changes in land use have then resulted in 

new patterns of aspen regeneration. Extreme biophysical events were often the inevitable 

result of mismatches between social institutions and biophysical variability. Societal 

norms that viewed nature as balanced and unbounded, led to institutions dependent on 

stability and high productivity. Ecological surprises, (low frequency, extreme events 

such as wet winters and local species extirpations) forced changes in institutional 



55 

frameworks (e.g. elk feeding, prescribed fire in aspen). However, the new frameworks 

failed to recognize the dynamic bounds of key ecosystem processes, such as fluctuating 

elk populations and dynamic winter-ranges. Recent policies designed to rejuvenate aspen 

communities failed as a result of this lack of fit between ecosystems and institutions 

(Folkee/o/. 1998). 

The decline of the beaver in the 1840's and later the decline of the elk in the late 

1800's were the result of market-driven institutions that failed to recognize the limits of 

these populations to r^enerate under stress. However, it was between 1860-1880, during 

the period of extensive fires and low elk numbers that aspen regenerated successfully 

producing the majority of mature stems present today (Figure 2.3). Similarly, ranching 

and settlement in the late 1800's and early 1900's failed to recognize the need for both 

high elevation and low elevation grasslands for the sustainability of elk populations. 

Extremely heavy snow fall in the early 1900's in combination with restricted elk range 

resulted in high elk mortality. The variability in elk populations caused both local 

residents and distant politicians to alter the land use patterns of the valley by setting aside 

winter range in the form of the National Elk Refuge. However, the Refuge did not 

protect the entire winter range and added an additional organization to an already long list 

of groups responsible for elk and elk habitat. 

By the mid 20"* century, domestic livestock grazing and fire suppression had led 

to a decline in fires resulting in reduced opportunities for vegetative reproduction in 

aspen (Figure 2.3). This time, a failure to recognize the importance of variable 
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disturbance led to an observed "decline" in the aspen population. Management 

responded to this change in aspen populations by initiating a prescribed burning program. 

However, management and settlement had constrained the variability in elk populations 

and elk range, resulting in high numbers of elk in limited (low productivity) winter range. 

This in turn, generated greater pressure on aspen clones, even in the presence of more 

frequent fires. 

Despite the failure to recognize the scale of key ecosystem processes, in some 

respects institutions in the Jackson Valley did adapt more effectively than institutions in 

other areas of the West. While elk populations in many western mountain ranges were 

locally extirpated at the turn of the century, the Jackson Hole elk herd survived and 

allowed other herds to be repopulated through release programs (Robbins et al. 1982). 

Similarly, the early use of prescribed fire in the Jackson Valley may have prevented 

destructive wildfires that have affected other public lands with a history of fire 

suppression. Two factors appear important to these successes in the Jackson Valley. 1) 

The local human population was directly involved with monitoring and responding to 

ecological signals (e.g. elk grazing on domestic livestock feed). 2) The early designation 

of National Parks and other public lands, such as the Gros Ventre winter range and 

Yellowstone National Park provided secure habitat for elk. 

CONCLUSION 

The subtle influence of human action through the modification of fire regimes, elk 

population dynamics, and elk range, in combination with climatic variability has had far 
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reaching impacts on ecosystem pattern and process in the Jackson Valley. As aspen 

recruitment slows, the quality of elk winter range declines, further reducing the spatial 

variability in elk winter range and concentrating animals on less productive stands. 

Changes in forest composition and structure may have far reaching impacts on entire 

communities. For example, avian diversity is much higher in aspen forest than in 

surrounding coniferous forest (Hansen and Rotella 1998). As aspen habitat declines in 

spatial extent, we might expect avian diversity to decline as well. 

While much of this research was performed on multiple-use U.S. Forest Service 

and U.S. Fish and Wildlife Service lands, the processes described here have probably 

affected many of the surrounding wilderness and National Park Service lands comprising 

elk winter range as well. When human land use affects regional scale processes such as 

large ungulate populations and fire regimes, the ecological response may be subtle but 

regionally pervasive. Given the presence of many large ungulate herds in the West prior 

to Euro-American settlement and the histories of local extirpation and reintroduction, it is 

likely that many fundamental ecological processes have been altered to the same degree 

as those studied here. Additional studies should investigate these relationships to 

determine the spatial extent of these ecosystem changes. 

Though this study is limited by incomplete fire history data, imperfect elk 

population estimates, and limited information on recruitment versus mortality of aspen, 

historical studies of this type can provide invaluable information on complex ecological 

systems. Complex systems involving human and biophysical drivers of ecosystem 
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variability will continue to pose many issues for science and management as direct and 

indirect human influences become increasingly pervasive. Retrospective studies 

addressing the interactions between human land use and ecosystem process will be forced 

to investigate systems with incomplete data. However, by recognizing changes in 

variability, ecological thresholds, and interactions among low and high frequency drivers, 

these studies can take steps towards understanding the dynamics of these complex 

systems. 
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CHAPTER 3. RECONSTRUCTING ECOLOGICAL HISTORY IN JACKSON 

HOLE: PALEOECOLOGY AND ECOSYSTEM MANAGEMENT 

"As a primary goal, we would recommend that the biotic associations within each park be 
maintained, or where necessary recreated, as nearly as possible in the condition that 
prevailed when the area was first visited by the white man. A national park should 
represent a vignette of primitive America" (Leopold et aL 1963). 

INTRODUCTION 

When Akio S. Leopold and the Advisory Committee on Wildlife Management in 

the National Parks met in 1963, ideas about equilibrium in ecology were significantly 

different than they are today. Ecological communities were perceived as following a 

single successional pathway and the management objective was to "manage a particular 

habitat to achieve or stabilize it at a desired stage". It was believed that ecosystems 

ultimately reached a climax or equilibrium that could be maintained indefinitely through 

time in the absence of disturbance (Clements 1936). Within the context of this 

understanding, a static pattern or snapshot in time representing climax conditions could 

serve as a reference point for measuring ecological health. However, as the importance of 

disturbance and ecosystem variability became better understood in the 1970's, ecologists 

and managers recognized the need for incorporating disturbance and other processes into 

their understanding of many systems. Recognition of disturbance as a critical ecological 

process led to the idea that ecosystems ultimately reach a dynamic equilibrium or a shifting 

mosaic steady state (Bormann and Likens 1979). As a result, disturbance processes in 

some wilderness areas were allowed to run their course or were incorporated into 

management strategies. 
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Further complicating management was the relatively recent development 

suggesting that some ecosystems tend to be non-equilibrial at some scales (Romme and 

Despain 1989, Baker 1989, Spnigel 1991, Turner et al. 1993). It followed from this new 

understanding that any point in time is unique and may not adequately represent the 

dynamic processes or complex relationships that are crucial to long-term ecosystem 

function. The importance of equilibrium versus non-equilibrium in ecological communities 

as well as discussions of historical contingency and disturbance frequency led to questions 

about the nature and definition of reference conditions for ecological management. Key to 

this discussion were an appreciation for the scales at which equilibrium and historical 

contingency are important and the drivers of stability and change in ecosystems. 

Paleoecological studies helped to challenge traditional ideas about stability and 

equilibrium by improving our understanding of the range of variability in ecological 

processes and states over time (Schoonmaker and Foster 1991). The vignettes of 

primitive America described by Leopold are now managed according to the range of 

variability described by paleoecological studies of reference periods. This approach, once 

applied primarily to the management of protected areas, has more recently been linked to 

the sustainability of lands managed for resource extraction (Mann and Plumber 1999, 

Cissel et aL 1994). These new applications have expanded the scope of paleoecology and 

ecological history, posing new challenges for ecologists. Some of these challenges have 

been addressed by the many articles discussing ecological benchmarks, historical range of 

variability and other conceptual issues surrounding the application of the past to current 

management issues (Bonnicksen 1989, Parsons et aL 1986, SchuUery 1989, Moore et al 



1999, Swetnam et aL 1999, Stevenson 1999). However, less attention has been paid to 

both the cultural and methodological issues associated with how ecological reference 

conditions are identified and reconstructed (but see Millar and Woolfenden 1999). 

The purpose of this paper is to critically examine how and why reference periods 

are chosen for management and what some of the challenges and limitations associated 

with reconstructing ecological history might be for both ecologists and managers. I 

initially focus on the use of ecological history as a management tool in a controversial 

system, the Jackson Hole Valley, highlighting some of the more informative obstacles that 

managers have faced in their attempts to manage this system according to Leopold's 

vision. I next explore the methods and approaches paleoecologists use to research 

ecological history, from simple reconstructions of past ecosystem states to complex 

reconstructions of multiple interacting ecological processes. Finally, I outline a place and 

time-specific approach for using ecological history to inform management. The premise 

of this approach is that paleoecology provides a toolbox useful for describing many 

aspects of ecological history relevant to management, but that each tool is limited in 

scope. Past environments are only partially analogous to current and future environmental 

conditions and should be chosen wisely and creatively. Given these challenges, an ideal 

goal for ecological history involves a detailed understanding of ecological states, 

processes and drivers for reference periods appropriate for each system within the context 

of current and future environmental variability. 



ECOLCX3ICAL MANAGEMENT IN JACKSON HOLE: BACKGROUND 

The Jackson Hole area of northwestern Wyoming is well known for its elk herd, 

the second largest in North America (Boyce 1989). Elk are the dominant wild ungulate in 

the Jackson valley with current herd population estimates exceeding 16,000 animals. Elk 

management in Jackson Hole has for many years used historical records of elk populations 

and range conditions to direct management of the current elk herd (Boyce 1989, Robbins 

et al. 1982). More recently, managers in the Jackson area have become concerned not 

just about elk populations and habitat, but other species as welL When aspen forest in 

Jackson appeared to be declining in density and extent in the 1970's, managers began a 

program of prescribed burning to recreate conditions closer to those in existence prior to 

fire suppression associated with Euro-American settlement (Bills and Novak 1994). 

Based on historical records, photographs (Gruell 1980a & b) and fire-scarred trees 

(Loope and Gruell 1973, Houston 1973), researchers concluded that much of the Jackson 

valley burned during the late 1800's, just prior to major Euro-American settlement of the 

area. In other areas of the west, aspen have responded to fire with extensive reproduction 

and managers expected that aspen would respond favorably to a program of prescribed 

burning. However, the results of an extensive prescribed burning program intended to 

restore aspen and other vegetation were not consistent with management objectives. 

After 20 years of prescribed fires, aspen continue to decline in extent and numbers, likely 

the result of heavy browsing by eOc and dry climate conditions (see chapter 2). The failure 

of the prescribed burning program suggests several questions relating to the use of 
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reference conditions for restoration: How were reference periods identified? What were 

the key variables reconstructed? How were these variables reconstructed? By answering 

these questions it may be possible to identify some of the limitations of the management 

approach and generate a new framework for using historical ecology in future 

management of this and other systems. 

Reconstructing Ecological History in Jackson Hole 

In the Jackson Valley, the key reference variables important for ecosystem 

processes were identified by characterizing vegetation change between historical and 

current conditions (Loope and Gruell 1973). Observed changes in vegetation suggested 

that the absence of fire following Euro-American settlement had led to profound 

ecosystem changes including reduced aspen regeneration. Elk had been managed since 

1912 as part of the National Elk Refuge, though management had focused primarily on 

restoring historical populations, migrations and ranges and not on the effect of elk on 

aspen (Robbins et aL 1982). The connection between aspen, elk and fire was recognized 

early in the management process, but Gruell and Loope (1974) argued that fire was the 

primary process important for managing this system. As a result, the interactions between 

elk and prescribed fire were not considered as drivers of aspen success and prescribed 

bums were performed within the context of heavy elk browsing. This combination led to 

the death of mature aspen trees and little successful understory regeneration. Because 

both elk and fire management had strong impacts on aspen reproduction, I discuss how 
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these variables were reconstructed and the kinds of obstacles that may have introduced 

biases into our understanding of these processes historically. 

Early fire history studies in the Jackson Hole Valley were based on limited fire scar 

samples, limited stand age studies, and limited data from coniferous forests surrounding 

aspen forest. Houston's study, conducted in the Yellowstone region, included 33 live and 

10 dead cross sections from fire-scarred Douglas-fir located along the forest-grassland 

boundary (Houston 1973). These samples are representative of fires in Douglas-fir 

forests, but they do not provide information on fire history in aspen forest. Aspen forests 

have much different fuel characteristics than coniferous forest and are considered a fire 

"break" because of the low likelihood of fire spread in aspen (Fechner and Barrows 1976). 

Loope and Gruell (1973) also collected fire history data in the Douglas-fir forests of the 

Jackson elk winter range, but few details describing the dataset are included in their 

analysis. Based on observed changes in fire history for the period between 1570-1970, 

Loope and Gruell (1973) recommended the return of fire to the Jackson Hole area 

following many years of fire suppression. 

In addition to the fire history data, Gruell (1980a & b) developed a detailed 

collection of historical photographs for the Jackson area and re-photographed these 

locations in the 1970's as a means of documenting the successional changes resulting from 

fire suppression/fire exclusion. Many of the photographs were taken along roads or other 

easy routes of travel such as streams or valleys (Figure 3.1) leading to biased "sampling" 

of historical landscapes. Photographs were taken as part of early elk hunting expeditions 



and were often taken in areas of high human use (Figure 3.2). These areas are typically 

disturbed and may not represent average conditions. More importantly, these 

photographs represented only a "snapshot" in time, just following a period of extensive 

fires possibly associated with the settlement period in the late 1800's (Gruell 1980a & b). 

Unfortunately, the limits of the data were not recognized in these early fire history studies, 

resulting in extrapolated rates of disturbance based on a short temporal record 

(approximately 4(X) years) as opposed to more conservative estimates of the presence or 

absence of disturbance. 

To estimate the historical size, distribution and migration patterns of the Jackson 

Hole elk herd, managers turned to historical accounts fi-om the period during early Euro-

American settlement. After settlement, elk populations declined due to market hunting, 

agriculture and human settlement patterns (e.g. Gruell and Loope 1974, Boyce 1989). 

Estimates of historical elk populations were derived fi'om accounts recorded by travelers 

and reporters writing for European and eastern American audiences in the late 1800's and 

early 1900's. Though the accounts clearly demonstrate that elk were present in Jackson 

Hole at the time of settlement, the time period, the purpose or occupation of the 

observer(s), and the context of their writings tend to color estimates of elk and wildlife 

abimdance resulting in apparently conflicting reports (Table 3.1). Early travelers observed 

only occasional elk while later observers, writing for European and Eastern American 

travel magazines, describe large herds. 
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Figure 3.1. Location of camera points in Gniell (1980) study of fire in the Bridger-Teton 
National Forest, central section. Figure published with permission from USDA Forest 
Service Intermountain Forest and Range Experiment Station. 



Figure 3.2. Photo of aspen stand taken in an area of high human use. Forest Service photograph (by Dick Winger), originally 
printed in GrueU (1980), published with permission from USDA Forest Service Intermountain Forest and Range Experiment 
Station. 
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Table 3.1. Date, observer(s), occupation and description of elk in the Jackson Hole area 

prior to and during early Euro-American settlement. 

Date Observers/Authors Occupation Dcscriptioa 

1811 Andrew Henry party/ 

Mattes 1946 

Trapper A group of trappers from the Sl Louis-Missouri 
Fur Company were "starving" and left Jacksoo 
Hole to warn others of their "disaster" 

1811 Wilson Price Hunt 
Party/Mattes 1946 

Trapper "The scarcity of game, however, which had already 
tieen felt to a pinching degree, and which 
threatened them with famine along the sterile 
heights which lay before them, admonished them to 
change their course" 

1838 Osborne 
Russell/Mattes 1946 

Trapper "The next day the whole camp followed down the 
Gros Ventre Fork to Jackson's Hole...Tbe whole 
company was starving. Fortunately I killed a deer 
in crossing the mountain, which made supper for 
the whole camp" 

1863 DeLacy/DeLacy 1876 Trapper "As usual, some of the men went out to hunt...but 
brought in neither gold nor game. Up to this time, 
and for a long time after, we saw nothing larger 
than rabbits" 

1887 Hough/Hough 1887 Hunter/reporter Heard "a hunter and trapper reporting 15,000 
wintering elk south of Jackson Lake". 

1897 R. Price/Price 1898 Hunter/autbor "Hundreds of shed antlers...carcasses of many [elk] 
which had perished from cold and winter 
starvation...not less than ten thousand [elk],..last 
winter". 

1903 Irland/Irland 1SK)3 Hunter/reporter "It was repeatedly stated to me that at one time last 
winter a herd of elk estimated to contain twelve 
thousand animals passed along the (Jackson) 
valley...and the total number in Western Wyoming 
has been placed at forty thousand" 
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The conflicting accounts of game populations in the Jackson region during the 

1800's suggest that perceptions and expectations of wilderness had changed between the 

time of early explorers and that of eastern hunters and travelers. The trappers' and 

explorers' descriptions of wilderness during the early ISOO's were tempered by views of 

wilderness as dangerous, hideous and desolate (Nash 1967). In contrast, the travelers 

viewing Jackson Hole at the turn of the century had specific expectations regarding elk 

populations that were reproduced in their writings about the area. Their concepts of 

wilderness were strongly influenced by a powerful convergence: the rise of the Romantic 

and transcendental movements, the importance of the sublime in nature, and the 

importance of wikiness for American nationalism (Nash 1967, Cosgrove 1984). 

Regardless of whether elk populations had changed over the ISOO's or whether human 

perception of these populations had changed, the historical elk estimates based on human 

accounts are highly suspect and may be related to the unexpected results of the prescribed 

burning program in the Jackson Hole area. Wintering elk feed on young aspen stems, 

potentially preventing aspen recruitment into the overstory (see chapter 2). Current high 

numbers of elk, managed to mirror historical estimates of elk abundance at the turn of the 

19"* century may be limiting aspen recruitment following prescribed fire (see chapter 2). 

Identifying a Reference Period 

Identifying a reference period without a specific methodology permits both 

practical considerations and cultural idealizations of nature to creep into decisions about 

an appropriate ecological benchmark. Without a firaroework for identifying a reference 



period, managers in Jackson Hole let available data on disturbance history dictate the time 

period of interest. Limited fire history information was available for the last 400 years 

(beginning in about 1570) based on fire scar records and stand age structures (Loope and 

Gruell 1973, Houston 1973). Unfortunately, a small sample size, small sample area, and 

only moderate longevity of fire-scarred trees limited the fire history reconstruction. 

Limited data led to a fire history derived mainly from a few events during the Littfe Ice 

Age, a period when temperatures were lower than today (Meyer et aL 1992), and fires 

likely burned with a different frequency than at other times in recent history. 

Cultural conceptions of nature can also have an important impact on how we have 

managed natural systems in the past and how we understand and manage them currently. 

The nineteenth century view of the American west as unpopulated, wild and expansive, 

remains a critical component of American national mythos and continues to affect the 

expectations of twentieth (and twenty-first) century Americans managing and visiting 

places like the Greater Yellowstone Area. For example, in the ecological literature, little 

attention has been paid to the role of native Americans and their influence on pre-

settlement aspen ecosystem dynamics (Kay 1997). Instead the focus has been on Euro-

American influences such as fire suppression, grazing and elk hunting. The importance of 

this period is symbolized by the town of Jackson that is itself a reconstruction of early 

settlement in the valley, with nineteenth century store fronts, wooden sidewalks and a 

noon time "shoot out" staged by a local acting company. The surrounding landscape, 

primarily federally owned U.S. Forest Service, National Park Service and Fish and 
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Wildlife Service land, situates the town of Jackson within a landscape that is heavily 

managed but is valued as "untouched" by humans. 

Though cultural perspectives may not be explicitly considered as ecologists and 

managers define reference conditions, ecologists appear to have accepted the "pre-

settlement" vision of management (nature as untouched by humans) in the absence of a 

rigorous methodology for identifying reference conditions. This acceptance by ecologists 

may be the result of the "uniformitarian" view of ecosystem dynamics. If ecosystems are 

perceived as stagnant over time, that is, if they are thought to be in equilibrium, then any 

reference period prior to Euro-American influence can be considered an appropriate 

benchmark for managing current ecosystems. On the other hand, if ecosystems are 

viewed as historically contingent or constantly changing in response to changing drivers, 

like climatic variability, then ecologists and managers must consider much more 

complicated interactions and changes in ecosystems when identifying reference conditions. 

In the Jackson area, 400 years of fire history was adequate for understanding the past 

because ecosystems prior to Euro-American influence were perceived as stagnant. 

Why did the prescribed burning program in Jackson Hole fall short of management 

expectations? The reference period appears to have been defined arbitrarily based on a 

uniformitarian view of past ecosystems and limited available data. Historical elk 

population estimates and fire history data were based on suspect historical accounts and 

limited data. Key drivers, elk and fire, were identified as important, but the interaction 

between these drivers was largely ignored. In addition, the prescribed burning program 

did not take into account variability in both biotic and abiotic factors, including the 
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importance of other ecological processes beyond fire such as variability in climate and the 

elk population over time. In the Jackson region, current climate is distinct fi'om the pre-

settlement era (Figure 3.3), fiiel conditions are different following a long history of 

domestic cattle grazing and fire suppression, and elk populations are less dynamic in 

number and spatial extent. All of these qualities make this current ecosystem historically 

contingent. By constraining ecosystem management to only a single variable (fire) 

understood over a relatively short time period (1570-present), managers and researchers 

failed to consider interactions between different processes (le. elk browsing) and drivers 

(Le. climate). The net result of the burning program is that we do not end up with the 

reference landscape we had in mind, but a new entity with no historical analogue. 

PALEOECOLOGICAL APPROACHES TO RECONSTRUCTING ECOLOGICAL 

HISTORY 

The challenges facing ecosystem management in the Jackson Valley are not 

unique. Using long-term historical data to manage current ecosystems is becoming more 

accepted and can yield valuable insights for understanding the "health" of modem 

ecosystems given the proliferation of human disturbance. Paleoecological research can 

provide both coarse and fine scale data on past ecosystems, ranging fi'om basic species 

presence or absence information to detailed data on multiple interacting drivers and 

keystone processes that structure ecosystems (Table 3.2). Much of these data can be 

applied to the management of whole ecosystems, however, it is important to recognize the 

limitations of these data when applied to management questions. Paleoecology is rich in 
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Figure 3.3. Limber pine tree ring chronology collected from Uhl Hill (43°48' N, -
110®28'E) near Moran, Wyoming at an elevation of 2225m. Tree-ring indices are 
positively correlated with December and June values of the Palmer Drought Severity 
Index, indicating that large tree-ring indices reflect cool, moist conditions in the Jackson 
Hole area (Appendix A). Low sample depth before 1430 is probably responsible for the 
higher variance in the time series during this period. 
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Table 3.2. Important components of ecosystems and ecosystem dynamics that can 

reconstructed from paleoecological records, from simple to complex. 

Reference 
Variable 

Ecosystem Parenieter(s) Methods for 
Reconstruction 

Example 

Ecosystem 
elements 

Species composition Palynology, survey trees Radeloff et al. 
1999 

Arrangement 
of elements 

Spatial heterogeneity, age 
structure 

Small hollows, aerial 
photographs 

Calcote 1998 

Ecosystem 
process 

Fire, nutrient cycling Sediment charcoal, 
historical photographs 

Meyer etal. 
1992; Veblea 
etal. 1994 

Rates of 
ecosystem 
process 

Mean fire return interval IHre history, (annual or 
interannual time series), 
insea outbreak 

Swetnam and 
Lynch 1993 

Variability in 
rates of 
process 

Changes in mean fire return 
interval over time 

Long time series Swetnam 1993 

Drivers of 
variability in 
process 

Fire frequency in relation to 
climate variaMity, insect 
outbreaks in relation to 
climate variability 

Analysis of long time 
series, multiple proxies 

Swemam and 
Betancourt 
1990 

Multiple 
interacting 
drivers and 
processes 

Interactions between fire 
frequency and elk 
population dynamics in 
relation to climate 
variability 

Intensive studies of 
single systems, multiple 
proxies 

Peterson 1999; 
Swemam and 
Betancourt 
1999 
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methods but ultimately limited by the nature and distribution of proxy records. In this 

sense, paleoecology is opportunistic; our ability to reconstruct dififerent components of 

past systems is ultimately dependent on the ecosystem itself. For example, the longevity 

of organisms, frequency and type of disturbance, and presence of valuable proxy 

indicators, (e.g. ponds, hoUows, preserved wood, or fire scars) will all influence how well 

past ecosystem states, processes and drivers can be reconstructed. Regardless of our 

efforts, some types of systems record a rich record of ecosystem history, while others do 

not. These data-rich systems must provide the model for how ecosystem dynamics 

operate over time and space. In the following section, I describe the strengths and 

limitations of several paleoecological approaches, from simple reconstructions of past 

ecosystem states to complex reconstructions of multiple interacting ecological processes. 

This is not an exhaustive survey of paleoecological techniques, but rather a sample meant 

to emphasize how different methods provide different levels of detail suitable for 

management questions. As a result, I have organized the techniques from simple 

reconstructions of single variables to complex reconstructions of multiple interacting 

variables and processes, rather than by discipline. 

Ecosystem States 

For managers, knowledge of past ecosystem states begins with the most basic of 

ecological descriptors, species composition, often described by palynologists. Lakes in 

small to moderate basins can provide deep temporal records of species presence or 

absence over spatial scales of 1 to 200 ha. (Sugita 1994) and temporal scales of lOOO's of 
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years. This kind of information would be useful in the Jackson Valley where questions 

about the ability of aspen to persist for long periods in the presence of heavy elk use might 

be resolved by long term records of presence or absence of aspen pollen in lake sediments. 

Palynological studies may also be valuable in their ability to estimate how rapidly 

species composition changes. Species composition has been relatively plastic over time as 

di£ferent taxa migrate along dififerent routes and at different rates (Davis 1981, Prentice et 

aL 1991). Estimated rates of change in species composition will become increasingly 

important as climate variability and exotic species invasions alter managed ecosystems. 

Given present and future environmental changes, reference periods including rapid species 

migration may be more informative than the most recent reference period containing 

climatic "stability". Like many other paleoecological techniques, palynology is 

opportunistic and is dependent on the location of lakes, ponds and hollows as well as 

pollen preservation. Despite the benefits of long temporal scales and wide spatial 

coverage, palynological studies of lake sediments are not as well-suited to descriptions of 

important ecological patterns, such as structure, density, and the spatial arrangement of 

ecosystem elements. 

Given present and future trends in land use, habitat fragmentation and species 

extinctions, knowledge of the spatial arrangement of ecosystem elements is crucial for 

management. Ecosystems dominated by small disturbances, complex topography, or 

ecotones may require detailed information about the spatial arrangement of species or 

successional states to be managed successfiilly. Historical photographs, both oblique and 



aerial, can provide this kind of detailed spatial information. For example, aerial photos 

can be used to reconstruct the spatial arrangement of different stand ages following fire 

and the percent of the landscape influenced by this disturbance at a particular time 

(Heinselman 1973). Historical photos may also indicate the proportion of the landscape 

covered by a particular forest type (Baker 1989) and the location or movement of 

ecotones (Hessl and Baker 1997). This type of analysis has been used in the 

inlermountain west to track changes in aspen forest cover (Wirth et aL 1996), though has 

not been applied in the Jackson Valley. However, there are many biases associated with 

historical photographs (Bahre 1991), including limited spatial coverage, a bias towards 

lands altered by human use, and extremely limited temporal information ("snapshots" in 

time). Finally, though photographs may give us stimulating views of the past, they are 

ultimately only two-dimensional representations of a three dimensional world (Stephenson 

1999), taken by humans with all their associated biases. In the case of the Jackson Valley, 

many historical photographs document the settlement period but most are taken near areas 

of high human use and may not document representative conditions. Other techniques 

that provide spatially explicit detail of ecosystem components include pack rat middens 

(Betancourt et aL 1990) and palynology of small hollows (Calcote 1998). These 

techniques provide deep temporal records, but are limited by coarse temporal resolution 

and limited environments in which these paleoecological recorders occur. 
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Ecosystem Processes 

While the above techniques produce data useful for reconstructing ecosystem 

states, to manage ecosystems for the long-term we also need guidance on the dynamic 

aspects of ecosystems - processes. As disturbance and other ecological processes have 

received greater recognition in ecology, it has become increasingly important to include 

these ecological variables in our descriptions of past ecosystems and in our current 

management paradigm (Mann and Plumber 1999, Cissel et aL 1994). In fact, our 

appreciation for the role of disturbance in ecosystems may in large part be a result of 

paleoecological studies that describe long term ecosystem change. As with other 

ecological parameters, managers are initially concerned with presence or absence - is there 

a history of disturbance in an ecosystem and if so, how can that disturbance be 

characterized? These questions have proved to be of primary importance in forest 

ecosystems, where disturbance is almost universally present at some temporal or spatial 

scale. 

Again historical photographs can be applied to questions about presence or 

absence of disturbance processes, though with some limitations. While the presence of 

some kind of disturbance may be apparent in photographs, the extent, type, and intensity 

of that disturbance may be impossible to determine from photographs alone. For example, 

historical photographs may depict large areas of disturbed forest, but distinguishing 

between damage from insects versus fire may be di£Ek;ult without additional ground 

surveys (e.g. Veblen and Lorenz 1991). As noted above, photographs are limited in both 
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temporal and spatial extent. Other techniques describing the presence or absence of 

disturbance include many of the techniques described below that also provide information 

on the rates of ecosystem processes. 

Perhaps due to the distinctive record that disturbances leave, many techniques 

have been developed to characterize the rates and extent of disturbance processes. 

Dendroecological techniques have the ability to represent a rich array of disturbance 

processes with high temporal resolution including insect outbreaks, floods, and Gres (Fritts 

and Swetnam 1989). If the record is sufficiently long, rates and even distributions of rates 

for these disturbances may be calculated (Johnson and Outsell 1994). Tree-ring records 

are characterized by high temporal and spatial resolution and in some cases, great 

temporal depth (Graumlich 1993) and spatial extent (Swetnam and Baisan 1994). 

However, as with all paleoecological methods, these techniques have their limitations. 

Often not all events are recorded, sample replication decreases with temporal depth, and 

sensitive trees suitable for recording events are not present in many ecosystems. As a 

result of these limitations, tree ring records have been exceptionally useful in arid or high 

elevation forest systems, where wood preservation is excellent and trees develop annual 

rings sensitive to climate variability. Where trees only preserve a few scars and are 

relatively short-lived, as in the Douglas-fir of the Jackson Valley, it may be di£Qcult to 

estimate rates or distributions of disturbance. When combined with other techniques, such 

as annually laminated charcoal records (Clark 1990), the spatial and temporal extent of 

tree ring records may be expanded and better estimates for rates of disturbance processes 

may be generated. 
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Drivers of Ecosystem Variability 

With recognition of ecosystem processes has come greater awareness of the 

variability in these processes over time and the drivers of this variability. Paleoecology 

has been instrumental to our understanding of climatic and ecosystem variability and has 

just begun to enlighten ecology with its analysis of ecosystem drivers, from the local to the 

global scale. These studies are important for management because they allow us to 

account for the dynamic nature of ecosystems and to predict those dynamics within the 

context of changing drivers. Climate, one of the most potent drivers of ecosystem 

variability, will inevitably continue to vary in the future. Management based on static 

ecosystem states or even based on set rates of disturbance processes will not keep in time 

with changing climatic drivers. Note the case of Jackson Valley where climate conditions 

present during Euro-American settlement differ from those of today, resulting in a unique 

view of ecosystem states and processes that may not be appropriate for today's cUmate. It 

is only through the recognition of the relationships between drivers and processes that 

management will be able to maintain healthy ecosystems in the face of changing 

environmental conditions. 

To analyze the drivers of ecosystem variability, it is often necessary to develop 

multiple independent proxies of ecosystem variability and potential drivers of this 

variability. For example, fire scar chronologies have been combined with independent 

tree-ring reconstructions of climate taken from nearby sites to develop long records of fire 

history in relation to climate variability in the Southwest (Swetnam and Betancourt 1990) 
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and the Sierra Nevada (Swetnam 1993). Annual charcoal accumulation in varved lake 

sediments, when combined with other paleoclimatological indicators, can reveal fire cycles 

and changes in fire regimes driven by climate (Clark 1990). Other tree-ring studies have 

examined the effect of changes in climate on insect outbreaks (Swetnam and Lynch 1993). 

These studies have been the exception rather than the rule, as they require long temporal 

records with fine temporal resolution in both time series. Even in the best circumstances 

however, causation is difficult to establish and the critical structuring processes and 

drivers for an ecosystem may not be the ones we are capable of reconstructing. In the 

Jackson Valley, fire history independent of elk populations could not explain aspen 

regeneration (see chapter 2), but reconstructing elk numbers prior to Euro-American 

settlement is complicated by a biased observational record and no obvious proxy record of 

elk populations. 

The most complex and rich studies of ecological history provide managers with 

information on multiple interacting drivers and ecological processes. Research of this type 

requires multiple proxies and often leads to only suggestive relationships. However, in 

some systems, more than one keystone process may be important for creating ecosystem 

structure and pattern (see chapter 2) and without this information, management techniques 

meant to fall within historical ranges of variability may be stymied. Because of the 

complex nature of these studies, researchers develop intensive descriptions of relatively 

small or confined systems that may not be useful as models for other ecosystems. 

However, by focusing on drivers and relationships between drivers and processes, 

problems of exact estimates of processes (e.g. fire firequency) become less important, and 



ecosystem trajectories become more important. By understanding these relationships we 

can describe and predict conditions that may be beyond the scope of historical variability 

(Le. have no historical analogue) but may be closely linked with their respective drivers. 

For example, current global mean temperatures may be higher than during the previous 

1000 years (Mann et aL 1999). Given that climatic variables drive Gre frequency in some 

areas, it may be useful to know the nature of the relationship between climate and fire so 

that predictions of future fire regimes are possible. 

USING ECOLOGICAL HISTORY TO INFORM MANAGEMENT 

One goal of restoring the range of natural variability to ecosystems based on 

reference conditions is to maintain ecosystem relationships and dynamics within which 

organisms evolved. Though this goal is objective and makes sense biologically, it does 

not provide a framework for how to identify and reconstruct appropriate historical 

conditions for management applications. Because of the limitations involved with many 

tools for reconstructing past ecosystem characteristics, the most recent time periods prior 

to Euro-American settlement are often used as reference conditions. This methodology 

was acceptable in the past when ecosystems were perceived as in equilibrium. However, 

in Jackson Hole, as in other areas of the west, the pre-settlement period was characterized 

by climatic conditions distinct from current conditions. Similarly, extensive fires recorded 

during this period may have been the result of human ignitions generated by the large 

number of hunters and trappers present in the Valley during the settlement period. 

Without a framework for identifying reference conditions appropriate for each system. 



cultural biases may influence either the choice of a particular reference period or its 

acceptance by managers and the public. The whole gestalt of the town of Jackson, 

complete with 19*'' ccutury facades, wooden sidewalks, and a noon-time shootout, attests 

to the power and appeal of the period of exploration and settlement to the American 

public. This and other idealizations of nature should be considered when identifying ad 

reconstructing appropriate reference periods for management. 

The cultural bias and practical limitations inherent in the task of ecological 

reconstruction suggest the need for a framework for klentifying reference conditions. 

However, variability in ecosystem dynamics is considerable. For example, disturbance 

intervals of different ecosystems may range from 1-400 years (e.g. grassland to mesic 

forest). To simply say that we must examine longer periods of time as reference 

conditions is an important point, but fails to consider the temporal variability in ecosystem 

dynamics. Similarly, different ecosystems may be constrained by various drivers and 

processes. In the case of aspen forest dynamics in Jackson Hole, it appears that multiple 

interacting drivers and processes are important for understanding historical population 

dynamics of aspen (see chapter 2). Similar complex dynamics have been observed 

elsewhere (Peterson 1999, Swetnam and Betancourt 1999) and should be considered 

when reconstructing past ecosystem dynamics. 

Given cultural bias, practical limitations and complex dynamics, some important 

ecosystem parameters to consider when identifying reference conditions include: 1) the life 

history of dominant organisms, 2) important keystone processes and drivers. 3) temporal 

and spatial domain of keystone processes and drivers, 4) time required for an ecosystem to 
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recover from disturbance, 5) recent and future climatic variability for that region, and 6) 

the time frame for management of that system. If these characteristics are known, the 

appropriate length of a reference period can be estimated. A reference period should be 

long enough to contain several "cycles" of disturbance and allow elucidation of 

relationships between drivers and processes. The longer the reference period, the more 

time involved in generating useful datasets, but the more detailed our understanding of 

non-linear or extreme relationships between process and driver. When deep temporal 

rccords are unavailable, multiple sources of data on recent processes may be usefuL The 

Jackson Valley lacks deep temporal records of key ecosystem processes (elk and fire) but 

has detailed data on recent ecosystem dynamics, like the interaction between elk and aspen 

following prescribed fire, that are informative. 

Climate variability in the 21* century will continue to challenge ecologists and 

managers by forcing us to consider ecosystems with no historical analogue. However, the 

past contains many partial analogues of rapid climate change, extreme temperatures, and 

other unusual events that will be invaluable for understanding how systems will respond to 

future climatic conditions. Given this rich history, we should be creative in our definitions 

of reference conditions and learn not just from the recent past but from the deep past as 

welL Paleoecological research can provide deep temporal records of the drivers of 

ecological variability and should be used to broaden the processes and relationships 

available to managers as reference conditions (e.g. Stephenson 1999). For example, 

climatic conditions (and ecological conditions by extension) that existed during the 

Altithermal may be more similar to today's changing climate than the pre-settlement 
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period that coincided with the Little Ice Age (Millar and Woolfenden 1999). When 

management techniques do not provide the expected result, we should recognize that our 

knowledge base is incomplete. When we ask: "how far does the current ecosystem stray 

from pre-settlenaent conditions?" we are asking a useful, but ultimately limited question. 

Instead we should be asking: 'iiow closely linked are current ecosystems with their 

biophysical drivers and what are the consequences of severed linkages?" As systems stray 

from biophysical drivers like climate, they become less analogous to past systems and less 

predictable. Past ecosystems are an invaluable tool for measuring future sustainability of 

ecosystems but approaches must be carefully considered. 



CHAPTER 4. ASPEN, ELK AND FIRE: 

ASPEN REGENERATION IN ELK WINTER RANGE 

Aspen is the most widely distributed tree species in North America and is the 

second most widely distributed tree species in the world. However, in the mountains of 

the western United States, aspen forest only comprises approximately 2-5% of total 

vegetative cover. Despite its low spatial coverage, aspen is one of few common 

hardwood species in the west and is increasingly being recognized for the high species 

diversity present in its stands. Aspen groves tend to harbor a rich diversity of understory 

plants, butterflies, and cavity nesting birds not found in neighboring coniferous forest. 

Aspen also provide forage and cover for native and domestic ungulates and give us the 

spectacular fall vistas typical of the mountain west. 

Since the 1930's, many foresters and ecologists have noticed a "decline" in the 

aspen forest of the intermountain west. Aspen stands in many areas are currently 

dominated by old age classes, with many dead and dying stems, and contain little 

understory regeneration. Though the total disappearance of aspen in the west seems 

highly unlikely given its wide distribution, the documented decline is alarming (Allen 1989, 

Mueggler 1989, Wirth et al. 1996, Baker et al. 1997, White et aL 1998). Given the value 

of aspen in western forests and the dramatic changes that have occurred in the west as a 

result of Euro-American settlement, we must ask: have human activities contributed in 

some way to the decline of aspen? 
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Many explanations for the high mortality and decline in regenerating aspen stems 

have been suggested, including fire suppression, elk browsing, and climatic variability 

(Figure 4.1). Many of these explanations are tied to the unique life history of aspen. 

Aspen are clonal plants capable of producing independent ofifspring by means of 

vegetative growth. This capacity is responsible for the large aspen stands, some as great 

as 43 hectares, in Colorado and Utah that are comprised of a single individual This life 

history pattern is also associated with infrequent establishment from seed. The ability to 

reproduce vegetatively allows aspen to grow quickly, resources may be stored in 

underground root systems and are available for rapid growth following disturbance (Schier 

and Campbell 1978, Jones and DeByle 1985). Aspen tend to regenerate profusely 

following fire and the first reports of aspen decline coincided with the onset of fire 

suppression or fire exclusion in many regions. Without fire, aspen have experienced fewer 

opportunities to regenerate both from seed and from underground root systems. In 

addition to harboring diversity, aspen provide excellent habitat and browse for many 

ungulate species, such as elk, deer and domestic cattle. In some regions of the west, 

ungulate populations, especially elk. have increased in recent decades and the effect of 

these browsing ungulates on aspen has been noted in several regions. Scarred trees, 

heavily browsed young aspen sprouts, and high rates of mortality are often found in stands 

sustaining heavy ungulate browsing suggesting that ungulate browsing may be responsible 

for changes in aspen populations. 

In addition to fire and ungulate browsing, other explanations for the observed 

aspen decline have been noted. One benefit of clonal life history is increased longevity. A 



Figure 4.1. Conceptual model of aspen - land use dynamics in elk winter range. The top tier represents the drivers of 
ecosystem variability, the middle tier represents ecosystem processes and the lowest tier represents the ecological pattern 
recognized and measured in the field. 
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single individual, or clone, may reach great ages. Some scientists have postulated that a 

single clone may persist for up to 10,000 years (Barnes 1966, Mitton and Grant 1996). 

With such a penchant for longevity, an aspen clone may be able to sustain long periods of 

Gre suppression, ungulate browsing, and climatic variability simply by maintaining itself in 

a reduced form or as a dwarf shrub, heavily browsed but capable of sustaining heavy 

losses for long periods of time. According to this argument, aspen "decline" is really only 

part of a suite of life history traits that allow aspen to persist under unfavorable conditions 

(Despain 1990). 

The debate over aspen decline is heightened by the many questions surrounding 

aspen forest dynamics. Though we have some knowledge of aspen genetics and life 

history, there are many unknowns regarding aspen forest ecosystems, especially the 

history of aspen interactions with elk and fire. For example, what is the frequency of fire 

in aspen? Is there a fire regime typical for aspen, or does the fire history in aspen forests 

vary across its wide distribution? How do the effects of fire and elk on aspen recruitment 

interact? Does current elk browse on aspen threaten the distribution of aspen or can aspen 

persist for many centuries in the presence of heavy browsing? If aspen is capable of 

persisting under heavy browse, fire suppression and/or climatic variability, what are the 

mechanisms that allow for its persistence? 

ECOSYSTEMS AND HUMAN INSTITUTIONS 

To understand the current context of aspen decline in the western United States, it 

is critical that the potential linkages between ecosystems and human institutions be 
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examined. Key ecological processes, affccted by both human and biophysical drivers, may 

influence ecological patterns like aspen regeneration and forest structure (Figure 4.1). 

Historically, fire and elk population dynamics, operated over large spatial and long 

temporal scales generating far reaching, pervasive impacts on regional ecosystem patterns, 

such as aspen forest dynamics. In contrast, human institutions that influence ecosystems, 

such as prescribed burning and regulated hunting have operated on short temporal scales 

and over small spatial scales defined by land ownership and agency policies. 

Though human institutions such as land use history, may seem unimportant in large 

protected areas like the Greater Yellowstone Area, there may be both direct and indirect 

impacts of human activities on aspen dynamics. The direct effects of land use history may 

include changes in predator populations, changes in fire regime, and changes in land cover 

due to human settlement patterns and development. Indirect effects of land use may 

include increases in elk populations in the absence of predators and the consequent 

increase in elk browsing pressure on aspen. Fire exclusion may have had the unintended 

consequence of reducing opportunities for post-fire reproduction (both sexual and 

asexual) in aspen. At the same time, abiotic influences, such as climate variability affect 

ecological patterns and processes, making it difBcult to separate human influences firom 

the effects of biophysical drivers on ecosystem processes. It is this complexity, generated 

by the interactions between ecological patterns, ecological processes and drivers of 

processes that has made the study of aspen decline so challenging and so intriguing. 
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NATURAL REGULATION 

As some aspen stands in the west continue to deteriorate, aspen management in elk 

winter range, where ungulate pressure and aspen mortality is the most intense, has become 

increasingly contentious. Nowhere has the debate over aspen decline been more heated 

than in the national parks where management techniques have been both praised and 

criticized (Chase 1986, Kay 1990). National park management has evolved from a period 

of predator control and ungulate culling in the late 1800's through the 1960's to the 

current policy that relies heavily on ecological processes to determine and regulate the 

populations of large ungulates as well as the disturbance regime. During the 1950's and 

1960's public outcry over ungulate reductions by park service agents led to the more 

publicly appealing and politically feasible alternative of "natural regulation"(Soukup et aL 

1999). Since the late 1960's, national park management has followed the natural 

regulation paradigm, a policy described as "letting nature take its course". According to 

theory, ungulate populations will be self-regulating or density-dependent at high densities, 

even in the absence of major predators. Ungulates are limited primarily through intra-

specific competition for resources, especially winter forage, and the efifect of extreme 

weather conditions on natality and mortality. 

Though the natural regulation policy has been plagued with controversy since its 

inception, Yellowstone's northern range, where high elk populations have had strong 

impacts on vegetation, has brought this controversy to the forefront of ecology in recent 

years (Soukup et aL 1999, Krausman 1998). Since the natural regulation policy has taken 

effect, aspen and other vegetation in elk winter range have experienced heavy browsing 
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and utilization by ungulates. The apparent decline of aspen in elk winter range has, as a 

result posed many challenges for the natural regulation policy, further fueling the debate 

over aspen decline. Ultimately, conflict around aspen "decline" has generated a timely 

question about protected area management: Can we maintain complex ecological systems 

and ecological processes in the face of increasing human influence on parks and protected 

areas? Aspen forest dynamics, elk population dynamics and fire regimes operate over 

large spatial and temporal scales—scales that often transcend land management 

boundaries and the life of human institutions. Approaches to managing large ecosystems 

and their attendant processes must address these questions of scale. In other words, do 

the scales of human institutions like natural regulation "Ht" the temporal and spatial scales 

of ecological variability? 

In this paper I will synthesize and compare studies of aspen in Rocky Mountain 

National Park (RMNP), Jackson Hole (JH), and northern Yellowstone National Park 

(YNP) elk winter ranges (Table 4.1, Figure 4.2) to analyze what we know and do not 

know about and aspen forest dynamics in the intermountain West. These three winter 

ranges represent the most intensively studied aspen forests in the west and have a diversity 

of management histories that provide broad-scale experiments for teasing apart the 

influence of human and biophysical drivers on ecosystem variability. These study areas 

also represent some of the larger protected areas in the continental United States and 

provide us with valuable test pieces for evaluating the direct and indirect effects of human 

influence on large paiks and protected areas. 
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Table 4.1. Description of the elk winter ranges compared in this study. Data were taken 

from studies of Yellowstone Northern Range (Despain 1990, Houston 1982, Romme et aL 

1995, Singer et aL 1991), Jackson elk winter range (Baker 1925, Loope and Gruell 1973), 

Rocky Mountain National Park elk winter range (Larkins 1997, Stohlgren et aL 1997) and 

the Colorado Front Range (Veblen et aL 20(X)). 

Winter Range Elk Pop. Elev. (m) Est. MFRI 

YNP (northern range) 140,000 -19,000 2% 1750-2300 20-30 yrs 

JH (Gros Ventre Valley 
and National Elk 80,000 -20,000 0.5% 1800-2500 50-100 yrs 
Refuge) 

^NP (Estes Park ^qoo 2% 2378-2800 10-25 yrs 
Valley) ^ 
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Hgure 4.2. Map of the three study areas described in this study. 
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To compare ecological studies of aspen in the three winter range areas, I first 

describe the ecological history of each winter range, including the history of aspen, fire 

regimes, elk populations and human land-use. Next, I compare the patterns of aspen 

regeneration in the three study areas over the past 100-200 years using previous studies of 

aspen stand age structures (Table 4.2, Romme et al. 1995, Baker et aL 1997, chapter 2 of 

this study). Included in this analysis is a synthesis of data on drought variability, elk 

population and fire history for each study area. This synthesis allows the many variables 

influencing aspen regeneration to be compared at a regional scale. Finally I compare 

studies of recent aspen regeneration inside and outside of winter range areas (Suzuki et aL 

1999, chapter one of this study) and in burned and unbumed sites (Romme et aL 1995, 

chapter 2 of this study). By reviewing this literature, I am able to summarize landscape 

scale patterns of aspen regeneration in the context of the key variables thought to control 

aspen regeneration. Finally, I summarize some of the unknown factors that might 

influence our view of recent aspen dynamics, including aspen population dynamics and 

genetic variability. 

STUDY AREAS 

Rocky Mountain National Park Winter Range, Colorado 

Aspen in RMNP winter range occur as scattered stands within montane grassland 

interspersed with forests dominated by ponderosa pine (jPinus ponderosa) and Douglas-fir 

{Pseudotsuga menziessr, Peet 1981). The climate is continental with a summer high in 
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Table 4.2. Primary data types and sources for elk winter ranges. 

Primary Data 
Source RMNP JH YNP 

Static age structure Baker et aL 1997 Hessl (ch. 1) RommeetaL 1995 

Efifect of fire on 
sucker recruitment 

NA Hessl (ch. 1) RommeetaL 1995 

Sucker recruitment 
inside vs. outside Baker et aL 1997 NA Kay 1990 
exclosures 

Sucker recruitment 
inside vs. outside Suzuki et aL 1999 Hessl (ch. 1) NA 
winter range 

Seedling regeneration NA NA RommeetaL 1997 

Elk Population Baker et aL 1997, 
Stevens 1980 

Boyce 1989 Houston 1982; 
RommeetaL 1985 

Fire Regime NA Loope and Gruell 
1973 Houston 1973 

PDSI CooketaL 1999 Cook et aL 1999 Cook et aL 1999 

NA = not available. 
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precipitation (Figure 4.2). Though fire history of aspen has not been studied, the fire 

fi'equency of surrounding forest types has been investigated in the park (Donnegan 2000) 

and just south of the park in the Colorado Front Range (Veblen et aL 2000). Hre 

fi'equency varies by elevation and with climatic variability even within the same forest 

type, but mean fire return intervals between 1650-1920, prior to active fire suppression 

range firom about 35 to 70 years for ponderosa pine forests in the Front Range (Veblen et 

aL 2000) and about 10-25 years for ponderosa pine forests within RMNP (Donnegan 

20(X), Table 4.1). Modem fire suppression activities began around 1929 and continue 

today (Hess 1993), though fires may have been suppressed prior to 1929 by livestock 

grazing. Increasingly, suburban development has altered the size and the composition of 

winter range just outside the park (Figure 4.3) and may have reduced the frequency of 

lowland fires spreading into the park. 

Both elk and aspen were present prior to the establishment of RMNP in 1915, 

however elk populations were low as elk had been nearly extirpated by market hunting for 

their ivory teeth ("tusks") at the turn of the 19"* century (Rgure 4.4). Elk from the 

Jackson Hole elk herd were reintroduced to RMNP in 1913 and under protection inside 

the park boundaries the elk population grew rapidly. By the 1940's the park service began 

to cull the herd in order to stabilize the population at approximately 580 animals. 

Between 1944-1953, 1245 elk were shot (Hess 1993). Culling eOc as a management 

technique ceased in 1962 and in 1968 the natural regulation policy was implemented. 

However, elk hunting continued just outside the park as a means to control the 



Figure 4.3. Paired photographs taken from just outside Rocky Mountain National Park near Estes Park in 1921 (a) and 1986 
(b) (Veblen and Lorenz 1991). Published with permission from University of Utah Press. 
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Figure 4.4. Photograph of a group of eastern sportsmen, the Lispenard Stewart party, taken on a hunting trip in Wyoming, 
1887. Photo by F. Jay Haynes; published with permission from the Haynes Foundation Collection of the Montana State 
Historical Society. 
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population. In the spring (~April-May), elk currently migrate from low-elevation winter 

range inside and adjacent to RMNP to high elevation parklands inside the park. In the fall 

(-November), the elk return to low-elevation winter range. The efifect of elk browse on 

aspen was initially observed in RMNP in the 1930's (Packard 1942) and has been 

observed by other researchers throughout the second half of the 20"' century. 

Jackson Hole Winter Range, Wyoming 

Aspen stands in JH occur within a matrix of montane and subalpine coniferous 

forest composed of Douglas-Gr {Pseudotsuga menziessi), Engelmann spruce (Picea 

engelnumnf), and subalpine fir {Abies lasiocarpa) as well as within sagebrush (Artemesia 

SPP ) grassland, forming a difiuse band of deciduous vegetation (see chapter 1). The 

climate of Jackson Hole is also continental, but the high in precipitation occurs in winter 

(Figure 4.5). Extensive fires occurred throughout the Jackson area in mid- to late-18(X)'s 

(Loope and Gruell 1973), however it is di£Qcult to determine whether these were unique 

events associated with Euro-American settlement and/or unusual climatic conditions or 

were typical for the area. According to fire scar records, between 1600-1900, fires 

occurred every 50-100 years in some parts of the grassland-forest boundary (Loope and 

Gruell 1973, Houston 1973) however, these records are composed of small samples and 

their locations are poorly documented. By the niid-20'^ century, fires were actively 

suppressed in JH and there were no fires larger than 400 hectares between 1941-1973 

(Loope and Gruell 1973). Since the 1970's, an extensive prescribed fire program has 
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Figure 4.5. Climate diagrams for a) Lamar ranger station in YNP, b) Moran in JH, and c) 
Estes Park near RMNP. Climate stations are mapped on flgure 1. 
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reinstated fire in the JH winter range in Bridger-Teton National Forest, in part to improve 

aspen regeneration. 

As in RMNP, elk in JH were hunted in the 1800's for their hides and teeth, but 

these activities were regulated much earlier in JH, as elk hunting was restricted by 

congress in 1871 (Sheldon 1927). Permanent settlement by ranchers began in the Jackson 

Valley in 1883. Gradually, much of the low elevation grasslands in the valley were 

devoted to ranching, leaving only the high elevation areas for preservation of elk habitat. 

In 1897 the Teton Forest Preserve (now part of Bridger-Teton National Forest) was 

established to provide winter range for the elk herd. Between 1909-1920, the Jackson 

Valley experienced what were probably the most severe winter snow conditions of the 20"* 

century and possibly for several hundred years (Figure 4.6). These heavy snow years were 

recorded in historical documents and resulted in drastic reductions in the elk population 

(Sheldon 1927). 

In 1912, the National Elk Refuge was established and winter elk feeding began on 

the refuge in the winter of 1912. Additional feeding was started on an annual basis at 

three feed grounds in the Gros Ventre Valley, Bridger-Teton National Forest in 1960. 

Winter elk feeding on the refuge and in the Gros Ventre Valley continues today. In 

contrast to RMNP and YNP, the JH elk herd is not managed according to natural 

regulation policies. Intensive management of elk populations, including regulated hunting, 

winter-feeding, and managed herd size currently characterizes elk management in JH. 

However, the JH elk herd continues to make long (>90 km) seasonal migrations from low 



Figure 4.6. Limber pine {Pinus flexHis) tree ring chronology collected from Uhl Hill (43°48' N, -11()°28'E) near Moran, 
Wyoming at an elevation of 2225m (Appendix A). Tree-ring indices are positively correlated with December and June values 
of the Palmer Drought Severity Index, indicating that large tree-ring indices reflect cool, moist conditions in the Jackson Hole 
area (Appendix A). Standard chronology (gray line) and 10-year spline of standard chronology (black line) for the period 
with high sample depth (>15 samples; 1520-1996). 
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elevation winter range on the National Elk Refuge and on forest service lands to high 

elevation summer range in Grand Teton National Park, Teton wilderness area and 

southern Yellowstone National Park. 

Yellowstone National Park Northern Range. Wyoming 

Aspen in the northern range of YNP are composed of small stands mixed with 

sagebrush grassland (Artemesia spp.) and Douglas-Gr {Pseudotsuga menziessi) forest 

(Houston 1982, E)espain 1990, Romme et aL 1995). Despite its close proximity to JH, the 

northern range in YNP experiences a summer high in precipitation (Figure 4.5, Whitlock 

and Bartlein 1993). A fire history study in the northern range of Yellowstone noted scars 

on coniferous trees near aspen approximately every 50 years for the last 350 years. Based 

on this data, Houston suggested a historical fire firequency of one fire every 20-30 years in 

aspen and surrounding forest. However, this conclusion is purely inferential, as coniferous 

forest fires may not bum through neighboring aspen stands which often act as a fire break 

(Fechner and Barrows 1976). Like the JH area, YNP has evidence of extensive fires in the 

mid- to late 1800's (Houston 1973). Fire suppression efforts began as early as 1877 by 

the U.S. army and may have been successfiil in the sagebrush steppe and grassland areas 

(Despain 1990) that border aspen stands. However, a let bum policy has been 

implemented in the park since 1972. Settlement inside the park was minimal, but outside 

the park, livestock ranching and hunting are common and may influence the migration of 

animals across paik boundaries. 
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Similar to JH, market hunting of elk in the 1860's and 1870's reduced YNP elk 

populations dramatically but in the late 1880's wildlife protection measures allowed elk 

populations to recover (Houston 1982). During the period between 1880-1930 elk 

population size is not well described but was likely high as a result of low hunting 

pressure. Between 1930 and 1968 artificial reductions reduced the population by between 

3000-6000 animals. Like RMNP, the natural regulation policy was implemented in 1969, 

ending the period of artificial reductions and marking the beginning of a rise in elk 

populations that continues today. Like the JH elk herd, elk on YNP's northern range 

migrate great distances, up to 128 km, between winter range in low elevation valleys and 

summer ranges at high elevation. Approximately one third of the YNP northern range is 

located outside the park on public and private lands in Montana where elk are subject to 

hunting. 

19™ AND 20™ CENTURY ASPEN REGENERATION IN ELK WINTER RANGE 

I used tree-ring studies performed in the last decade from all three winter range 

areas to identify and date recruitment episodes. Using these static age structures, I 

performed a meta-analysis of aspen recruitment, drought, fire regime and elk population 

dynamics by comparing major episodes of recruitment at decadal time scales across the 

three study areas with data on drought, fire history and elk population history (Table 4.2). 

In all three study areas, historical aspen recruitment was measured in terms of numbers of 

stems (Hessl, this study, Romme et aL 1995) or numbers of stands with regenerating stems 

(Baker et aL 1997). To standardize recruitment between the three study areas, I 
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developed mean levels of recruitment per decade (or sums where recruitment was 

measured in terms of numbers of stands) and then ranked recruitment on a scale of 0-4 (0 

- absence of recruitment, 1 - <25"' percentile recruitment, 2 - > 25"' percentile recruitment, 

3 - > 50"* percentile recruitment, and 4 - = 100 percentile recruitment). Elk population 

data were taken from a variety of sources (Table 4.2) and were summarized into 10-year 

means to coincide with aspen recruitment values. Fire indices for JH and YNP were 

developed from various sources (Table 4.2) and represent periods of local (1) versus 

extensive (2) Ores. Time series of the Palmer drought severity index (PDSI) for June, July 

and August were taken from Cooke et aL's (1999) study of continental drought (grid 

points 36, 37, and 59). These data provide a standardized climatic data set suitable for 

sub-continental scale comparisons over the 20"* century. PDSI is a meteorological 

drought index based on water balance and derived from monthly values of both 

temperature and precipitation. High values represent cool, moist conditions, values 

around zero represent normal conditions and low values indicate hot, dry conditions. 

Values above 3 or below —3, indicate extremely wet or dry conditions, respectively. 

The history of aspen recruitment in the three winter ranges varies, but appears 

strongly related to the history of fire, elk management and climatic variability (Figure 4.7). 

Major episodes of recruitment during the 1870's and 1880s coincide between JH and 

YNP (Romme et aL 1995, see chapter 2), probably reflecting extensive fires that occurred 

in both areas during a time when elk populations were extremely low as a result of market 

hunting. In YNP aspen recruitment has essentially stopped since the end of the 19"' 

century but Romme and others (1995) only dated dominant trees suggesting that they may 



Figure 4.7. Comparison of aspen, elk, fire, and drought over time in RMNP (a), JH (b) and YNP (c). Simplified age structure 
of aspen regeneration (black bars) taken from three studies of aspen regeneration. Elk represent simplified estimates of elk 
populations in the thousands compiled for RMNP, JH and YNP (see Table 4.2). A gray bar represents the period of market 
hunting. Single fve events are noted with a diamond at level 1 and major fire events representing multiple large fires are noted 
with a diamond at level 2. Fire history data are currently unavailable for RMNP. PDSI reconstructions with lowess smoothing 
(black line, 1820-1978) generated from tree ring chronologies taken from drought sensitive trees located near the study areas 
(Cook et al. 1999). 
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have missed more recent recruitment. In contrast to YNP. JH experienced two additional 

episodes of recent recruitment (1915-1940; 1955-1990) that appear related to declines in 

elk populations. RMNP experienced episodic aspen regeneration since at least 1880, with 

greater periods of regeneration between 1907-1921, 1930-1936, 1950-1952, 1960-1964 

but only two cohorts of aspen recruitment between 1970-present (Baker et aL 1997). 

Market hunting of elk continued well into the 20"* century in RMNP, suggesting that low 

elk populations may have been associated with the early periods of aspen recruitment. 

Later episodes of recruitment coinckie with periods of elk reduction performed by the 

park service. The end of elk culling and the beginning of the natural regulation policy 

coincide with infrequent aspen recruitment since the 1970*s in RMNP. 

Drought variability appears to be only a weak driver of aspen regeneration in 

RMNP, but it may be important in JH and YNP (Figure 4.7). Early recruitment in the late 

1800's coincides with a wet period in both JH and YNP, recorded by tree ring 

reconstructions of PDSI (Cook et aL 1999). High positive values of PDSI indicate cool, 

moist conditions and high negative values of PDSI indicate warm dry conditions. In YNP, 

recent wet periods did not produce an episode of regeneration, making it unlikely that 

moisture availability is the primary driver of regeneration in this region. Though periods 

of aspen recruitment in JH and YNP do coincide with higher values of PDSI, the relative 

change in aspen recruitment and PDSI do not match. Despite their close proximity, the 

rainfall regimes of JH and YNP are dramatically different (Figure 4.5). JH experiences a 

winter high in precipitation while the northern range of YNP experiences a sununer high 
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association with the North American monsoon. The summer PDSI reconstructions do not 

reflect these seasonal dififerences between the two areas. 

Unfortunately, aspen wood is often rotten and not ideal for tree-ring dating, 

making it difBcult to date dead trees. As a result, the studies described here only present 

static age structures (sensu Johnson et aL 1994), leaving out the role of mortality in 

creating the current structure of aspen stands. However, some insight into the role of 

mortality in shaping age structures may be gained by observing the fate of current aspen 

recruitment described in these and other studies. 

A REVffiW OF ASPEN RECRUITMENT AND FIRE IN ELK WINTER RANGE 

As clones, aspen are able to store carbohydrate reserves in underground root 

systems allowing for rapid re-growth following disturbance. As a result, aspen tend to 

sprout profusely producing a new cohort of regeneration following fire. In YNP and JH, 

Romme et aL (1995) and Hessl (see chapter 2) examined the effect of fire on current aspen 

recruitment in the presence of elk browsing to determine if fire woukl promote aspen 

suckering in areas with little recent regeneration. In this section, I review the findings of 

this research in order to shed light on the historical aspen studies examined above. 

In JH, I examined sprout (stems <2m tall) density S-IS years following 11 

prescribed fires (see chapter 2). Prescribed fires were variable in intensity, ranging from 

10-95% mortality in mature trees. Sucker density was not significantly different in burned 

versus unbumed stands, though variability in both burned and unbumed stands was high 
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regardless of bum intensity. Regeneration was poor in the presence of elk browse in 

burned and unbumed stands suggesting that elk browse has the ability to uncouple the 

beneGcial effect of fire on aspen when elk pressure is high. However, a few bumed stands 

inside elk winter range exhibited high densities of young aspen suckers. These stands 

were often located in areas of high human use, but additional study will be required to 

determine the exact mechanisms that allowed aspen to regenerate in the presence of high 

elk densities. 

In YNP, Romme and others (1995) measured aspen regeneration following the 

large Yellowstone fires of 1988 to describe the effect of fire in the presence of heavy 

ungulate pressure. They measured the ground layer of small aspen sprouts for three years 

following Gre. Romme and others concluded that the range and maximum density of 

aspen sprouts was greater in the bumed stands than in the unbumed stands two years after 

fire, though like regeneration in JH, there was high variability in both bumed and unbumed 

stands. The range and mean in the bumed stands gradually decreased and were 

approaching the values of the unbumed stands by the 3"* year post-fire indicating that the 

fire had little long-term influence on aspen regeneration. The percentage of sprouts 

browsed was high everywhere, leading the authors to conclude that the regeneration of 

large aspen stems will not be created by the 1988 fires and that the fires may have even 

contributed to the process of decline in aspen by killing mature trees. Though the results 

of Romme and others (1995) suggest that the 1988 fires will not produce a flush of new 

aspen recraitment, their study only represents one fire event and a single period of post-
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fire climatic conditions. Future fires with difierent intensities, patterns and post-fire 

climatic conditions may have dififerent efifects on aspen recruitment. Based on the results 

firom these studies however, fiiture management fires will have to account for the spatial 

distribution of elk and the timing of climatic conditions following fires if aspen 

regeneration is the objective. 

REGENERATION INSIDE AND OUTSIDE OF WINTER RANGE 

A few studies have examined the efiect of elk browsing on aspen by comparing 

aspen regeneration inside and outside of elk exclosures (Baker et al. 1997, Kay 1990), but 

these studies are limited by a small sample size and limited spatial extent. Landscape scale 

studies that compare aspen regeneration inside and outside of elk winter range arc able to 

measure aspen regeneration across a range of sites and environmental conditions but still 

compare the effects of elk browsing on regeneration at scales more appropriate to 

ecological processes. In this section, I review two landscape scale studies of aspen 

regeneration in RMNP (Suzuki et aL 1999) and JH (HessU see chapter 2) that allow us to 

compare aspen regeneration across a gradient of elk use, fi'om critical winter range areas 

to areas completely outside of elk winter range. I also include some new analysis of my 

own data that address another category of elk use, calving areas. 

In RMNP, Suzuki et aL (1999) sampled aspen regeneration in winter and summer 

ranges inside the park and winter range outside the park (on national forest land) to 

identify the patterns of aspen regeneration across landscape scales. Regeneration cohorts, 

defined as one or more stems within 2 cm diameter classes (D. Binkley, personal 
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communication), were counted in each stand. The authors found that between 20-45% of 

winter range stands inside RMNP had at least one regenerating cohort Winter range on 

national forest land adjacent to RMNP had a higher percentage of stands with 

regenerating cohorts (75%), higher even than summer range in RMNP. Their results 

demonstrate that elk impacts on aspen are strong where elk are concentrated but are 

weaker outside these high use areas and are probably not causing a regional decline in 

aspen. However, because the authors define a regenerating cohort as only one or more 

stems, it is diSicult to assess how successful aspen recruitment may be in some stands with 

only a single regenerating stem. 

I compared elk browse on aspen suckers (< 2 m) at 30 sites located across three 

classes of elk range (non-winter range, winter range and critical winter range) and two 

classes of elk use for calving (non-calving, calving) to determine whether elk browse 

strongly affects regeneration success in JH (see chapter 2). My results suggest that 

browse intensity is significantly lower outskle the winter range, reflecting lower elk use in 

these areas. Mean height of suckers is higher outside of the winter range but not 

significantly different (p=0.155) fi'om winter range or critical winter range, as all three 

classes are highly variable. Sucker density does not vary significantly across the three 

classes of elk use, indicating that elk do not prevent aspen regeneration though browsing 

may limit the height of new suckers. When regeneration is compared across elk calving 

and non-calving areas, the results are more conclusive but demonstrate the same trends. 

Sucker height is significantly greater in non-calving areas than calving areas (p=0.02. 
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Figure 4.8) and browse is significantly greater in calving areas than non-calving areas 

(p=0.008. Figure 4.8). These results suggest that elk browse may be concentrated in areas 

where elk calve and that in these areas, heavy browse may be preventing aspen from 

reaching tree heighL 

E)efinitive statements about the effect of elk densities or elk use on aspen 

recruitment are problematic, as the actual density of elk in a particular location is 

essentially unknown. Elk habitat types such as winter range, critical winter range and 

calving areas are defined by wildlife biologists based on observed behavior of elk and may 

not be based on accurate measures of elk fi^uency or use. In the absence of quantitative, 

spatially explicit studies, we can only infer elk use based on evidence of browse. Despite 

these constraints, aspen ecology and management should be considered at spatial scales 

that account for the distribution of elk across winter and summer ranges and temporal 

scales that consider dynamics in eDc population and range. 

REGIONAL DIFFERENCES IN ASPEN 

One of the most common characteristics of recent aspen regeneration in all three 

study areas is the high degree of variability across elk use and recent fire history. This 

high degree of variability suggests that genetic variability might afifect successful 

regeneration between individuals and across regions. Successful regeneration may be 

partly related to growth rate: suckers grovmg quickly may escape elk browse more 

effectively than suckers growing slowly. Radial growth rates (Grant and Mitton 1979) 

and rates of spatial expansion (Sakai and Burris 1985) do vary between male and female 



Figure 4.8. The presence of calving elk may be important for the success of aspen sucker regeneration. Sucker (< 200 cm) 
stem height is significantly greater in areas not used by elk for partuition (a). Percent browse on aspen suckers (< 200 cm) 
greater in areas used by elk for partuition (b). Mean values in parentheses. 
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clones and there is evidence that male and female clones are spatially segregated (Grant 

and Mitton 1979). 

Growth rates also increase with heterozygosity within clones (Mitton and Grant 

1980, Jelinski 1993) and this characteristic also appears spatially segregated with larger 

numbers of heterozygotes found in arid environments and fewer heterozygotes found in 

moist eastern forests (Mitton and Grant 1996). Though genetic information is not yet 

available for the three aspen populations described here it is possible that differences in 

population genetic diversity may account in part for highly variable responses of different 

clones and different populations of clones to elk browsing and climatic variability. Like 

other aspects of aspen forest ecology, genetic variability across the range of aspen, and 

resulting variability in aspen clone responses, argues for aspen research and management 

conceived at large spatial scales and long temporal scales, appropriate to the scales of 

aspen population dynamics. 

HOW DOES OUR STATE OF KNOWLEDGE INFLUENCE MANAGEMENT 

OPTIONS? 

The results of the studies discussed here suggest that heavy browsing by elk 

populations has had a strong influence on episodes of aspen regeneration in at least the 

past 150 years. Fire may have been an important driver of aspen regeneration prior to 

1900, as demonstrated by the extensive regeneration in YNP and JH following the large 

fires of the late 18(X)'s, but the presence of heavy elk browsing in these areas has 

uncoupled the beneficial effect of fire in recent decades. However, heavy elk browsing is 
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limited to winter range and calving areas and does not appear to threaten aspen 

regeneration outside of elk winter range. In addition, the response of aspen to both elk 

browse and fire history is highly variable and may be strongly influenced by regional 

climatic differences and genetic variability. 

Despite the presence of heavy elk browse and the strong relationship between elk 

browse and a lack of aspen recruitment, there are many unknown aspects of aspen life 

history and forest dynamics that could strongly influence our interpretation of the studies 

described here and future management of aspen. Most of the unknowns surround the 

ability of aspen clones to persist for long periods of time without major episodes of sexual 

reproduction. For example, a 10,000-year life span of aspen clones has been discussed, 

but no firm evidence exists to confirm this hypothesis (Jelinsky 1993, Jelinksi and Cheliak 

1992). If clones are exceptionally long-lived, then they may have sustained heavy elk 

browse and long periods without fire in the past and may be able to continue to sustain 

themselves given current conditions. 

Classically, the explanation for aspen persistence has been through regeneration 

following fire. Severe fires eliminate overstory coniferous forest and promote widespread 

aspen regeneration resulting in even-aged stands of aspen (Jones 1985). Over time, shade-

tolerant conifers establish in the understory of aspen and eventually overtop the short-lived 

and small-statured aspen stems. When fuels adequate to support a crown fire exist, the 

cycle is repeated. Though this model describes some systems in the intermountain west, 

other systems are not consistent with this model Aspen regenerate in the absence of fire 
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(see chapter 2) creating multi-aged aspen stands and fire does not always result in a flush 

of successful aspen regeneration if large numbers of imgulates exist (Ronune et aL 1995, 

see chapter 2). FinaUy, evidence from a few areas suggests that repealed fires of high 

frequency may sustain multi-aged stands of aspen (Morino 2000, Kay 1997), but this does 

not explain multi-aged stands with no history of repeat fires (see chapter 2). Clearly 

additional research on fire and aspen is needed if aspen forests are to be maintained in 

areas with fire regimes that have been altered by human activities. 

Another key to aspen persistence may lie in the large underground root system 

sustained by clones. It has been proposed that aspen roots may persist in the absence of 

mature trees, nurtured only by transient suckers or heavily browsed "shrub" aspen 

(Despain 1990). However, small aspen stems tend to be functionally attatched to large 

neighbors (Shepperd 1993) and when these root connections are severed, subordinate 

stems experience reduced growth (Zahner and Debyle 196S). Though little evidence 

currently supports the idea that shrub aspen can persist in the absence of mature trees, we 

may be able to test this hypothesis as many stands in YNP, RMNP and JH are 

experiencing high mortality of overstory trees and browsed suckers are unlikely to reach 

tree height if current levels of browse continue. A similar hypothesis for aspen persistence 

suggests that aspen clones may persist as co- or subdominants within coniferous forests 

(Abolt 1997). Following disturbance, these subdominants may recruit from root stocks 

rapidly and may allow clones to expand. In the past, little research has focused on the few 

scattered aspen stems observed in the understory of coniferous forest, but current research 
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may improve our understanding of the frequency and longevity of these stems (Kaye 

2000). 

Perhaps the most critical and under-researched mode of persistence may be 

through unusual episodes of regeneration from seed. Though aspen recruitment from seed 

has not been well-documented in the literature, at least one major episode did occur 

following the Yellowstone fires of 1988 (Romme et aL 1997). However, it appears that 

these seedlings arc not likely to persist in the presence of elk browse (Turner 1999). 

Despite the apparent failure of this single episode, questions about the timing, frequency 

and importance of fire events for establishing new stands and maintaining genetic diversity 

remain unknown. To understand the sustainability of aspen in elk winter range, some of 

these questions need to be answered more clearly and with recognition that the wide 

biogeographic range of aspen likely means a range of answers to each question. For 

example, modes of aspen persistence, fire history, and longevity may vary across the great 

range of aspen with important implications for science and management 

DOES ASPEN DECLINE MEAN THAT NATURAL REGULATION IS 

INHERENTLY FLAWED? 

Despite the many unanswered questions regarding the ability of aspen to persist in 

the presence of heavy ungulate browsing, some have taken the current status of aspen in 

winter range areas as an indication that the natural regulation paradigm is inherently 

flawed. Given our state of knowledge and the design of most parks, it is difficult to use 

aspen forest dynamics to evaluate the natural regulation policy. The scale of current 
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management in the parks does not fit the scale of ecological variability we know to exist in 

the case of aspen forest ecosystems (Figure 4.9). Land uses both inside and outskle the 

parks involving fire suppression and elk management may have had distant and long-term 

impacts on aspen forest structure and regeneration. For example, the management of 

ungulates outside of protected winter range areas (Le. feeding and hunting) probably 

influences herbivory on aspen and other vegetation inside protected areas. The 

experimental boundaries of natural regulation have likely been breached by far-reaching 

human impacts outside the parks. In the parks and other protected areas, these far-

reaching effects may be related to a problem of fit between the scale (both temporal and 

spatial) of management and the scale of ecological processes (Folke et al. 1998). National 

parks and the natural regulation paradigm are spatially and temporally bounded by distinct 

political boundaries, like land ownership, but ecological processes operate at different 

spatial scales that transcend these boundaries (Figure 4.9). Elk hunted outside protected 

areas congregate in protected winter range, and in the case of JH are kept there by winter 

feeding. Heavy concentrations of elk lead to a strong impact on aspen and other 

vegetation in the immediate vicinity. Similarly, changes in public land policy and rates of 

development outside parks may be either too slow or too fast (respectively) relative to 

rates of change in biological systems. Ecosystem management of large protected areas 

must consider past and present human influences on ecosystem variability and must change 

the scale of management to match key ecologKal processes and drivers if we want to 

preserve and protect complex ecological systems. 
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Figure 4.9. Spatial and temporal scales at which human institutions (boxes) and 
ecological processes (elipses) operate with respect to aspen forest dynamics. The weak 
overlap between human institutions and ecological processes is termed a "lack of fit". 
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CHAPTERS. CONCLUSIONS 

Human influences, such as modification of fire regimes, elk hunting and 

settlement patterns, combined with climatic variability have had far reaching impacts on 

ecosystem pattern and process in the Jackson Hole Valley. At short time scales (10-50 

years), elk variability and not fire, has been the crucial variable controlling vegetative 

aspen regeneration. At long time scales (50-200 years) both fire and moisture availability 

may be important for major periods of aspen regeneration, though major changes in 

wintering elk populations may uncouple the effects of fire and climatic variability. The 

dominant influence of elk on aspen in the 20*** century represents an important change in 

ecosystem dynamics increasingly influenced both directly and indirectly by human land 

use and land management. The history of human land use shows a pattern of narrowly 

focused management activities that are inconsistent with the large spatial and long 

temporal scales of aspen regeneration and population dynamics. 

The influence of multiple interacting processes and drivers in the Jackson Valley 

suggests that reconstructing past ecosystems as benchmarks for ecological management 

should be considered carefully. Several keystone processes, biophysical and human 

drivers of ecosystem pattern were important in the Jackson Hole Valley and may have 

been important in other systems. Many processes and their attendant drivers should be 

researched if past systems are to be understood. If ecological history is to be relevant in a 

variable world, reconstructions of past systems should focus on ecological relationships 

rather than on single states or processes. 
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To place my studies of aspen regeneration into a regional context, I compared my 

results from the Jackson Valley with studies of aspen regeneration in two other elk winter 

range areas in the intermountain West. Rocky Mountain National Park and the northern 

range of Yellowstone National Park. Comparison of aspen in the three elk winter range 

areas indicates that heavy browsing by elk populations has had a strong influence on 

episodes of aspen regeneration for the last ISO years in all three elk winter ranges, 

however elk are not having strong efifects outside of elk winter range. Though fires were 

associated with large episodes of aspen regeneration in the past, recent fires have not 

resulted in successful recruitment of aspen into the overstory because of heavy elk 

browse on young aspen suckers. Despite consistent patterns between elk browsing and 

aspen regeneration, many unknowns about aspen persistence and longevity remain. 

Future research should address the variability in aspen life history across its range and its 

ability to persist in the presence of large herbivores. 



APPENDDC A. UHL HILL DENDROCLIMATOLOGY 

Dendroclimatological sampling was performed in 1997 near the Gros Ventre 

Valley of Northwestern Wyoming in order to update a dendrocliniatic reconstruction 

collected by Ferguson in 1971 and stored in the International Tree Ring Databank 

(Ferguson 1999). 

SITE DESCRIPTION AND DATA COLLECTION 

The original sampling location was easily identified based on the geographic 

coordinates and place name included in the Ferguson chronology. Tree cores (n = 27) 

were collected from 14 limber pine trees located on Uhl Hill (43°48' N, -110°28'E) near 

Moran, Wyoming at an elevation of 2225m. The sampling area covered a narrow ridge 

and south-facing slope with little understory vegetation and widely-spaced limber pine 

{Pinus flexilis) and Douglas-fir (Pseudotsuga menziessi) trees. Two cores per tree were 

taken from limber pine trees with large diameters, broken tops, and other characteristics 

typical of long-lived trees. 

Samples were mounted and sanded according to standard dendrochronological 

procedures (Stokes and Smiley 1968). Each core was skeleton plotted and cross-dated 

against the original Ferguson chronology as well as against other 1997 samples. Cross-

dated samples were then measured using TRIMS (Robinson and Evans 1980) and dating 

was verified using COFECHA (Holmes 1999). The Ferguson raw ring widths were also 

verified using COFECHA (Table A. 1). Principal components analysis (PCA) was 
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performed on all of the cross-dated samples for a common interval (1780-1971) to 

evaluate the consistency of the two data sets. 

Samples from both data sets were standardized using a negative exponential 

curve or trend line (constrained to be positive) to remove any age-related growth trend 

but preserve low fi^uency variability in the time series. Fiiudly, standardized samples 

from both data sets were combined to create a standard and a residual chronology 

(Figure A. 1). 

DENDRCX:LIMATIC RECONSTRUCTION 

Daily climate data (1915-1997) from a nearby station (486440, Moran, 

Wyoming; Western Regional Climate Center, Desert Research Institute, Reno, Nevada) 

were used to develop response fimctions for the updated Uhl Hill chronology. Response 

functions were calculated and plotted using minimum daily temperature, maximum daily 

temperature and precipitation averaged over 21, 31, 61, 91, 121 and 151-day periods 

centered on each day of the year. Monthly values of Palmer Drought Seventy Index 

(PDSI) from the appropriate state climate division (Wyoming, division 2; Western 

Regional Climate Center, Desert Research Institute, Reno, Nevada) were also compared 

for the period of record (1895-1997) with the ring width chronologies in a separate 

analysis. Best sub-sets regression models were used to develop a climate-growth model 

based on sets of climate variables (predictors) and the standard chronology (response). 
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RESULTS 

Cores were eliminated due to poor cross-dating (6 cores), PCA outliers (3 cores), 

and less than ISO years of record (2 cores). However, the total sample size including 

both data sets remains large with 35 trees and 60 cores. Response functions elucidated 

some strong climate-growth relationships. Both prior year and current year fall 

temperatures were positively correlated with tree ring indices (r = 0.376 and r = 0.323 

respectively. Table A.2). Current year spring temperature was negatively correlated 

with tree ring indices (r = -0.398) while both current and prior year spring precipitation 

were positively correlated with tree ring indices (r = 0.583 and r = 0.572 respectively. 

Table A.2). Best subsets regression suggested that the model with the greatest 

predictive power (R«4^ = 0.486) composed of four predictor variables is; minimum fall 

temperature of the prior year, maximum spring temperature of current year, spring 

precipitation of the current year, and summer precipitation of the prior year (Table A.3). 

However, the precipitation variables are correlated with maximum daily temperature 

variables making interpretation of the model difficult. 

Best subsets regression of the twelve monthly PDSI predictors suggested that a 

three variable model could account for a large portion of the variance and still be 

interpretable since both precipitation and temperature arc included in the calculation of 

PDSI. A three variable model including PDSI in December, March and June produced a 

R^a<^ = 0.411 (Table A.4). The model results suggest that the limber pine chronology is 

positively associated with cool, moist conditions in December and June and warm, dry 

conditions in March. However, the pattern of increased growth in the late 20"* century 



127 

(during the period used for calibration) is anomalous, except for the pre-1500 period 

when sample depth is low (Hgure A.2). Because recent growth rates have no analogue 

in the historical record, the reconstruction should be interpreted cautiously. 

Table A. 1. COFECHA parameters 

COFECHA 
Parameter 

Ferguson Hessl Combined 

Series intercorrelation 0.686 0.734 0.700 
Mean sensitivity 0.309 0.290 0.303 
Number of samples 49 27 60 
Number of trees 26 14 40 

Table A.2. Climate variables with strong relationships to tree ring indices 

Climate Variable Pearson correlation 
coefficient (r-value) 

P-value 

Prev. Yr. Min. Fall Temp." 0.373 0.001 
Curr. Yr. Min. Fall Temp.'' 0.313 0.004 
Curr. Yr. Max. Summer Temp. 
C 

-0.393 0.000 

Curr. yr. max. grow seas. -0.397 0.000 
temp. ** 
Curr. yr. spring precip. 0.573 0.000 
Prev. 16 mo. precip. 0.562 0.000 
Dec. PDSI 0.369 0.000 
Mar. PDSI 0.157 0.116 
Jun. PDSI 0.481 0.000 
' Prior year 61 day average minimum daily temperature centered on September 3 

Current year 61 day average minimum daily temperature centered on September 12 
Current year 121 day average maximum daily temperature centered on June 18 

** Current year 91 day average maximum daily temperature centered on June 3 
° Current 61 day average daily precipitation centered on May 7 
^ Prior May to current August daily precipitation 



Table A.3. Best subsets regression model results-Precipitation and Temperature 

Predictor CoefiQcient St. Dev. P-value 
Constant 1.0187 0.8400 0.229 
61dminTp 0.0004544 0.000149 0.003 
l21dmaxT -0.00017686 0.00009474 0.066 
61dpreci 0.0007203 0.0002202 0.002 
pmaycaug 0.00020159 0.00006309 0.002 

R^ = 0.512 R^a = 0.486 

adjusted for the number of parameters in the modeL 

Table A.4. Best subsets regression model results-PDSI 

Predictor CoefGcient St. Dev. P-value 
Constant 1.30096 0.02527 0.000 
Dec. PDSI 0.06647 0.01312 0.000 
Mar. PDSI -0.08904 0.01683 0.000 
Jun. PDSI 0.10191 0.01504 0.002 

R^ = 0.429 R2^= 0.411 
R is the variance explained by the model and R is the variance explained by the 
model adjusted for the number of parameters in the model 
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Figure A.1. Time series of combined Ferguson and Hessl data sets. Thin gray line 
represents standard chronology annual values. Thick black line represents 10 year 
spline. Thin black line represents sample depth over time. 
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Figure A.2. fitted values from the three variable PDSI model (dashed line) versus tree 
ring indices of standard chronology (solid line). 
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APPENDIX a PLOT SUMMARY. 

Site ID' Latitude Longitude Plot size Live height*^ Std. dev. n 
ACF 43 35 29 110 22 39 25 26.00 16.28 16 
ACP 43 38 34 11031 00 50 87.50 47.44 12 
BCF 43 31 07 110 10 42 25 56.38 24.96 16 
BSR 43 36 05 110 39 00 25 NA NA NA 
CCB 43 36 49 110 12 53 25 72.14 23.67 21 
CMD 43 35 34 110 1700 25 25.94 10.46 17 
DCB 43 41 57 110 35 00 25 123.62 37.35 13 
DCE 43 35 23 110 18 56 25 27.00 NA NA 
DCF 43 36 11 110 15 35 250 55.55 14.36 20 
DCK 43 35 31 110 11 06 50 56.38 20.31 24 
DDB 43 36 00 110 19 15 25 34.70 18.90 20 
ERP 43 40 07 110 34 49 25 NA NA NA 
FCF 43 32 04 110 14 39 50 73.60 39.11 20 
GLP 43 34 33 110 21 33 25 16.75 29.07 20 
GWE 43 33 17 110 1700 25 83.85 25.64 20 
GWF 43 34 15 110 1730 25 43.50 20.36 20 
GWO 43 33 17 110 17 02 25 50.68 20.36 19 
LCP 43 28 22 110 12 44 25 18.40 25.55 20 
LHR 43 35 50 110 36 27 25 NA NA 6 
MBR 43 30 42 110 43 35 25 32.78 18.84 18 
NBN 43 34 55 110 14 30 25 26.25 37.23 20 
PC? 43 32 35 110 12 25 25 45.25 12.51 20 
RCP 43 37 22 110 30 04 25 63.00 27.24 20 
RHF 43 37 28 11031 00 25 107.62 37.83 21 
RWF 43 37 46 110 29 39 50 80.59 43.25 37 
SCK 43 38 47 110 24 47 50 68.38 27.37 21 
SLP 43 31 54 110 1541 25 35.56 21.12 16 
SMB 42 29 47 110 34 33 25 139.20 32.42 10 
SMP 42 29 01 110 37 07 25 11.45 10.85 11 
TCB 43 34 03 110 10 25 25 25.10 11.82 20 
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Site ID* Dead height** Std. dev. n Browse Std. dev. n Num. Stem'̂  
ACF 19.54 10.91 13 57.48 41.94 21 2.24 
ACP 116.90 48.02 10 50.42 37.44 12 1.63 
BCF 42.95 14.69 14 46.90 26.53 16 1.04 
BSR NA NA NA NA NA NA NA 
CCB 51.52 33.80 21 48.57 29.03 21 2.10 
CMD 30.41 15.87 17 86.29 25.57 17 1.24 
DCB 28.77 34.74 13 6.46 12.96 13 1.08 
DCE 0.00 NA NA 0.00 NA NA 1.00 
DCF NA NA NA 69.65 31.38 20 2.00 
DCK 57.15 16.93 34 60.78 32.81 23 1.94 
DDB 38.55 19.52 20 69.25 33.39 16 2.90 
ERP NA NA NA NA NA NA NA 
FCF 67.75 48.07 20 39.47 34.68 19 1.95 
GLP 55.85 13.55 20 99.75 1.12 20 3.60 
GWE NA NA NA 19.00 25.37 20 1.50 
GWF 89.72 41.01 18 70.48 32.59 21 1.68 
GWO 79.07 39.25 15 55.28 34.36 18 2.38 
LCP 45.80 20.14 20 88.85 26.57 20 2.00 
LHR 104.67 39.88 6 NA NA 0 1.00 
MBR 10.89 12.60 18 49.09 33.75 11 2.39 
NBN 48.85 26.28 20 95.00 7.95 20 1.40 
PC? 42.60 23.64 20 90.30 10.54 20 2.30 
RCP 59.70 29.09 20 48.25 28.57 20 1.20 
RHF 74.29 24.07 7 29.29 16.75 21 NA 
RWF 69.67 51.37 18 13.11 19.98 37 1.45 
SCK 50.00 31.01 21 31.43 33.25 21 1.71 
SLP 25.13 22.77 16 58.69 34.34 16 2.56 
SMB 39.40 47.37 10 1.50 2.42 10 1.40 
SMP 45.00 64.96 11 0.00 0.00 11 1.64 
TCB 30.50 10.72 10 6.75 12.06 20 3.23 
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Site ID' Std. dev. n Dead stem^ Std. dev. n Num. live** Num. dead' 
ACF 1.79 21 1.10 1.45 21 17 4 
ACP 1.20 16 0.69 1.01 16 12 4 
BCF 0.20 18 0.20 0.41 18 14 4 
BSR NA NA NA NA n NA NA 
CCB 1.48 21 0.38 0.67 21 21 0 
CMD 0.44 17 0.06 0.24 17 17 0 
DCB 0.28 13 0.00 0.00 13 13 0 
DCE NA NA 0.00 NA NA 1 0 
DCF 1.75 20 0.55 1.57 20 19 1 
DCK 1.63 50 1.04 1.44 50 35 15 
DDB 2.43 20 1.85 2.11 20 17 3 
ERF NA NA NA NA NA NA NA 
FCF 1.09 22 0.77 0.92 22 20 2 
GLP 2.58 20 3.10 2.36 20 7 13 
GWE 0.61 20 0.30 0.47 20 20 0 
GWF 1.18 25 0.56 0.77 25 20 5 
GWO 1.36 21 1.10 0.89 21 18 3 
LCP 1.34 20 1.40 1.57 20 9 11 
LHR 0.00 6 1.00 0.00 6 0 6 
MBR 3.76 18 1.33 3.27 18 18 2 
NBN 0.60 20 1.00 0.86 20 12 8 
PC? 2.08 20 1.00 1.41 20 20 0 
RCP 0.41 20 0.10 0.31 20 19 1 
RHF NA 28 0.25 0.44 28 21 7 
RWF 1.08 47 0.60 1.08 47 37 10 
SCK 0.95 24 0.71 0.91 24 20 4 
SLP 2.22 16 1.19 1.60 16 15 1 
SMB 0.52 10 0.00 0.00 10 10 0 
SMP 1.43 11 0.55 1.51 11 9 2 
TCB 6.68 26 1.38 2.62 26 20 6 
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Site ID* Tot live' Tot. dead'' Dens. live/ha.' Dens, dead/ha.*" Burn" %can. kill" 
ACF 17 4 6800 1600 0 NA 
ACP 12 4 2400 800 0 NA 
BCF 33 2 13200 800 1 70 
BSR 155 125 62000 50000 0 NA 
CCB 34 1 13600 400 1 95 
CMD 11 0 4400 0 1 50 
DCS 12 0 4800 0 1 60 
DCE 1 0 400 0 0 NA 
DCF 31 3 1240 120 1 95 
DCK 35 15 7000 3000 1 10 
DDE 11 11 4400 4400 1 0 
ERP 1 0 400 0 0 NA 
FCF 20 2 4000 400 1 75 
GLP 10 56 4000 22400 0 NA 
GWE 46 3 18400 1200 0 NA 
GWF 51 21 20400 8400 0 NA 
GWO 31 13 12400 5200 0 NA 
LCP 12 11 4800 4400 0 NA 
LHR 0 4 0 1600 0 NA 
MBR 16 3 6400 1200 0 NA 
NBN 14 13 5600 5200 0 NA 
PC? 22 0 8800 0 1 5 
RCP 23 3 9200 1200 0 NA 
RHF 125 30 50000 12000 1 95 
RWF 37 10 7400 2000 1 20 
SCK 20 4 4000 800 0 NA 
SLP 15 1 6000 400 0 NA 
SMB 11 0 4400 0 1 40 
SMP 11 4 4400 1600 0 NA 
TCB 20 6 8000 2400 0 NA 



Site ID' Elkuse'' Calving'' Sloped*^ SIope% Elev. Aspect 
ACF CWR 1 6 11 2268 6 
ACP CWR 0 7 12 2134 154 
BCF WEST 1 23 40 2463 248 
BSR CWR 0 4 NA 2103 10 
CCB CWR 0 20 35 2487 306 
CMD CWR 1 NA 30 2444 115 
DCB OUT 0 22 40 2213 106 
DCE CWR 0 18 NA 2280 40 
DCF CWR 1 23 41 2549 212 
DCK CWR 0 14 25 2454 192 
DDB CWR 1 NA 30 2450 276 
ERP OUT 0 NA 15 2231 346 
FCF WIN 0 32 64 2387 42 
GLP CWR 1 NA 17 2316 10 
GWE WIN 0 14 23 2274 16 
GWF CWR 0 12 24 2317 1 
GWO WIN 0 23 42 2274 16 
LCP WIN 0 26 49 2401 34 
LHR CWR 0 16 NA 2097 330 
MBR CWR 0 24 NA 1981 338 
NBN CWR 1 NA 15 2487 77 
PC? CWR 1 NA 33 2426 103 
RCP OUT 0 NA 30 2377 120 
RHF CWR 0 6 10 2207 223 
RWF CWR 0 18 32 2207 273 
SCK CWR 0 26 47 2341 252 
SLP WIN 0 NA 40 2371 99 
SMB OUT 0 10 NA 2371 110 
SMP OUT 0 NA 12 2109 145 
TCB CWR 1 16 29 2421 226 
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® Plot code. 
Sucker sub-plot size. 
Average height of tallest live branch. 
Average height of tallest dead branch. 

^ Average estimate of percent browse. 
^ Average number of stems per root node. 
® Average number of dead stems per root node. 

Number of live suckers per plot. 
[ Number of dead suckers per plot. 
^ Total number of live stems per plot. 

Total number of dead stems per plot. 
' Density of live suckers per plot. 

IDensity of dead suckers per plot. 
" Stands that had been bumed by prescribed fire since 1980 noted with "1". 
° Percent canopy kill by fire in bumed plots. 
^ Elk class; CWR = critical winter range, WIN = winter range, OUT = outskle of winter 
range. 

Plots located within areas used by cow elk for calving noted with "1". 
^ Slope in degrees. 
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