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INTRODUCTION 

2008 ANNUAL REPORT 

DIRECTOR'S COLUMN 

During the period of this report the University 
of Wyoming-National Park Service (UW-NPS) 
Research Center supported and administered research in 
the biological, physical and social sciences performed 
in national parks, monuments, and recreation areas in 
Wyoming and neighboring states. The UW-NPS 
Research Center solicited research proposals from 
university faculty or full-time governmental research 
scientists throughout North America via a request for 
proposals. Research proposals addressed topics of 
interest to National Park Service scientists, resource 
managers, and administrators as well as the academic 
community. Studies conducted through the Center dealt 
with questions of direct management importance as well 
as those of a basic scientific nature. 

The Research Center continues to consider 
unsolicited proposals addressing applied and basic 
scientific questions related to park management. 
Research proposals are distributed to nationally 
recognized scientists for peer review and are also 
reviewed and evaluated by the Research Center's 
steering committee. This committee is composed 

+ 
of University faculty and National Park Service 

representatives and is chaired by the Director of the 
UW-NPS Research Center. Research Contracts are 
usually awarded by the middle to end of March to early 
April. 

The UW-NPS Research Center also operates a 
NPS-owned field research station in Grand Teton 
National Park. The research station provides 
researchers in the biological , physical and social 
sciences an enhanced opportunity to work in the diverse 
aquatic and terrestrial environments of Grand Teton 
National Park and the surrounding Greater Yellowstone 
Ecosystem. Station facilities include housing for up to 
50 researchers, wet and dry laboratories, a library, 
herbarium, boats, and shop accommodations. The 
research station is available to researchers working in 
the Greater Yellowstone Ecosystem regardless of 
funding source, although priority is given to individuals 
whose projects are funded by the Research Center. 

Special acknowledgement is extended to Ms. 
Celeste Havener, Office Associate, for her skills and 
dedication to the Research Center which were a vital 
contribution to this publication. 

RESEARCH PROJECT REPORTS 

The following project reports have been prepared primarily for administrative use. The information 
reported is preliminary and may be subject to change as investigations continue. Consequently, information presented 
may not be used without written permission from the author(s). 
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EFFECTS OF A NEW PEDESTRIAN PATHWAY IN 

GRAND TETON NATIONAL PARK 
ON BREEDING SAGEBRUSH SONGBIRDS 

+ 
A NNA CHALFOUN + WYOMING C OOPERATIVE FISH & WILDLIFE RESEARCH UNIT 

UNIVERSITY OF WYOMING + LARAMIE 

+ INTRODUCTION 

Human-induced changes to natural landscapes 
have become ubiquitous, resulting in exposure of 
wildlife populations to novel stressors (Munns 2006). 
While it is clear that changes such as habitat loss can 
directly impact wildlife species, less clear is the extent 
to which human presence itself functions as a 
disturbance that influences wildlife behaviors with 
important fitness consequences. Animals clearly 
respond to perceived risk of predation by natural 
predators via, for example, fleeing, or altering foraging 
and/or breeding habitat selection (Marzluff 1988, 
Hakkarainen et al. 2001 , Frid and Dill2002, Blumstein 
2006, Borkowski et al. 2006, Fontaine and Martin 
2006). Such responses can alter access to important 
resources, energy budgets, and therefore attributes such 
as body condition (Bechet et al. 2004) with potential 
impacts to survival and reproductive output. Of critical 
importance to the management of wildlife populations 
is therefore to determine 1) whether wildlife species 
perceive human presence as predation risk, 2) how 
individuals respond to such risk, and 3) how such 
responses influence fitness consequences and therefore 
population dynamics and community structure. 

Birds are known to respond behaviorally to 
perceived predation risk (e.g. , Marzluff 1988, 
Hakkarainen et al. 2001 , Fontaine and Martin 2006, 
Chalfoun and Martin, in press), and may therefore 
respond similarly to human disturbance. Landbirds are 
an integral component of ecosystems and serve a wide 
range of ecological roles from pollinating plants to 
controlling insect populations. Construction of a 

bicycle pathway through portions of Grand Teton 
National Park in June, 2008 may influence landbird 
abundance, diversity, productivity, and/or breeding 
behavior, as numerous migratory landbird species breed 
within the lower elevation shrubsteppe and forest 
habitat through which the pathway will traverse. 

This project was established in order to 
evaluate the potential impacts of pathway development 
and use on breeding landbird species. The overall goal 
of the work is to evaluate the impact of pathway 
development and use on breeding bird spatial and 
temporal habitat use, relative abundance, species 
composition and diversity, reproductive success, and 
breeding behavior. Specific objectives are to: 

1. Identify avian species using project area 
habitats before, during, and after pathway 
construction and use. 

2. Quantify the spatial and temporal habitat use 
of avian species within the project area before, 
during, and after pathway construction and 
use. 

3. Based on objectives 1 and 2, evaluate the 
effects of the pathway on avian abundance and 
community composition and diversity. 

4. Document the breeding productivity (clutch 
size, hatching success, abandonment rates, 
nest success) of all observed non-game bird 
species in relation to the pathway. 

5. Document site fidelity and breeding behavior 
patterns for a focal species, the Brewer's 
Sparrow (Spizella breweri; a declining, 
sagebrush-steppe obligate species) before, 
during and after pathway construction and use. 
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+ METHODS 

I am utilizing a Before-After/Control-Impact 
study design to quantify effects. Field efforts 
(before/control year) began during May - August, 
2007, were replicated in May - August, 2008 during 
pathway construction, and will be repeated during two 
seasons of pedestrian use (2009 and 2010). Within 
sagebrush habitats along the highway and proposed 
pathway route between Moose and South Jenny Lake 
Junction, I randomly established three paired sets of25-
ha study plots. One plot in each pair straddles the road 
and pathway route, and the other was placed in similar 
habitat/topography but 2: 500 m from the transportation 
corridor. Data collected within control plots will serve 
to separate possible annual and habitat effects from 
experimental effects. 

During each year and within each study plot, 
my crew and I are documenting a vi an abundance, 
diversity, and spatial habitat use using line transect 
surveys with distance estimation. Line transects are 1 
km in length and centered within each control study plot 
in a randomly chosen direction. Experimental transects 
are oriented perpendicular to the road and pathway in 
order to quantify possible changes in avian metrics with 
increasing distance from the disturbed area. An 
additional study plot was established just north of the 
Moose entrance station to increase sample sizes for 
distance from road/path analyses. 

To quantify reproductive success, we are 
intensively nest searching within each study plot. Nests 
are monitored every two days until completion (failure 
or fledging). Nest locations are recorded using GPS, 
and the distance to the road, path and nearest forest 
edge will serve as additional covariates in analyses. In 
order to determine whether pathway and/or road 
disturbance changes parental behaviors and/or 
investment with potential fitness ramifications, we are 
measuring egg/clutch mass, incubation behavior (% 
attentiveness, length of on/offbouts), nestling size, and 
nestling feeding rates for the main focal species 
(Brewer's sparrow, Spizella breweri). Egg mass is 
recorded for nests with known initiation dates during 
days 1-3 of the incubation period using a portable 
electronic balance. We are documenting incubation 
behavior and nestling feeding rates via video taping of 
nests. Nestling mass, and tarsus and wing chord length 
is measured on day 5 of the nestling period in order to 
assess offspring quality. In order to more closely 
document potential territorial/nest site selection shifts 
of Brewer's sparrow's within and across seasons, we 
are target-netting and uniquely color-banding a sub-set 

(5-1 0) of focal pairs to be intensively monitored during 
all four study years. Basic habitat structural 
measurements (shrub cover, height, and density and 
understory cover) was collected during July, 2007 to 
account for additional habitat effects and ensure 
similarity between paired study plots. 

Abundance, diversity and productivity metrics 
will be compared between experimental and control 
plots within each of the four study years. As a result, I 
will generate comparisons for a pre-disturbance/control 
year, and two types of human disturbance (pathway 
construction and human use of the pathway). Year four 
data will help determine the extent to which the birds 
may acclimate to the disturbance generated by the 
pathway. 

If the pathway construction and/or use 
constitutes a disturbance to which birds will respond, I 
predict that avian abundance, diversity, productivity, 
site fidelity and breeding behavior measurements 
should be similar among experimental and paired 
control plots during year 1, and lower in experimental 
plots compared to controls during construction and/or 
use years. If the road constitutes a disturbance, metrics 
should differ (in a consistent direction) between the 
experimental versus control plots during all four years. 
If neither the road nor pathway has any effect, metrics 
should be similar between treatments during all four 
years. If both the road and pathway generate effects, 
the addition of the pathway should produce additional 
variance between the experimental versus control plots 
during years 2, 3, and/or 4. Abundance and diversity 
data from the 4 transects straddling the path/road within 
sagebrush habitats will also be analyzed per 50-m 
transect segment in an attempt to determine the distance 
to which possible disturbance effects permeate away 
from the pathway/road. 

+ RESULTS 

Data analysis from the 2008 field season is on
going, and the following preliminary patterns should 
not yet be cited. Similar to 2007, avian abundance (all 
species combined), as indexed by the average number 
of detections per survey visit, did not differ between 
experimental and control plots (Paired T test, t =- .60, 
df = 2, P = 0.61 ), nor did the abundance of the most 
common species (Brewer's sparrow; t = -.31 , df= 2, P 
= 0.78). Species richness (total number of species 
observed within a site) did not differ among treatments 
(t = 1.51 , df = 2, P = 0.27). Analyses within 
experimental sites focused on quantifying avian 
abundance/richness and other metrics in relation to 
distance from disturbance are not yet completed. 



Metric(s) I Method 

Abundance, diversity Transect surveys 
Nest searching/monitoring 

Sample Sizes 

3 surveys completed within 7 plots 
210 nests of 6 species* 
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Nest success, clutch size 
Habitat shifts, site fidelity Target netting/color banding of focal 

pairs 
50 new BRSP captured/banded with no mortality 

Egg mass 
Incubation behavior 
Nestling size/quality 
Nestling feeding rates 

* Species studied: 
Brewer' s Sparrow (BRSP) 
Vesper Sparrow 
Green-Tailed Towhee 
Chipping Sparrow 
White-Crowned Sparrow 
Horned Lark 

Weighing of eggs 
Video taping 
Nestling measurements 
Video taping 

Table l . Summary of2008 Field Activities. 

Brewer' s sparrow clutch size did not vary 
among experimental and control plots (t= 1.46, df= 2, 
P = 0.28). Mean BRSP egg mass was higher in the 
control sites for the two northern sets, but overall did 
not vary between treatments (t = -1.53 , P = 0.27). 
Unlike 2007, however, BRSP hatching success in 2008 
was lower within the road/pathway sites than the control 
sites (t = 3.97, P = .05; Figure 1). A similar (but 
insignificant) trend was observed for all species 
combined (t = 2.14, P = 0.16). The lower hatching 
success associated with the road/pathway sites may 
have been related to changes in incubation behavior 
resulting from construction disturbance. I will be able to 
test this relationship when the behavioral (video) 
analyses are completed. Nest abandonment in 
experimental sites (6.2%) was only slightly higher 
during pathway construction than during 2007 (5.3%). 
Nestling mass did not differ among treatments overall, 
though there was a trend towards larger nestlings in the 
experimental plots in 2008 (Figure 2; Year x treatment 
interaction, F = 2.82, P = 0.09). 

Nest predation rates, as assayed by daily nest 
survival probabilities, as in 2007 were again 
consistently lower within road/pathway sites compared 
to controls for all species combined (Figure 3). The 
trend was especially evident for Brewer' s sparrows 
(Figure 4; Paired T test, t = 5.20, df= 2, P = 0.04). 

54 BRSP clutches measured 
34 BRSP nests ( 136 video hrs .) 
51 BRSP broods measured 
42 BRSP nests (168 video hrs .) 
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Figure I. Hatching success of Brewer' s sparrows m 
road/pathway versus paired control sites. 
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Figure 2. Mean nestling mass (g) at day 5 for Brewer' s 
sparrows with a brood size of n = 3 during 2007 and 2008. 
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Figure 3. Avian (all species combined) nest success 
(probability of daily nest survival) within experimental versus 
control sites during 2007 and 2008. 
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Figure 4. Brewer' s sparrow nest success (probability of daily 
nest survival) within experimental versus control plots during 
2007 and 2008. 

Spring came much later in 2008 than in 2007, 
which delayed migratory bird arrival times and 
initiation dates of first nests, especially for Brewer' s 
sparrows. For example, in 2008 the mean number of 
detections for BRSP /site during the first survey week in 
May was 2.2 compared to 12.5 in 2007. Overall 
abundance (all species combined) was similar in 2008 
(36.67 detections/survey visit/site) to 2007 (38.78), but 
the abundance of BRSPs in 2008 (7.06) remained at 
approximately half of that in 2007 (16.0). Mean clutch 
sizes were also slightly lower in 2008 for the three main 
study species (Figure 5). Birds may have altered 
settlement and nesting patterns in 2008 due to lingering 
snow pack and cold temperatures into June, 2008, 
which influenced food (insect) availability. I will 
carefully account for climatic variables in final 
analyses. Several 2008 nests containing 5-6 day-old 
nestlings failed due to heavy rains collapsing the nest. 
Two adult birds from two different nests were also 
found dead following a hail event. 
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Figure 5. Mean clutch sizes (± 1 SE) of the three most 
abundant songbird species (Brewer' s sparrow, vesper 
sparrow, green-tailed towhee) during 2007 and 2008 . 

+ DISCUSSION 

Because data collection and analysis for the 
project are on-going, conclusions about potential 
impacts of the new pathway on the songbird community 
would be premature. Data collection will be repeated in 
2009 and 2010 using identical methods and sampling 
protocols to those in 2008 and 2007, in order to 
compare avian responses during pedestrian use of the 
path to the pre-construction and construction years. Re
sightings of color-banded Brewer's sparrows will 
continue to serve as a barometer of site fidelity among 
the two study treatments. 

Preliminary analyses do not suggest a major 
influence of pathway construction on songbird 
abundance, diversity, nest success, or investment in 
offspring; though incubation rhythms may have been 
affected as assayed by the lower hatching rates and 
slight increase in nest abandonment. Offspring size 
(nestlings at day 5) seemed to parallel nest predation 
risk rather than human disturbance. Nestling feeding 
rates were therefore likely not significantly influenced 
by construction activities, though the completion of the 
video and within-plot distance from the road/path 
analyses are needed for verification. Construction 
effects may have been minimized by the fact that 
experimental sites were not consistently exposed to 
construction crews and equipment throughout the whole 
nesting season. 

The repeated observation that nest predation 
rates were consistently higher away from the road 
corridor is intriguing. Anecdotally, we observed more 
diurnal rodents (e. g. , chipmunks) that may be important 
nest predators within control plots. One potential 



hypothesis for the nest predation patterns is therefore 
that the predators (coyotes, raptors, etc.) of these small 
mammal species may be preferentially utilizing (or 
more abundant along) the transportation corridor. I will 
be testing this hypothesis via predator surveys and time
lapse infra-red video monitoring of a sub-set of 
Brewer's sparrow nests this summer. 
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USING STABLE ISOTOPES OF WATER TO DETERMINE 
CONTRIBUTION OF GLACIAL MELT TO STREAM FLOW 

AND PLANT WATER USE IN 

GRAND TETON NATIONAL PARK 

+ 
JESSICA M. CABLE & KIONA OGLE + UNIVERSITY OF WYOMING + LARAMIE 

+ A BSTRACT 

The loss of mountain glaciers will have a 
substantial impact on streamflow, and will consequently 
impact human and ecological systems. Grand Teton 
National Park is renowned for its glaciers, namely the 
Grand and Middle Teton glaciers, and their extent is 
rapidly declining. Not well understood is the 
contribution of glacier meltwater to streamflow and the 
importance of the rivers for riparian plant water use. 
The goals of this study were to determine the relative 
contribution of snowmelt and glacier meltwater to 
streamflow in the Middle and Grand Teton watershed, 
and the contribution of these watersheds to Cottonwood 
Creek, a tributary of the Snake River. Additionally, the 
contribution of river water vs unsaturated alluvial soil 
water to riparian plant water use was quantified. A field 
campaign was conducted in mid-August, 2008, where 
snowmelt, river, plant stem, and soil samples were 
collected from the Middle Teton (MT) and Grand 
Teton (GT) watersheds, and Cottonwood Creek. Water 
was extracted from the plant stems and soils. All water 
was analyzed for stable isotopic content (8D and 8180). 
The data were analyzed with a mixing model in a 
Bayesian framework, which allowed for full accounting 
of uncertainty in the data and model. Despite a fairly 
large and persistent snowpack, glacier meltwater 
contributed nearly 92% and 79% to stream flow in the 
Grand and Middle Teton watersheds during this period 
of time. However, the range of glacier meltwater 
contributions was quite large because of the similar 
isotope values of snowmelt and glacier melt water. The 
MT watershed contributed 29% of the water to 
Cottonwood Creek and the GT watershed contributed 

about 16%. The remammg contribution was likely 
outflow from Jenny Lake. Nearly 28-55% of plant 
water was derived from the river, so the bulk of their 
water was derived from unsaturated alluvial soils. This 
is likely because plant roots require well-drained soils, 
so they do not have their roots directly in the river. 
These findings suggest that further decline in the Grand 
and Middle Teton glaciers will reduce streamflow 
within each watershed and streamflow in Cottonwood 
Creek. The latter effect may impact the Snake River, 
which is a major tributary of the Columbia River. 
Further, loss of the Grand and Middle Teton glaciers 
will impact riparian plant water availability, and any 
impact on growth may affect other species, such as 
birds, which are important animals for Park visitors. 

+ lNTRODUCTlON 

Glacial recession has accelerated over the past 
several decades (e.g. , Marston et al. 1991 ), which is 
largely attributed to climate change (Lemke et al. 2007) 
Continued decline of glacier mass will result in a 
transient increase in river discharge (Lemke et al. 2007. 
The impacts of glacial mass loss on the hydrology and 
ecology of glacial-fed montaine watersheds may be 
substantial. For example, glacier melt-water sustains 
relatively high streamflow late in the summer after the 
peak of snowmelt runoff (Cable et al. 2009; Rees and 
Collins 2006). Thus, glacial mass loss could impact the 
ecological activity and biodiversity of riparian 
ecosystems in the mid to late summer (Brown et al. 
2007; Milner et al. 2001 ; Milner and Petts 1994). It is 
critical to understand variation in streamflow sources, 
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such as glacier melt and snowmelt because of the 
potential impacts of climate change. For example, in 
addition to glacier recession, climate change predictions 
for the western U.S. are for shifts in precipitation from 
snow- to rainfall-dominated. Snowfall accounts for 
approximately 50 to 70% of total precipitation (Clark et 
al. 2001 ), so a shift to rainfall will significantly impact 
streamflow. Brittain and Milner (2001) concluded that 
glacier-fed rivers are excellent indicators of climate 
change because of their strong link to climate 
variability. The impact of glacial mass loss inN ational 
Parks, such as Grand Teton National Park, may be 
additionally devastating because of potential impacts on 
tourism and visitor enjoyment of the park's natural 
resources. 

This study focused on the Middle Teton and 
Teton Glacier-fed watersheds in Grand Teton National 
Park. The goal of this study was to: (1) distinguish 
sources of streamflow by partitioning flow into that 
derived from glacier melt and snowmelt using naturally 
occurring isotopic tracers (deuterium - d H, oxygen-18 
- 880); and (2) determine the importance of the 
different streamflow sources, namely river water vs. 
unsaturated alluvial soil water, to contemporary riparian 
plant water use by using stable isotopes of water 
extracted from plant stems collected from plants found 
along the glacier-fed watersheds. 

+ METHODS 

Stable isotopes of water (82H and 8180) have 
successfully been used as hydrologic tracers to 
constrain estimates of the contributions of different 
water sources to streamflow, including snowmelt, 
glacier ice, and groundwater (Behrens et al. 1971 ; 
Obradovic and Sklash 1986) (Behrens et al. 1978; 
Dincer et al. 1970; Martinec et al. 1974; Rodhe 1981) 
(Hooper and Shoemaker 1986). Although there have 
been a number of important hydrological investigations 
in Wyoming that have employed isotope tracers 
(Benjamin et al. 2004; Coplen and Kendall2000; Frost 
et al. 2002; Frost and Toner 2004; Schuster et al. 2000), 
the use of isotopic tracers in studies to identify 
contributions of snowmelt and glacier melt to 
streamflow in alpine catchments has received little 
attention. Potential effects of climate variability, loss of 
alpine glaciers, and forest disturbances on streamflow 
are highly uncertain. Stable isotope tracers can play a 
prominent role in reducing this uncertainty. 

Field data collection - A field campaign was 
conducted in mid-August, 2008, when streamflow is 
typically dominated by glacier melt in glacier-fed 

watersheds. However, snowpacks were persistent and 
fairly large at the time of sampling. Water was collected 
from high in the Middle Teton (MT) and Grand Teton 
(GT) watersheds, and from Cottonwood Creek, into 
which the MT and GT watersheds flow. All samples 
were collected in 20mL HDPE bottles (Nalgene) and 
parafilmed. In the MT watershed, streamwater was 
collected from Gamet Creek near the base of 
snowfields located below the glacier and in the GT 
watershed, streamwater was collected from the inflow 
of Delta Lake and from Delta Lake itself. Sampling was 
focused on accessible areas. Snowmelt water was 
collected directly from dripping snowpacks. Water was 
also collected from Cottonwood Creek above and 
below the confluence with Glacier Creek (the tributary 
from the GT watershed) and Gamet Creek (the tributary 
from the MT watershed). At multiple locations (in the 
MT and GT watersheds and along Cottonwood Creek), 
plant stems were collected from multiple species and 
soil (unsaturated alluvial soil, 0-10cm deep) was 
collected from near the base of the plants. Each plant 
sample was associated with a particular water sample 
from the creeks. Four species were sampled: Picea 
engelmanni, Salix spp (multiple species), Pinus 
contortous, and Populus spp (multiple species). 
Hereafter, these will be referred to as spruce, willow, 
pine, and cottonwood, respectively. Water was 
cryogenically extracted from the stems and soil, and all 
water samples were analyzed at the University of 
Wyoming Stable Isotope Facility (Los Gatos liquid 
water isotope analyzer, precision (sd): 0.24 and 0.22 for 
8D and 8180). 

Data analysis 

Described below is a Bayesian modeling 
approach (Berliner 1996; Clark 2005 ; Ogle 2008; 
Wikle 2003) for analyzing the stable isotope data. This 
method provides a fully consistent statistical framework 
for analyzing the data within the context of an isotope 
mixing model. The Bayesian model has three 
components: (1) the data model that defines the 
likelihood of the observed isotope data, (2) the process 
model that includes a mixing model and models for the 
fractional contributions of different source waters, and 
(3) the parameter model that defines the prior 
distributions for all model parameters and variance 
terms. 

The first part of the data model combines the 
likelihoods for observed 8D and 8180 data for the 
source waters. We transformed the 8180 values by 
multiplying all the data by 7 to attain similar variation 
between the 8D and transformed 8 180 data. This 



transformation does not affect the mass-balance 
assumptions associated with the mixing model. The 
equations below are for snow and glacier source waters 
for Glacier Creek and Garnet Creek. We assume the 
isotope data (8D, 8180 , eqn [1]) from the two water 
sources come from a multivariate normal distribution 
(MNormal in eqn [1]) with a mean vector (p) and 
precision covariance matrix (0). The multivariate 
normal accounts for potential correlations between the 
measured 8D and 8180 data and partially captures the 
temporal variability in the end members. For 
observation) U = 1, 2, ... , N src) associated with source 
src: 

[b'D src ] / ([j..JbD src ] Q J 
1s ,...., MNorma . b'lso ' src 

b 0 src {j} fJ src 

(1) 

The means (,Lis) for glacier (src =g) and snow 
(src = s) source waters are assigned non-informative 
(diffuse), independent normal priors, and the precision 
matrices for the two sources are given by relatively non
informative Wishart priors, a multivariate version of the 
gamma distribution that is commonly used as a prior for 
precision matrices (Gelman et al. 2004). Thus, the 
priors are: 

f10D_,rr, f10180srr- Normal 0,0.00001 

nsrc- Wishart R,2 

src = g,s 

src =g,s 
(2) 

Note that R in Eqn (2) is the 2x2 identity matrix, and 
the "2" represents the minimum "degrees of 
freedom," thus, this parameterization gives the most 
non-informative prior for .Qsrc· 

The second part of the data model defines the 
likelihood of the stream isotope data. Similar to the 
model for the source isotope data, we assume that the 
stream (Glacier Creek and Garnet Creek) isotope data 
follow a bivariate normal distribution with a mean (p) 
and a covariance matrix (Qstream). Thus, for stream 
observation i associated with sampling period t and 
location d: 

[
OD stream ] Lr7t. r ~([,uoDstream ] Q J (3) 

18 ~ lVllvOrma 0 180 ' stream 
0 0 stream {i} ,U stream jt,d) 

The mean stable isotope values for the stream 
are given by a mixing model , which defines the mean 
values as the sum of the fractional contribution (p) of 
each source multiplied by each source ' s expected 
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isotope signature (i.e., the p ' s in eqns 1 and 3): 

[
JL£5D stream ] _ " . ( JL8D src J 

18 - L.J P src{t ,d } 18 
JL£5 0 stream src=g ,s j.i£5 0 src 

(4) 

To satisfy the mass-balance constraints 0 5:.Psrc 

5:. 1 and Pg + Ps = 1, we modeled the vector of two p ' s 
by back-transforming a logit function with parameter 
vector u, where u had a uniform prior between 0 and 
0.4. 

P src = (l + eu•rc ) 

u .-..- U(0,0.4) 

(5) 

The same model was implemented for 
Cottonwood Creek and the plant stem samples. 
Cottonwood Creek had three sources (Glacier Creek, 
Gamet Creek, and "other"- which was the upstream 
source) and the stem model has two sources (soil water 
and river water). For Cottonwood Creek, the "other" 
watershed source is the water sample collected above 
the Glacier Creek confluence, as this water is likely 
primarily from Jenny Lake. We implemented the 
models in WinBUGS, a free software package for 
implementing Bayesian data analyses (Lunn et al. 
2000). Using WinBUGS, we ran two parallel MCMC 
(Markov chain Monte Carlo) chains for 20,000 
iterations, and we thinned every 10 to reduce within 
chain autocorrelation. We discarded the first 5,000 
samples as a bum-in period (prior to convergence of the 
chains), resulting in a total of 3,000 samples for 
calculating the posterior statistics. 

+ RESULTS 

The mean temperature and precipitation in 
August 2008 was 10.3°C [min and max: -0.28 and 21] 
and 3.10 em, and cumulative snowfall from October 
2007 through August 2008 was 4.9m (NCDC 2009) . 
This was nearly twice as much snow compared to the 
prior year (2006 to 2007), which was 2.9m (NCDC 
2009). The large amount of snow in 2007-2008 resulted 
in a persistent snowpack in August 2008 during the 
field campaign (personal observation) . 

Glacier water in streams within GT and MT 
watersheds - The mean [ +/- standard error] isotope 
value of water from Garnet Creek in the MT watershed 
was -133 .6%o [+/- 0.16] and -18.0%o [+/- 0.05] , and the 
mean stream sample from Glacier Creek and Delta Lake 
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in the GT watershed was 137.6%o [+/- 0.44] and -
18.5%o [+/- 0.14]. To better capture the spatial 
variability associated with snowmelt isotope values, 
snowmelt data from both watersheds were pooled in the 
analysis. The model-estimated mean [95% credible 
interval] snowmelt isotope values were -126.3%o [-
130.6, -122.2] and -16.8%o [-17.5, -16.2]. The glaciers 
in each watershed were inaccessible, so the mean 
glacier value from a neighboring watershed were 
incorporated into the analysis (-134.5%o [-136.9, -
132.2], -18.2%o [-18.6, -17.9] , Dinwoody Glacier, 
Cable et al. 2009). Assuming baseflow was minimal in 
the GT and MT watersheds, the proportional 
contributions of glacier meltwater were 91.5% [63 .0, 
99.4%] and 78.6% [45.8, 97.0], respectively(Figure 1). 
Snowmelt water comprised 8.5% [0.6, 37.2] and21.4% 
[3.0, 54.2] of streamflow in the GT andMTwatersheds, 
respectively. The similar isotope values of glacier and 
snowmelt resulted in the large credible intervals. 

Contribution of water from MT and GT 
watersheds to Cottonwood Creek - Near the 
confluence with Taggart Lake outflow creek, below the 
confluence with both Gamet and Glacier Creeks, 
Cottonwood Creek was comprised of29.0% [2.5, 71.9] 
water from Gamet Creek, 16.2% [1.7, 40.1] from 
Glacier Creek, and 54.8% [17.7, 82.2] from upstream 
sources (likely from Jenny Lake) (Figure 2). 
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Figure 1. The fractional contribution of glacier water to 
streamflow in Gamet Creek and Glacier Creek in the Middle 
and Grand Teton watersheds, respectively. The means are 
presented with 95% credible intervals. The remaining fraction 
of water contribution is from snowmelt water (glacier + 
snowmelt = 1 ). 

River water use by four plant species- The 
four plant species (or species groups) differed in their 
use of river-derived vs. unsaturated alluvial soil water. 
The willow species, which was sampled within the GT 
and MT watersheds, derived 38.6% [9.2, 70.1] oftheir 
water from the river. Spruce and pine were sampled 
within each watershed and along Cottonwood Creek, 
and they derived 53.0% [21.0, 82.7] and 54.9% [14.1, 
90.2] of their water from the river(s) , respectively. The 
variety of cottonwood species sampled only along 
Cottonwood Creek derived nearly 28.7% [3.7, 68.8] of 
their water from the river (Figure 3). 
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Figure 3. The relative uptake of river water (vs unsaturated 
alluvial soil water) by four plant species or species groups. 
The "willow" refers to multiple species, "pine" is limberpine, 
"spruce" is Engelmann' s spruce, and "cottonwood" also 
refers to several species, including aspen. 

+ DISCUSSION 

The prevalence of glaciers in Grand Teton 
National Park draws tourists and is significant for 
streamflow and plant water use. In this study, the 
fractional contribution of glacier melt water and 
snowmelt water in the Middle Teton and Grand Teton 
watersheds was quantified in August, 2008, when 
snowpack should have been at a minimum. Also 
quantified was the contribution of water from the 
Middle Teton and Grand Teton watersheds to 
streamflow in Cottonwood Creek, which flows into the 
Snake River, and the amount of river water vs. soil 
water used by common riparian plants. 

Despite a fairly persistent snowpack (personal 
observation), glacier meltwater contributed nearly 92% 
and 79% to stream flow in the Grand and Middle Teton 
watersheds during this period of time. However, the 
range of glacier meltwater contributions was quite large 
because of the similar isotope values of snowmelt and 
glacier melt water. Cable et al. (2009) found that 
glacier melt water was a large proportion of streamflow 
in low-flow years (59%) or early and late in the summer 
period (69%, 53%). The Middle Teton watershed 
contributed 29% of the water to Cottonwood Creek and 
the Grand Teton watershed contributed about 16%. The 
remaining contribution was likely outflow from Jenny 
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Lake. Nearly 28-55% of plant water was derived the 
river, so the bulk of their water was derived from 
unsaturated alluvial soils. This is likely because plant 
roots require well-drained soils, so they do not have 
their roots directly in the river. Others have found that 
riparian plants often do not solely rely on stream water 
(Smith et al. 1998) but there is a great deal of species 
variation (Snyder and Williams 2000), which was 
observed in this study . 

These findings suggest that further decline in 
the Grand and Middle Teton glaciers will greatly reduce 
streamflow within each watershed and streamflow in 
Cottonwood Creek. The latter effect may impact the 
Snake River, which is a major tributary of the Columbia 
River (Kammerer 1990). Further, loss of the Grand and 
Middle Teton glaciers will impact riparian plant water 
availability, and any impact on growth may affect other 
species, such as birds (e.g., GTNP bird guide), which 
are important animals for Park visitors. Some caveats 
of this study are that intra-seasonal and inter-annual 
variation in snowmelt and glacier melt water 
contributions were not captured, which is important for 
partitioning these sources of streamflow (Cable et al. 
2009). Also, the glacier isotope values were derived 
from a nearby but separate watershed (Dinwoody 
Glacier in the Wind River Range), and the isotope 
values of GT and MT glaciers may differ from 
Dinwoody Glacier. Lastly, rain and baseflow were not 
incorporated into the analysis because it did not rain 
during the field campaign. Baseflow samples were not 
collected because this must occur when snowmelt and 
glacier melt are at a minimum (winter) . However, this 
study shows the potential for glacier melt to have a 
significant role in the surface hydrology and riparian 
plant communities of Grand Teton National Park. 

+ LITERATURE CITED 

Behrens, H., H. Bergmann, H. Moser, W. Rauert, W. 
Stichler, W. Ambach, H. Eisner and K. Pessl. 
1971. Study of the discharge of Alpine 
glaciers by means of environmental isotopes 
and dye tracers. Z. Gletscherkd. Glazialgeol. 
7:79-102. 

Behrens, H. , H. Moser, H. Oerter, W. Rauert and W. 
Stichler. 1978. Models for the runoff from a 
glaciated catchment area using measurements 
of environmental isotope contents. In 
International Symposium on Isotope 
Hydrology. (International Atomic Energy 
Agency, Vienna). pp 829-846. 



16 

Benjamin, L, L.L Knobel, L.D. Hall, L.D. Cecil and 
J.R. Green. 2004. Development of a local 
meteoric water line for southeastern Idaho, 
western Wyoming, and south-central Montana. 
USGS, ed. (USGS). pp 17. 

Berliner, M. 1996. Hierarchical Bayesian time series 
models. In: Maximum Entropy and Bayesian 
Methods. Hanson K, Silver R, (eds). Kluwer, 
Norwell, MA. pp 15-22. 

Brittain, J.E. , A.M. Milner. 2001. Ecology of glacier
fed rivers: current status and concepts. 
Freshwater Biology 46:1571-1578. 

Brown, L.E., D.M. Hannah and A.M. Milner. 2007. 
Vulnerability of alpine stream biodiversity to 
shrinking glaciers and snowpacks. Global 
Change Biology 13:958-966. 

Cable, J.M., K. Ogle and D.W. Williams. 2009. 
Application of a Bayesian mixing model to 
determine the contribution of glacier melt to 
streamflow in the Wind River Range, 
Wyoming. Hydrological Processes in review. 

Clark, J.S. 2005. Why environmental scientists are 
becoming Bayesians. Ecology Letters 8:2-14. 

Clark, M.P., M.C. Serreze and G.J. McCabe. 2001. 
Historical effects of El Nino and La Nina 
events on the seasonal evolution of the 
montane snowpack in the Columbia and 
Colorado River Basins. Water Resources 
Research 37:741-757. 

Coplen, T.B. and C. Kendall. 2000. Stable hydrogen 
isotope and oxygen isotope ratios for selected 
sites of the U.S. Geological Survey's 
NASQAN and Benchmark surface-water 
networks. USGS, ed. pp 1-409. 

Dincer, T., B.R. Payne, T. Piorkowski, J. Martinec, E. 
Tongiorgi. 1970. Snowmelt runoff from 
measurements of tritium and oxygen-18. 
Water Resources Research 6: 11 0-124. 

Frost, C.D. , B.N. Pearson, K.M. Ogle, E.L. Heffern, 
and R.M. Lyman. 2002. Sr isotope tracing of 
aquifer interactions in an area of accelerating 
coal-bed methane production, Powder River 
Basin, Wyoming. Geology 30:923-926. 

Frost, C.D. and R.N. Toner. 2004. Strontium isotopic 
identification of water-rock interaction and 
ground water mixing. Ground Water 42:418-
432. 

Gelman, A. , J.B. Carlin, H.S. Stern and D.B. Rubin. 
2004. Bayesian Data Analysis. (Chapmal & 
Hall/CRC, Boca Raton). 

Hooper, R.P. and C.A. Shoemaker. 1986. A 
Comparison of Chemical and Isotopic 
Hydrograph Separation. Water Resources 
Research 22: 1444-1454. 

Kammerer, J.C. 1990. Largest Rivers in the United 
States. USGS, ed. 

Lemke P., J. Ren, R.B. Alley, I. Allison, J.J. Carrasco, 
G. Flato, Y. Fujii, G. Kaser, P. Mote, R.H. 
Thomas and T. Zhang T. 2007. Observations: 
Change in Snow, Ice and Frozen Ground. In: 
Climate Change 2007: The Physical Science 
Basis. Contribution ofW orking Group I to the 
Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change 
Solomon S. QD, Manning M. , Chen Z. , 
Marquis M. , Averyt K.B., Tignor M. , Miller 
H.L.(eds.). Cambridge University Press 
Cambridge, United Kingdom and New York, 
NY, USA. 

Lunn, D.J. , A. Thomas, N. Best and D.J. Spiegelhalter 
2000. WinBUGS - A Bayesian modelling 
framework: Concepts, structure, and 
extensibility. Statistics and Computing 
10:325-337. 

Martinec, J. , U. Siegenthaler, H. Oseschger and E. 
Tongiorgi. 1974. New insights into the run-off 
mechanism by environmental isotopes. (IAEA, 
Vienna). pp 129-149. 

Milner, A.M. , J.E. Brittain, E. Castella and G.E. Petts. 
2001. Trends of macroinvertebrate community 
structure in glacier-fed rivers in relation to 
environmental conditions: a synthesis. 
Freshwater Biology 46:1833-1847. 

Milner, A.M. and G.E. Petts. 1994. Glacial Rivers -
Physical Habitat and Ecology. Freshwater 
Biology 32:295-307. 

NCDC. 2009. http://www.ncdc.noaa.gov/oa/ncdc.html . 
(National Oceanic and Atmospheric 
Association, Asheville, NC. 



Obradovic, M.M. and M.G. Sklash. 1986. An Isotopic 
and Geochemical Study of Snowmelt Runoff 
in a Small Arctic Watershed. Hydrological 
Processes 1:15-30. 

Ogle, K. 2008. Hierarchical Bayesian 
Merging experimental and 
approaches in ecology. 
Applications In press. 

statistics: 
modeling 

Ecological 

Rees, H.G. and D.N. Collins. 2006. Regional 
differences in response of flow in glacier-fed 
Himalayan rivers to climatic warming. 
Hydrological Processes 20:2157-2169. 

Rodhe, A. 1981. Spring Flood Meltwater or 
Groundwater. Nordic Hydrology 12:21-30. 

Schuster, P.F. , D.E. White, D.L. Naftz and L.D. Cecil. 
2000. Chronological refinement of an ice core 
record at Upper Fremont Glacier in south 
central North America. Journal of Geophysical 
Research-Atmospheres 105:4657-4666. 

17 

Smith, S.D., D.A. Devitt, A. Sala, J.R. Cleverly and 
D.E. Busch. 1998. Water relations of riparian 
plants from warm desert regions. 
Wetlands: 18:687-696. 

Snyder, K.A. and D.G. Williams. 2000. Water sources 
used by riparian trees varies among stream 
types on the San Pedro River, Arizona. 
Agricultural and Forest Meteorology 105:227-
240. 

Wikle, C.K. 2003. Hierarchical Bayesian models for 
predicting the spread of ecological processes. 
Ecology 84:1382-1394. 



18 



19 

SNOW MEL TOUT DATES AND BREEDING DENSITY IN 

BREWER'S SPARROWS (SPIZELLA BREWER/) 

+ 
MARTIN L. CODY + UNIVERSITY OF CALIFORNIA + LOS ANGELES 

+ INTRODUCTION 

We have conducted a breeding bird monitoring 
program in GTNP since the early 1990s, utilizing fixed
area census sites of around 5 ha in size. The sites are 
located throughout the park in all habitat types and 
elevations, and number 30 in all. Some have been 
censused each year in June, at the height of the breeding 
season, others have been censused repeatedly but more 
sporadically, and other less frequently. The power of 
these census data to interpret variation in bird species 
composition and breeding densities, species-to species, 
site to site, and especially year to year, clearly increases 
with the longevity of the data set. With the data from 
some sites now covering 18 successive years (1991-
2008), it is possible to attempt some interpretation of 
the bird species variables. One such is reported here, 
the influence of snow meltout date on breeding density 
of a common species of the sagebrush flats , Brewer' s 
Sparrow Spizella breweri. 

Y2008 Weather 

Weather data summarized here comes from the 
Moran 5WNW station near Jackson Lake dam, and 
were collected and reported to NCDC by Mr. Larry 
Robinson. Note that peak snow depths at this weather 
site are around 4.5 ' (1.36 m), average Mar 1 snow 
depth is 36.2" (0.91 m), and the mean snow meltout 
date (first spring day of zero snow depth) is DO Y 113 
± 11.1 S D (Apr 2 3 rd). This latter date has varied, 
however, some 40 d between earliest and latest melt 
dates over the 18 y period shown in the figure, 
illustrating the unpredictability of the feeding 
conditions near the site, from the point of view of 
ground-foraging birds at the springtime return to 
breeding habitat. Of course, there is also spatial 

variability, during the meltout, in the degree to which 
snow is retained in various microsites (cooler, more open, 
etc.), but the year-to-year variation in habitat availability 
to birds that require ground foraging sites is generally 
reflected in the figure. 
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Figure 1. Variation in snow depths and snow meltout dates at 
weather station "Moran 5 WNW" near Jackson Lake dam. 

Y2008 was a year of particularly heavy winter 
and spring snowfall (see Fig. 1 ). In early March snow 
depths along roads in the northern section ofGTNP were 
well in excess of 4 ' (1.21 m). At that time the only 
ground-foraging birds seen at the sagebrush flats 
(monitoring Site #4), 1.7 km downriver from the dam, 
north side, were the ubiquitous (and adaptable) raven 
(Corvus corax) and Black-billed Magpie (Pica pica). In 
the southern part of the park, and foraging along the sides 
of ploughed roads, were in addition Snow Buntings 
(Plectrophenax nivalis) and Homed Lark (Eremophila 
alpestris) , but overall winter and spring allow only 
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uncertain habitats for the ground foragers until snow 
meltout. This uncertainty applied to the majority of 
sparrows Emberizinae, thrushes Turdinae, and 
blackbirds and meadowlarks lcteridae, subfamilies and 
families that comprise the majority of the breeding 
species in the park's more open and non-forested 
habitats in the breeding season. 

In the southern part of the Jackson Hole, a 
second weather station near park headquarters at Moose 
reports snow depths. Two other monitoring sites in 
sagebrush habitat are located in the vicinity of Moose, 
namely the Burned/Unburned Sage Site #5 on the 
Antelope Flats road 5.6 km east of Moose, and the 
Airport Sagebrush Site #6 located 3.5 km south of 
Moose. Snowfall is lighter at Moose than at Moran; 
Moose is at elevation 64 70' ( 1960 m), 99 m lower than 
Moran, and snow meltout dates average 10 d sooner. 

Brewer's Sparrow,~ Sagebrush Indicator Species. 

Brewer's Sparrow has a geographic range in 
the western United States and Canada closely 
associated with Great Basin sagebrush (Artemisia 
tridentata) habitat, and abundant in the intermontane 
regions of the Great Basin Desert. However, breeding 
populations extend north beyond the Okanagan region 
of British Columbia with major gaps to SE Alaska, and 
also occur east of the Rockies in the western Great 
Plains, often in saltbush (Atriplex) flats, from SW 
Kansas through Colorado, Wyoming, Montana to 
Alberta and Saskatchewan. After wintering in the 
Sonoran and Chihuahuan Deserts, and with stopovers in 
the Mojave Desert (Cody 1991), birds return to 
breeding habitats in Nevada and New Mexico in late 
March, to Jackson Hole in mid-April (Raynes 1995), to 
Montana by mid May (MT.gov web site) and Alberta 
by late May (see Rotenberry et al. 1999). Brewer's 
Sparrow return dates to breeding grounds are known to 
be quite variable, and to depend on local weather 
conditions. Best and Peterson (Best and Petersen 1985) 
found that Brewer's Sparrows returning to the Snake 
River plains in S Idaho were significantly delayed, 
between years, in setting up territories by low ambient 
temperatures, and nest initiation began two weeks later 
following a 6 oc decrease in April temperatures. This 
is unsurprising in a ground-foraging bird of around 10.5 
g mass, with a lower critical temperature of 26 oc; 
below this ambient temperature, Brewer's Sparrow 
must elevate metabolic rate to compensate for bodily 
heat loss. 

Brewer's Sparrow breeding densities in the 
northern Jackson Hole site #4 are extremely variable. 
Mean density is 0.99 prlha, with a CV of 0.79; the 

highest value recorded was 2.18 pr/ha, but in three years 
there were no Brewer's Sparrows on the site ( 1998, 1999, 
2005) and in 2008 only part of a single territory was 
found at site #4. All years of low to zero Brewer's 
Sparrow density were those in which there was a late 
snow meltout date. Figure 2 shows this relationship; 
about one-half of the variation in Brewer's Sparrow 
breeding density is accounted for by variation in meltout 
dates among years; p<0.001 that meltout DOY is not a 
significant contributor to sparrow density variation. In the 
southern part of Jackson Hole, neither of the sagebrush 
monitoring sites (#s5, 6) shows a statistically significant 
relation between breeding density of the sparrow and 
Moose meltout date (#5, 6: p = 0.10, 0.33 respectively). 
At site #6 the sagebrush is taller and denser, supporting an 
average breeding density of Brewer's Sparrow of 1.73 
pr/ha, but with a low CV (0.25) and no dramatic year-to
year density swings. 
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Figure 2. Brewer's sparrow breeding density (ordinate) at site 
# 4, one mile downriver from the weather station at the dam, 
is high in years with early snow meltout dates (abscissa), low 
when snow persists longer. 

Whereas site #6 is clearly better Brewer's 
Sparrow habitat than site #4, which has lower and more 
open sagebrush, the reverse is true for Vesper Sparrow 

(Pooecetes gramineus ). This is a larger bird (24 g; T crit 
23 °C) that arrives earlier and departs later than Brewer's 
Sparrow, and prefers drier, lower, and more open habitat 
than the latter. Vesper Sparrow densities have averaged 
0.84 pr/ha at site #4, and 0.52 pr/ha at site #6; its CV 
values are 0.25 and 0.35 respectively, somewhat more 
variable at site #6, but low variation overall. This larger 
bird seems much less influenced by snow meltout dates 
than is Brewer's Sparrow. At neither site is there a 
significant relationship between breeding density and 
meltout DOY: p>0.50 (site #6) and p=0.18 (site #4) that 
the former varies independently of the latter. 



Given that snow meltout dates are quite 
closely related between the southern and northern parts 
of Jackson Hole (r = 0.72, Moran vs. Moose meltout 
DOY), it is not surprising that Brewer's Sparrow 
densities are similarly correlated between sites #4 and 
#6 (r = 0.80, n = 15). The same is not the case for the 
independently-varying Vesper Sparrow (r = 0.22, n = 
15), indicating no Hole-specific controls that override 
site-specific influences. There is, however, a final 
factor to be considered, namely the direct influence of 
one species on the other. It appears that in early 
meltout years, when Brewer's Sparrow densities are 
high at site #4, Vesper Sparrow density is unexpectedly 
low (r = 0.28; n=18, p ), just when we might expect 
Vesper Sparrow to be present in this preferred habitat at 
relatively high densities. This direct interaction 
between the two species, further evidenced by the 
spatial segregation of their territories within the site 
(even taking account of interspecific differences in 
habitat microsites) was detected earlier (Cody 1996) 
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+ A BSTRACT 

The Snake River finespotted cutthroat trout 
Oncorhynchus clarkii behnkei has been formally 
recognized as a subspecies of cutthroat trout 
Oncorhynchus clarkii, but it is more generally 
perceived as a morphologically divergent ecotype of the 
more broadly distributed Yellowstone cutthroat trout 
Oncorhynchus clarkii bouvieri. This large-river 
cutthroat trout has persisted in the Snake River 
downstream of Jackson Lake Dam through a century of 
flow regulation. Although there is a popular sport 
fishery focused on this native trout, spawning and 
distribution patterns throughout its range are poorly 
understood. Consequently, it is difficult to predict how 
future disturbances (e.g. , climate change or an increase 
in the prevalence of nonnative species) may affect 
behavior or persistence. In 2008, radio telemetry 
techniques were used to identify spawning patterns of 
cutthroat trout. From August-October, 2007, 49 radio 
telemetry tags were implanted into cutthroat trout in the 
Snake River, Grand Teton National Park and fish 
movements were tracked during the spawning season. 
Significant temporal and spatial variability in spawning 
behavior was observed (n = 22 fish with distinct 
spawning migrations). The earliest spawning migration 
began at the end of April, and the last spawning 
migration was initiated in mid-July. Spawning was 
observed in the mainstem and side channels of the 
Snake River, several tributaries, and three major spring 
creek complexes. Although the majority of this 
spawning activity occurred within 40 km of the 
respective original tagging location, three fish migrated 

to spawning areas 75-100 river kilometers away. 
Ultimately, developing a comprehensive understanding 
of the behavioral variability of Snake River finespotted 
cutthroat trout and the habitat connectivity required to 
complete the life cycle will provide new insights into 
the management of this portion of the Snake River. 

+ INTRODUCTION 

Little is known about the physical or biological 
variables that structure seasonal distribution patterns of 
cutthroat trout, particularly in large streams. Previous 
research suggests that physical habitat influences fish 
distribution across stream sizes (or fluvial geomorphic 
properties associated with that stream size). For 
example, Torgersen et al. (2006) evaluated the spatial 
structure of stream fish assemblages at different scales 
in three small rivers in Oregon and found that the 
relative importance of various physical attributes in 
explaining assemblage distribution patterns was scale 
dependent; at smaller scales, channel morphology 
exhibited a stronger influence on those patterns and at 
larger scales, temperature zones were a dominant 
explanatory variable. Other studies conducted in small 
rivers at the reach or channel-unit scale have identified 
associations between fish distribution and complex 
habitat (Pearsons et al. 1992), pool attributes (Harig 
and Fausch 2002), and thermal refugia (Torgersen et al. 
1999). 

In the absence of peer-reviewed literature 
regarding fish distribution patterns in large nvers, 
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several conceptual frameworks provide some guidance. 
Vannote et al. (1980) proposed the River Continuum 
Concept to describe longitudinal distribution patterns of 
stream biota in relation to a continuous gradient of 
physical variables that correspond to changes in stream 
order and the biogeochemical processes associated with 
stream order. The River Continuum Concept was later 
expanded to include effects of serial discontinuities 
(e.g. , dams) in the stream (Serial Discontinuity 
Concept; Ward and Stanford 1983) and different 
geomorphic processes in influencing patterns of 
distribution (Process Domains; Montgomery 1999). 
Tributary junctions may also function as discontinuities 
and have been described as potential biotic hotspots 
(Benda et al. 2004: Torgersen et al. 2008). These 
conceptual frameworks describe general physical 
processes that may structure fish distribution, but they 
do not deal with scale-dependent physical variables that 
could inform our understanding of how fish distribution 
is structured among streams. 

The upper Snake River below Jackson Lake 
Dam, Grand Teton National Park, provides a unique 
opportunity to evaluate the distribution and behavioral 
patterns of a native salmonid, the Snake River 
finespotted cutthroat trout Oncorhynchus clarkii 
behnkei, in a large, regulated river. Jackson Lake Dam 
was constructed on the Snake River in 1905 and 
initially managed to provide irrigation water for 
agriculture interests in Idaho. From 1916-1957, the 
peak of the spring flood was generally delayed by 2 
months, and no water was released October 1 - March 
30. 

Following the construction of Palisades Dam 
in 1958, management of Jackson Lake Dam changed, 
and minimum winter flows were obtained. In addition, 
the spring peak of discharge occurred concurrently with 
tributary run-off, but above-average discharge was 
released throughout the summer until October 1 (Figure 
1 ). Despite this shift in management, there is still 
considerable interannual variation in the discharge 
regime (i.e. , timing, magnitude, frequency, duration, 
and rate-of-change) released from Jackson Lake Dam. 

Although Snake River finespotted cutthroat 
trout have persisted in the Snake River downstream of 
Jackson Lake Dam through a century of flow 
regulation, the influence of the altered environment on 
cutthroat trout behavioral patterns remains unknown. 
This native cutthroat trout is endemic to the upper 
Snake River and has been formally recognized as a 
subspecies of cutthroat trout Oncorhynchus clarkii, but 
it is more generally perceived as a morphologically 
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Figure I. Average annual discharge records at the USGS 
gauge (Moran, Wyoming) located immediately below Jackson 
Lake Dam for the periods of time 1906-1957 (prior to the 
construction ofPalisades Dam), 1959-2008 (beginning after 
full pool was reached in Palisades Reservoir), and the average 
annual estimated unregulated discharge that would be 
released from Jackson Lake in the absence of Jackson Lake 
Dam (prepared by the Bureau of Reclamation). 

divergent (but not genetically distinct) ecotype of the 
more broadly distributed Yellowstone cutthroat trout 
Oncorhynchus clarkii bouvieri (Loudenslager and 
Kitchin 1979; Novak et al. 2005). Kiefling (1978) 
summarized initial research on Snake River finespotted 
cutthroat trout including spawning characteristics in 
several tributaries and spring creeks and population 
abundance and structure. Since then, there have been 
few published studies on Snake River finespotted 
cutthroat trout. Furthermore, information concerning 
the spawning and distribution patterns of the subspecies 
is incomplete, and it is difficult to predict how future 
disturbances (e.g., climate change or an increase in the 
prevalence of non-native species) would affect the 
behavior or survival of the native trout. 

To better understand the life history 
organization of Snake River finespotted cutthroat trout, 
the overall objectives of our research were to identify 
movement patterns associated with spawning and the 
post-spawning distribution patterns. In 2008, radio 
telemetry was used to monitor the movements of 49 
cutthroat trout during the spawning season from March
July. Given the variability in movement we observed, 
an additional 199 radio tags were implanted in cutthroat 
trout in September and October 2008. The results from 
the 2008 tracking are presented here. 



+ METHODS 

Fish Capture and Radio Tagging 

Snake River finespotted cutthroat trout were 
captured via angling, raft-electrofishing, and backpack 
electrofishing from August-October, 2007 in the Snake 
River between Jackson Lake Dam and Moose Junction. 
Four sizes of radio tags (Lotek Wireless MCFT series: 

3EM, 3FM, 3A, 3L; MHz frequencies: 164.200, 
164.280, 164.400, 164.560) were used in this study so 
that the ratio of the tag weight to the fish weight did not 
exceed 3 %. Tags were implanted using the shielded
needle technique (Ross and Kleiner 1982). Fish were 
held in an oxygenated tank and were anesthetized one at 
a time. After fish were anesthetized, length and weight 
were recorded, a scale sample was collected from the 
side of the fish anterior to the dorsal fin and above the 
lateral line, and a fin clip was removed from the anal 
fin. Fish were placed on a v-shaped padded board, and 
anesthetic was pumped over the gills during surgery. A 
weight dependent dose ( 1 flg of Ocytetracycline per 2 g 
of fish body weight) of antibiotic was injected into the 
incision prior to suturing. Incisions were closed with 3-
4 interrupted sutures. Post-surgery, fish were 
immediately transferred to an oxygenated, river water
filled cooler for approximately 20 minutes. Once 
equilibrium was restored, fish were placed in flow
through recovery tank for approximately 30 minutes 
and then returned to slow- water habitat near the tag 
site. 

Fish Tracking 

Tracking was conducted in March and April 
by cross country skiing along the river to identify when 
fish began to move. Once movement was detected, 
approximately 500 km of stream were scanned weekly 
to detect fish from May through October, 2008. 
Tracking occurred via raft, hiking, vehicle, and 
airplane, and three stationary radio antennae recorded 
the presence of tagged fish passing within 1 km of the 
antenna (located at Jackson Lake Dam, Buffalo Fork, 
and Moose Junction). The mainstem of the Snake 
River was monitored from Jackson Lake Dam to 
Palisades Reservoir. Tracking occurred weekly in the 
following tributaries: Christian Creek, Spring Creek 
(near Jackson Lake Dam), Pacific Creek, Buffalo Fork, 
Spread Creek up to the diversion dam, Blacktail Ponds, 
Ditch Creek, the Gros Ventre River up to Upper Slide 
Lake, Three Channel Spring Creek, the Hoback River, 
Cowboy Cabin Creek, Upper Bar BC spring creeks, 
Cottonwood Creek (near Moose Junction), Flat Creek, 
and Fish Creek. Monitoring occurred every two weeks 
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in Bar BC Spring Creek, Cache Creek, and Fall Creek. 
Tags were relocated via airplane during June and July 
in: Mosquito Creek, Trail Creek, Taylor Creek, 
Cottonwood Creek (near the confluence ofFish Creek), 
the Gros Ventre River and tributaries above Upper 
Slide Lake, tributaries to Pacific Creek, tributaries to 
Buffalo Fork, tributaries to the Hoback River, the 
Grey's River, and tributaries to Cottonwood Creek 
(near Moose Junction). 

Spawning locations were typically defined as 
the most advanced point (upstream or downstream) that 
a fish reached on a spawning migration before returning 
to the pre-spawning location (or a previously 
unoccupied location). In some cases, spawning fish 
were observed (e.g. , in clear spring creeks) and those 
redd sites were georeferenced. 

+ RESULTS & DISCUSSION 

Fish Capture and Tagging 

A total of 49 cutthroat trout were implanted 
with radio tags. Fish were captured in the Snake River 
between Jackson Lake Dam and Schwabacher Landing. 
Between Jackson Lake Dam and the confluence of 

Pacific Creek, 5 fish (429-472 mm total length, TL) 
were tagged, 24 fish (332-493 mm TL) were tagged 
between Pacific Creek and Deadman's Bar boat launch, 
and 20 fish (365-477 mm TL) were tagged between 
Deadman' s Bar boat launch and Schwabacher Landing. 
All fish recovered from surgery and were released in 

slow water near the point of tagging. 

Radio Tracking 

In our initial tracking effort 2 weeks following 
surgery (November 1, 2007), 36 of 49 fish were 
relocated (within 1 m) and were alive. For these 36 
fish, status was determined by either observing the fish 
swimming or because subsequent relocations 
demonstrated upstream or lateral movement. It was not 
possible to determine the condition of the nine other 
fish that were detected. The location of the remaining 
four fish is unknown because they were never detected 
following tagging. The distribution of fish during this 
relocation event suggests that fish had begun to 
redistribute into the habitats that were occupied prior to 
tagging. 
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Spawning Locations 

Of 49 tagged Snake River finespotted cutthroat 
trout, 22 exhibited distinct spawning migrations. 
Spawning activity of radio-tagged trout was observed in 
spring creeks (n = 7), tributaries (n = 1 0), and side 
channels or mainstem of the Snake River (n = 5; Figure 
2). This finding is especially significant because 
cutthroat trout spawning had not previously been 
observed in the mainstem or side channels of the Snake 
River. In July, a radio-tagged trout was killed by an 
angler in the Greys River, a location outside of our 
search radius. After that encounter, our search radius 
was expanded to include the Greys River and the Salt 
River, but no trout were detected. It is possible that 
spawners entered those systems before scanning began. 

12.5 25 50 Ki lometers w 

Figure 2. Spawning locations of 22 radio-tagged cutthroat 
trout (of 49 originally tagged). Fish were initially tagged in 
2007 and monitored through the 2008 spawning season. 

Cutthroat trout exhibited a great range in 
spawning migration date and distance moved. The 
earliest spawning migration was initiated in April, and 
the last migration was initiated at the end of July, but 
the majority of spawning occurred in two time periods: 
June 14-19 and July 5-9 (Figure 3). Migration distance 
from tag location to spawning location ranged from 0-
110 km. However, the majority of Snake River 
fines potted cutthroat trout moved 30-40 km (Figure 4). 
Expanded research on these spawning patterns in 2009 
will clarify if this pattern reflects a unique attribute to 
the Snake River finespotted cutthroat trout life history, 
or whether it was an artifact of sample size. 
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Figure 3. Approximate date of spawning (accumulated in 5-
day increments) for 22 radio-tagged Snake River finespotted 
cutthroat trout, based on weekly monitoring May-August 2008. 
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Figure 4. Distance (km) between initial tagging location and 
spawning location for 22 Snake River fmespotted cutthroat 
trout in the Snake River and tributaries, May-August 2008. 



Irrespective of spawn location, Snake River 
finespotted cutthroat trout were located in spawning 
areas for an average of 3 weeks. After departure from 
spawning areas, most of the trout rapidly returned to 
pre-spawning locations. Based on a lack of movement 
or slow downstream movement following spawning, it 
appears that some trout died either during or after 
spawning. 

Given the small sample size of tagged trout in 
2008, and the great variation among spawn timing and 
locations observed, it was not possible to detect strong 
relationships between either the timing or location of 
spawning and the size offish or the initial tag location. 
However, as part of the larger overall project, the 
number of Snake River cutthroat trout implanted with 
radio tags increased substantially in 2008 (n= 199). 
This larger sample size should increase the probability 
of detecting factors that affect the timing and location 
of cutthroat trout spawning in 2009. 

This study provided new insights into the life 
history of Snake River finespotted cutthroat trout. Two 
life-history types were observed. Fluvial cutthroat trout 
spawned in the mainstem and side channels of the 
Snake River, and fluvial-adfluvial fish spawned in 
spring creeks or tributaries to the Snake River. 
Although lacustrine-adfluvial and allucustrine life
history types are also found in systems that include 
large lakes (Varley and Gresswell 1988), the Jackson 
Lake and Palisades dams have fragmented the system 
and restricted reproductive migrations in this portion of 
the Snake River watershed. Differences in estimated 
date of spawning and migration distance were similar 
for the two life-history types. Fluvial fish (n = 5) 
migrated 1-32 km from tag location to spawning 
location and spawned between June 16 and July 17. 
Fluvial-adfluvial fish (n = 17) moved 4-105 km from 
tag location to spawning location and spawned between 
June 14 and July 21. 

Irrespective of sample size issues, it is 
apparent that Snake River finespotted cutthroat trout 
move extensively throughout the Snake River 
watershed. It has been suggested that life-history 
variability is directly related to population persistence 
and resilience (Den Boer 1968, Warren and Liss 1980, 
Steams 1989) due to spreading of extinction risk and 
temporal and spatial differences in fitness among life
history strategies (Gross 1991, Sibly 1991, Northcote 
1992). This may be true for small-scale threats to 
persistence, however, as the balance of disturbance 
events (stochastic or anthropogenic) shifts in scale from 
local (e.g., fire or flood) to regional (e.g., dam 
construction or climate change), more adaptive 
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management will be required to maintain the stream 
connectivity and habitat conditions to which Snake 
River finespotted cutthroat trout are adapted. 
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+ INTRODUCTION 

This study began in 2006 to provide an 
ecologically based decision platform for Grand Teton 
National Park (GTNP) managers to use when 
evaluating the pros and cons of continuing the historic 
Elk Ranch irrigation operation. Ideally, this platform 
would also provide criteria for identifying landscapes 
within the irrigated hay meadows that would experience 
the most rapid change in vegetation community 
structure if the decision were to terminate irrigation 
operations. These criteria would aid in the 
identification of areas where species composition could 
quickly change as growing conditions shifted to the 
drier conditions common in surrounding undeveloped 
range and forestland. Once identified these sites could 
be closely managed to prevent invasive non-native 
species from disrupting site re-occupation by native 
upland species. To accomplish this goal the study was 
designed to 1) identify soil and hydrologic features 
associated with wetland and upland plant communities 
in the hayfield complex and 2) monitor shallow 
groundwater patterns associated with these wetland 
complexes. Predictive responses generated from the 
soil/vegetation inventories would then be compared 
with the recorded groundwater patterns to validate the 
measures as indicators of vegetation community 
change. If successful, these criteria will also be useful 
for identifying the potential for wetland mitigation and 
rehabilitation at other localities within Grand Teton 
National Park. 

+ STUDY OBJECTIVES 

The primary objectives of this research have been to 
characterize plant communities, soils, and shallow 
groundwater in flood irrigated hay meadows in the Elk 
Ranch, test for relationships between vegetation 
composition, soil characteristics and ground water 
elevation and determine if those relationships can be 
used to differentiate between natural and irrigation 
created wetlands. Most of the vegetation and soils 
inventory was completed in 2007 (Marlow and 
Summerford 2008). A statistical analysis of field 
records and laboratory results was conducted in the 
spring of2009 as part of a Masters thesis (Summerford 
2009). Shallow groundwater monitoring initiated in 
July 2007 continued through spring 2009 to acquire a 
more detailed understanding of the relationship between 
irrigation and the formation of wetland soil and 
vegetation characteristics at the Elk Ranch. 

+ METHODS 

2008 Field Work: 
A sample adequacy test of the 2006/2007 soils and 
vegetation data indicated that several of the sampling 
areas (Fig. 1) had been under sampled. Based on this 
outcome seven new plots were inventoried during July 
2008. A shallow groundwater monitoring well (1.5m 
deep) was hand augered into place at each plot location 
following collection of the requisite soil and vegetation 
information (Fig. 1 ). The new soil and vegetation data 
was added to the earlier data and statistical 
summarization began in October 2008. While the 
initial study design had anticipated the use of ANOV 
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and regression tests to identify differences between the 
identified blocks or sampling areas it quickly became 
apparent that individual plant species cover varied so 
greatly from one plot to the next in the same block that 
a different statistical test was necessary. Consequently, 
a non-parametric test was used to evaluate the soils and 
vegetation data. This was done with the R statistical 
program (R Development Core Team 2008). Depth to 
soil saturation, depth to groundwater, depth to redox 
features, redox abundance, redox contrast, organic 
matter content, percent vegetation cover by species, and 
WIV were compared across all plots without attention 
to blocks. Vegetation data were analyzed as a weighted 
factor composed of percent foliar cover and the species' 
wetland indicator value (percent cover * WIV, e.g. 30 
percent cover with an 83 WIV equals 24.9). The Bray 
and Curtis ordination (BC) and nonmetric multi
dimensional scaling (NMDS) tests were used to identify 
dissimilarity (D2) of vegetation and soil characteristics 
among all sample plots (Kent and Coker 1992, Quinn 
and Keough 2002, R Development Core Team 2008). 
Points with D2 = 0.0 would be identical to each other 
while points with D2 = 1.0 would be completely 
dissimilar (Kent and Coker 1992). 

Fig. I. Location of sampling blocks within the Elk Ranch 
hay meadows used for characterizing wetland community 
composition, soil characteristics and depth to groundwater. 
Block boundaries follow apparent drainage ways. Blue dots 
represent vegetation plots and associated groundwater 
monitoring wells established in 2007 while green dots 
indicate the additional sampling and well installation carried 
out in 2008. 

Groundwater records were summarized 
graphically using depth to groundwater in individual 
wells for the months July through October in 2007 and 
May through October 2008. Summary monthly patterns 
where then compared to the predicted responses 
developed from the soil/vegetation analysis. Plots that 
exhibited increases in groundwater during irrigation 
followed by substantial declines without any over
winter recovery were considered non-wetland sites. 

+ RESULTS AND DISCUSSION 

Twenty-six of the twenty-eight sample plots 
met the three criteria for wetland classification listed by 
the Wetland Training Institute (2001). Even though 
sample plots B7P2 and B7P3 did not meet the 
hydrophytic vegetation parameter, they were still 
included in statistical comparisons. Wetland Indicator 
Value (WIV) and soil redox contrast were found to 
differ most among plots (Table 1 ). The WIV had a D2 

of 0. 90 and soil redox contrast a D2 of 0. 71. When 
wetland indicator status for vegetation at sample points 
was plotted against soil redox contrast values for the 
same point a definite pattern emerged (Fig. 2). Plots 
with high levels of groundwater for extended periods 
(B1P1 , B1P4 and B6P2) had few redox soil features. 
This relationship fits established wetland soil 
characteristics; profiles that experience high 
groundwater levels over the year have few 
redoximorphic features because of anaerobic 
conditions. At the opposite end of the spectrum were 
study plots like B7P1 and B7P2 that also exhibited no 
soil redox features because the profiles were never 
saturated long enough to mobilize iron oxides. An 
initial prediction of plot (landscape point) response to 
cessation of irrigation was developed from the 
dissimilarity patterns (Table 2). While there are strong 
differences between those plots that are clearly natural 
wetlands and those sites that were originally upland, 
about seven plots exhibited characteristics common to 
both wetlands and uplands (Fig. 3). Review of over
winter (recovery) groundwater patterns for '07 / '08 and 
'08/'09 indicated that the wetland plant community at 
these "transitional" plots was likely due to 
augmentation of deeper water tables by irrigation. The 
records illustrate the influence of irrigation on 
groundwater levels at the transitional plots for wells 
B8P1 , B8P2 and B8P3 (Fig. 4a). Groundwater 
increases lagged behind the annual closure of irrigation 
(22-28 June) by about 30 days and then declined to 
depths as much as 1.5m to 1.8m by October of the same 
year. In the apparent natural wetlands (B 1 P 1, B 1 P2, 
B1P3 and B1P4), there was no mid-summer peak in 
groundwater elevation and water levels were static or 
had increased by October (Fig. 4b ). Inclusion of 
groundwater patterns with the WIV and soil redox 
information removed some of the uncertainty from the 
predicted responses for areas of the hayfield. Based on 
groundwater patterns most of the plots listed as 
uncertain response in Table 2 would transition to 
upland vegetation should park service managers decide 
to suspend irrigation on the Elk Ranch hayfields (Table 
3). When all of the plots are located on a map the 
original blocking did represent general differences 



within the hayfields. It is quite likely that the area 
represented by Block 1 will continue as a wetland after 
irrigation is suspended (Figs. 1 and 5). The remaining 
areas within the hayfield will probably transition to 
upland vegetation community types at different rates 
and with different species trajectories once irrigation is 
suspended. For example, the area surrounding plots 
B2P2, B2P4 and B3P2 may shift very slowly to upland 
species because 

minor groundwater recovery noted between October 

f 
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2008 and May 2009 suggests the possibility of a 
subsurface recharge pathway that would support 
wetland species until drought or grazing pressure 
shifted competitive advantage to upland species. 

Measured characteristic 

Wetland index value 
Redox contrast 
Depth to groundwater 
Redox abundance 
Organic matter 
Depth to saturation 
Foliar cover 

Dissimilarity (D2
) of plots 

0.90 
0.71 
0.49 
0.47 
0.40 
0.37 
0.23 

Table 1. Measured vegetation and soil characteristics and the 
associated dissimilarity values (D2

) for plots at the Elk Ranch, 
Moran, WY. Note: D2 values approachingn 0 indicate a high 
degree of similarity in that attribute between all plots. 

o B1P4 

02 04 06 

NMOS 1 

facultative facoltative wetland obligate 

Fig. 2. Nonmetric, multidimensional scaling of weighted wetland vegetation index values (straight lines) and weighted average soil 
redox contrast values (contour lines) for all sample plots at the Elk Ranch, Grand Teton National Park, Moran, WY 

Sample 
plot 

B7PI 
B7P2 
BIP4 
BIPI 
BIP3 
B2P4 
B5P3 
B3P2 
B2P2 
B5P5 
B5PJ 
B5P6 
B4P3 
B8P2 
B2P3 
B5P2 
B8PI 
B4P2 
BIP2 

Soil redox 
contrast 1 

None 
None 
None 
None 
Faint 
Faint 
Distinct 
Distinct 
Distinct 
Distinct 
Distinct 
Distinct 
Distinct 
Prominent 
Prominent 
Prominent 
Prominent 
Prominent 
Prominent 

Weighted average 
WJV 2 

31 .22 
32.33 
92.66 
100.00 
74.85 
83 .07 
42.15 
52.61 
62.55 
62.75 
66.32 
66.85 
75.80 
29.50 
39.49 
40.16 
49.12 
62.64 
63.25 

B4P I Prominent 78.41 
B3PJ Prominent 84.91 

Predicted c.t. 
response 3 

Remain as upland 
Remain as upland 
Remain as wetland 
Remain as wetland 
Remain as wetland 
Remain as wetland 
Transition to upland 
Response uncertain 
Response uncertain 
Response uncertain 
Response uncertain 
Response uncertain 
Remain as wetland 
Transition to upland 
Transition to upland 
Transition to upland 
Transition to upland 
Response uncertain 
Response uncertain 
Remain as wetland 
Remain as wetland 

1Soil data were from the upper 40 em of the soil profile 3community type (c.t.) 
2Wetland index value (WJV) 

Table 2. Predicted community type transition following suspension of flood irrigation in the Elk Ranch hayfields, GTNP Moran, WY. 
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Fig. 3. Calculated wetland indicator values(% foliar cover x wetland index) for sampled soil/vegetation plots in the Elk Ranch 
hayfields, Grand Teton National Park, Moran, WY. 

Sample Soil redox Weighted average Predicted c.t. 
plot contrast 1 WTV 2 response 3 

B7Pl None 31 .22 Remain as upland 
B7P2 None 32.33 Remain as upland 
B1P4 None 92.66 Remain as wetland 
BlPl None 100.00 Remain as wetland 
BIP3 Faint 74.85 Remain as wetland 
B2P4 Faint 83 .07 Remain as wetland 
B5P3 Distinct 42.15 Transition to upland 
B3P2 Distinct 52.61 Transition to upland 
B2P2 Distinct 62.55 Transition to upland 
B5P5 Distinct 62.75 Transition to upland 
B5Pl Distinct 66.32 Transition to upland 
B5P6 Distinct 66.85 Transition to upland 
B4P3 Distinct 75.80 Remain as wetland 
B8P2 Prominent 29.50 Transition to upland 
B2P3 Prominent 39.49 Transition to upland 
B5P2 Prominent 40.16 Transition to upland 
B8P1 Prominent 49.12 Transition to upland 
B4P2 Prominent 62 .64 Transition to upland 
B1P2 Prominent 63.25 Remain as wetland 
B4P1 Prominent 78.41 Remain as wetland 
B3P1 Prominent 84.91 Remain as wetland 
1Soil data were from the upper 40 em of the soil profile 
2Wetland index value (WTV) 
3community type (c.t.) 

Table 3. Revised prediction of community type transition following suspension of flood irrigation of the Elk Ranch hayfields, 
Grand Teton National Park, Moran, WY. 
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Fig. 4. Groundwater patterns recorded at representative sampling plots in the Elk Ranch hayfield during 2008. 
Represents when irrigation waters were turned off. 

Fig. 5. The shaded area indicates groundwater patterns that will continue to support wetland communities following suspension of 
irrigation activities. 
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+ ONGOING AND 

ANTICIPATED EFFORTS 

Groundwater monitoring with continue through October 
2009 to verify the interpretations based on the 2006-
2008 outcomes. Confirmation of the groundwater 
relationship with the observed soil redox and wetland 
indicator values will strengthen the predictive responses 
described in this report. While the accuracy of these 
assessments can only be determined by monitoring 
these plots for a number of years following a decision to 
stop irrigating the hayfields, the method could be 
evaluated through assessment of other hayfield 
complexes within the park. For example, identification 
of some wetland indicator species coupled with soil 
redox features through the inventory of historic 
channels in other park hayfields would support the 
utility of this assessment approach. Successful testing 
of the assessment method off the Elk Ranch would 
elevate confidence in the decision platform developed 
from the results generated from this study. Grand Teton 
National Park Service personnel would then have a 
powerful tool for the evaluation of areas for wetland 
rehabilitation or mitigation. 
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+ ABSTRACT 

Didymosphenia geminata is a microscopic 
single-celled freshwater diatom. The invasive behavior 
of D. geminata is greatly altering physical and 
biological conditions in streams and rivers; the stalk 
material byproduct that D. geminata produces has the 
potential to cover up to 100% of stream substrate with a 
thickness of20 em. Even though D. geminata is native 
to the United States, it is acting like an invasive species. 
Once only identified in nutrient poor waters, D. 
geminata has been expanding its native range and is 
occurring more frequently in nutrient-rich streams and 
rivers. We conducted a survey of D. geminata in Grand 
Teton National Park Wyoming and to our knowledge, 
this is one of the first surveys examining D. geminata in 
this area. We found and confirmed D. geminata in 
approximately 7 streams including; Phelps Lake Outlet 
1.5x108 cells/m2, Taggert Lake Outlet 2.4x107 cells/m2, 
Phelps Lake Inlet 2.1 x 106 cells/m2, Jenny Lake Outlet 
8.4x105 cells/m2, Flat Creek 2.9x107 cells/m2, Leigh 
Lake Outlet 1.3x104 cells/m2, and Fish Creek 9.2x105 

cells/m2. Potential commonalities in the sites where D. 
geminata was found and confirmed in Grand Teton 
National Park include lake outlet streams and high 
traffic areas. 

+ I NTRODUCTION 

Rock snot, or Didymosphenia geminata, 
commonly known as 'Didymo ', is a microscopic single
celled freshwater diatom (Figure 1 ). Diatoms are algal 
protists that are important primary producers in aquatic 
systems (Prescott et al. 2005). The cell walls (frustules) 
of diatoms are made of silica (Si02) and vary greatly in 
shape and size. D. geminata is one of the largest 

diatoms at approximately 130 llffi in length and can be 
identified by its unique shape. In valve view D. 
geminata has an hour glass/figure-eight conformation, 
and in its girdle view it is wedge-shaped. One main 
problem with D. geminata is that it is acting as an 
invasive species and greatly altering physical and 
biological conditions in streams and rivers. 

Figure 1. Picture taken by Lisa Kunza: D. geminata shown at 
x400 magnification in valve view (right image) and girdle view 
(left image), sample from Taggert Lake Outlet. 

D. geminata itself, however, is not the primary 
problem, but rather, the stalk material it produces; when 
the cell dies, this stalk material remains on the stream 
bottom in a wool-like mat. Mats can cover up to 100% 
of stream substrate with a thickness of20cm (Spaulding 
and Elwell 2007). Such coverage poses a risk of 
substantial changes in ecological processes such as 
ecosystem metabolism, nutrient cycling, and animal 
behaviors, as well as ecological properties such as 
species diversity, population size, and nutrient pools 
(Kilroy 2006). For instance, D. geminata mats alter the 
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ability of invertebrates with appendages to move, 
decreasing biodiversity in and around the stream. 
Therefore, D. geminata mats can impact fish 
populations. 

D. geminata is documented in areas of North 
America (Canada & U.S.), Asia (China), Europe 
(Scotland, Sweden, and Finland), and has been recently 
documented in New Zealand (Kilroy 2004). Even 
though D. geminata is present in the United States 
information about its native range is limited. In fact: 
the main diatom identification manual (Patrick and 
Reimer 1966) only describes D. geminata as being 
present in Virginia. Even though D. geminata is native 
to North America, it has been acting like an invasive 
species. D. geminata has been expanding its range. 
Until recently, D. geminata was limited to nutrient-poor 
waters, but is now occurring more frequently in 
nutrient-rich streams and rivers (Spaulding and Elwell 
2007). 

Early detection is key in preventing and/or 
slowing the spread of D. geminata. Early detection 
increases the potential for successful mitigation of 
impacts and also enables more efficient targeting of 
containment, control, and public awareness measures 
(Schmidt 2007). We are performing a 
presence/absence survey of D. geminata in Grand 
Teton National Park, Wyoming. To our knowledge this 
is one of the first surveys examining D. geminata in this 
area. 

+ METHODS 

Study Area 

Our D. geminata research project was divided 
into two primary portions; field sampling and 
laboratory work. Field sampling took place in streams 
located in Grand Teton National Park, Wyoming; some 
streams located just outside the park were sampled as 
well to provide a better estimation of D. geminata's 
presence (Figure 2). 

We sampled approximately 25 streams 
including; the streams along the Teton Range, the 
Snake River and tributaries east ofthe Snake River such 
as Pilgrim Creek, Pacific Creek, Arizona Creek, Lizard 
Creek, Polecat Creek, Spread Creek, and Ditch Creek. 
A complete list of all streams is in Appendix A. All 
laboratory work was conducted at the University of 
Wyoming/National Park Service Research Station and 
the laboratories located at the University of Wyoming. 

·-. .,_ 
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Figure 2.Picture adapted from <http://www.colorualvoyage.com>. 

Red dots symbolize areas where D. geminata was found and 
confirmed and blue dots symbolize areas where D. geminata was 
not found: Snake River at South Park Bridge is not shown on the 
map, however it would be represented with a blue dot as no D. 
geminata was found. 

Streamside Procedures 

We searched for D. geminata mats at each 
field location and sampled the mats directly, if present. 
To do this, we collected five rocks and measurements 
of D. geminata on the rocks were taken. We measured 
the thickness of D. geminata in centimeters and 
coverage of D. geminata on a 1 Ocm2 area of the rock. 
We placed mats in Whirl-paks for future reference. We 
then scrubbed the rocks and the homogenized liquid 
was placed into two separate 20mL scint vials per rock. 

We sampled no fewer than 5 cobbles (over 
100-200 meters reach) in each stream. Each rock was 
thoroughly scrubbed into a tray and the homogenized 
liquid was sub-sampled. We measured the surface area 
of each rock containing the sample in order to 
normalize cell counts per unit area; this was done by 
tracing each rock on Rite-in-the-Rain paper to estimate 
surface area. 



In order to prevent us from spreading D. 
geminata, we immediately submerged all brushes, 
graduated cylinders, trays, and shoes worn at the site in 
10% antibacterial detergent solution for more than 30 
minutes after being exposed to the stream. It is 
recommended to use a 5% solution of bleach or 
detergent (Spaulding and Elwell 2007); however, we 
took further precautions by treating our gear with a 
much higher concentration. We then made a report for 
each individual stream stating details such as the 
number of people present at the stream, visual and 
physical aspects of the stream (GPS coordinates and 
elevation measurements). 

Laboratory Procedures 

We created wet mounts to seek out D. 
geminata at a microscopic level (5 slides per rock were 
observed or 25 slides per stream). Wet mounts were 
created by placing one drop of homogenized liquid on a 
microscope slide using a plastic pipette and covering it 
with a cover glass slip. We looked over the entire area 
of the cover glass for D. geminata cells and stalk 
material using a microscope at 1 OOx magnification. If 
other diatoms or stalk material were present, we made a 
note of it. If D. geminata was present in the slide, each 
individual cell was counted and documented. To avoid 
contamination, we used a different microscope slide, 
cover slip, and plastic pipette for each stream. We then 
used these values to calculate the concentration of D. 
geminata in the stream (detection limit: 620 cells/m2

). 

We stored the second 20mL scintillation vial of the 
remaining sample in 2% gluteraldehyde to preserve for 
future reference. 

+ RESULTS 

We found and confirmed D. geminata m 
approximately 7 streams, mostly lake outlets. D. 
geminata mats were present in Taggert Lake Outlet 
where few mats were present and Phelps Lake Outlet 
where mats were very dense. We found a trend of D. 
geminata presence in lake outlet streams and high 
traffic areas; areas where people had direct access to the 
stream or highly traveled areas (bridges, roads, trails, 
etc.). 

+ DISCUSSION 

We found Didymosphenia geminata inside and 
outside of Grand Teton National Park, Wyoming. The 
information gathered from the various streams and 
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rivers where D. geminata was not found will provide a 
valuable reference to prior conditions if this potentially 
destructive diatom does appear in these areas in the 
future. Our findings have improved the knowledge 
about the presence and absence of D. geminata in 
Grand Teton National Park's streams and rivers as well 
as streams and rivers just outside of the park. Research 
needs to continue in these areas to better understand not 
only the presence and absence of D. geminata, but its 
spread and reasons behind dispersal. Potential 
commonalities in the sites where D. geminata was 
found and confirmed in Grand Teton National Park 
include lake outlet streams and high traffic areas; four 
of the seven streams where D. geminata was found are 
lake outlet streams and all streams were noted as high 
traffic areas (no less than 10 people present at the 
stream). 

Sample Locations 
D.geminata Abundance 
{cells/m2

) 

Phelps Lake Outlet 1.5* 108 

Taggert Lake Outlet 2.4*107 

Phelps Lake Inlet 2.1*106 

Jenny Lake Outlet 8.4*105 

Flat Creek 2.9*107 

Leigh Lake Outfall 1.3*104 

Fish Creek 9.2*105 

Blacktail Spring Creek 0 

Kelly Warm Springs 0 

Triangle X Creek 0 

Two Oceans Creek 0 

Bradley Lake Outlet 0 

String Lake Outlet 0 

Lizard Creek 0 

Arizona Creek 0 

Polecat Creek 0 

Granite Creek 0 

Berry Creek 0 

Moran Creek 0 

Pilgrim Creek 0 

Pacific Creek 0 

Ditch Creek 0 

Spread Creek 0 

Snake River @ South 
0 

Park Bridge 

Table 1: Illustrates the abundance of D. geminata in sample 
locations. Note the evident trend of D. geminata abundance in 
lake outlet streams. 
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Appendix A 

Streams Researched 
GPS Coordinates Concentrations Lake Outlet People Present? 

Top of Reach (D. geminata cells/m2
) (YIN) (YIN) 

Phelps Lake Outlet N 43° 37.565' W 110° 47.025' 1.5*108 y y 

Taggert Lake Outlet N 43° 41.806' W 110° 44.162' 2.4*107 y y 

Phelps Lake Inlet N 43° 39.139' W 110° 48 .365' 2.1 *106 N y 

Jenny Lake Outlet N 43° 44.748' W 110° 43.624' 8.4* las y y 

Flat Creek N 43° 29.671' W 110° 45.401' 2.9* 107 N N 

Leigh Lake Outfall N 43° 47.846' W 110° 43.715' 1.3 *I 04 y y 

Fish Creek N 43° 29.880' W 110° 52.344' 9.2* lOs N y 

Blacktail Spring Creek N 43° 40.521' W 110° 41.726' 0 N y 

Kelly Warm Springs N 43° 38.410' W 110° 37.099' 0 N y 

Triangle X Creek N 43° 45 .570' W 110° 34.990' 0 N N 

Two Oceans Creek N 43 ° 52.522' W 110° 29.309' 0 N N 

Bradley Lake Outlet N 43° 42.742' W 110° 43 .938' 0 y y 

String Lake Outlet N 43° 47.041' W 110° 43 .678' 0 y y 

Lizard Creek N 44° 00.411' W 110° 40.848' 0 N N 

Arizona Creek N 43° 58.474' W II 0° 38.623' 0 N N 

Polecat Creek N 44° 06.624' W 110° 41.575' 0 N y 

Granite Creek N 43° 36.386' W II 0° 48.317' 0 N y 

Berry Creek N 43° 59.837' W II 0° 42.678' 0 N N 

Moran Creek N 43° 51.707' W 110° 45.256' 0 N N 

Pilgrim Creek N 43° 54.468' W 110° 34.885' 0 N N 

Pacific Creek N 43° 51.209' W 110° 30.747' 0 N N 

Ditch Creek N 43° 39.809' W 110° 37.728' 0 N N 

Spread Creek N 43° 47.404' W 110° 32.233' 0 N N 

Snake River @South Park 
N 43° 23.095' W 110° 44.779' 0 y y 

Bridge 
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+ INTRODUCTION 

During the summer of 2008, this study 
investigated the patrol cabin located at the lower end of 
Berry Creek (at the north end of Jackson Lake, in 
Grand Teton National Park) for possible inclusion on 
the National Register of Historic Places. James 
Pritchard conducted research at the National Archives 
near College Park, Maryland (hereafter NARA), and in 
records at Grand Teton National Park (GTNP), while 
Katherine Longfield of the Western Center for Historic 
Preservation, Grand Teton National Park (WCHP
GTNP) wrote the resulting proposal for the National 
Register. Secondly, the study began to look into the 
rumor that Olaus Murie built two small cabins in remote 
parts of the North District, at Upper Berry and Moose 
Basin. Finally, the project sought to set these cabins 
into the wider context of park history. 

Tbe Trail System and Need for Cabins 
The backcountry trail system was originally 

proposed by Fritiof M. Fryxell in 1929 as an integral 
part of the interpretation plan for the newly established 
Grand Teton National Park. From the beginning, 
Fryxell and park administrators envisioned building 
cabins to support trail construction crews, for wildlife 
protective patrols, and to place fire control personnel in 
remote areas. 

In 1938, GTNP Superintendent Guy D. 
Edwards advised the NPS regional director that housing 
trail crews in tents was ineffective in "a Park of this 

nature, which is subject to very heavy snowfall, periods 
of heavy rain" and a short tourist season. The 
superintendent advocated for patrol cabins to house the 
trail crews, allowing more time on the trail, enhanced 
access, and increased safety. Secondly, cabins were 
seen as an absolute necessity to carry out patrols aimed 
at preventing poaching of wildlife in the park. During 
the 1930s, hunters pursued sheep near the western 
boundary, and trappers sought marten and beaver in 
Granite Creek and elsewhere. Edwards wrote that the 
park was accessible to trappers corning in from the west 
side, and "if the area cannot be reached from the east 
side by the protection force trapping continues the 
entire winter." As late as 1951 , the superintendent 
noted that "poaching has been carried on all summer in 
the Berry Creek country and the pressure of work has 
prevented patrols in this area." (Boxes 1053 & 200, 
NARA). Three patrol cabins built on the western edge 
of the valley floor (Moran Bay, Leigh Lake, and Hot 
Springs cabins) were often referred to as "snowshoe 
cabins," as they were located a winter day's travel 
apart. These cabins may have provided winter patrols a 
link to the remote North District and the cabin at Berry 
Creek. 

Berry Creek and Land Transfers 
The Teton Forest Reserve was established in 

1897 by President Grover Cleveland's executive order, 
encompassing the mouth of Berry Creek. Official 
jurisdiction of the cabin site, if not its actual use, took a 
twist when the Bureau of Reclamation withdrew a 
parcel at the mouth of Berry Creek on July 10, 1903, in 
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conjunction with construction of the Jackson Lake dam. 
Workers floated many logs across Jackson Lake to 

provide materials used in dam construction. It remains 
unclear exactly when that withdrawal was revoked. 
Congress established Grand Teton National Park in 
February 1929. At that time, however, the park 
boundaries did not extend as far north as the Owl Creek 
or Berry Creek drainages. A 1938 memo from the park 
superintendent notes "One other cabin at the north end 
of the Park belonging to the Forest Service is used by 
the Park during the winter" (Box 1053 NARA). In 
1943, establishment of the Jackson Hole National 
Monument transferred 99,345 acres from Teton 
National Forest, including the general area around the 
Berry Creek cabin. In 1950, the monument was 
incorporated into Grand Teton National Park (Wilson 
2004). 

The Lower Berry Cabin 
Although the northwest portion of GTNP is 

considered relatively remote and does not see the high 
levels of visitation of the South District, from 
prehistoric times some travelers passing from Jackson's 
Hole into Idaho have traveled westward up Berry 
Creek. Around 1900, A.J. Berry lived near the mouth 
of Berry Creek, which was named for him. This 
designation first appeared on a 1899 Grand Teton 
Quadrangle map. Like a few others in this remote 
drainage, he made a living by trapping or mining. If he 
built a cabin, it remains unclear what happened to it. 

The cabin at Berry Creek today presents a 
conundrum in architectural history. It does not exhibit 
the classic rustic style employed on some other cabins 
in GTNP. Did the US Forest Service build it? It does 
not fit standard USFS cabin plans of the 1920s, yet 
resembles cabins built before the New Deal. One of the 
walls incorporates a 6-pane window, commonly used on 
USFS buildings and known as "bam-sash," yet another 
side of the cabin exhibits a 9-pane window, which was 
not common on USFS structures. A careful search 
through several archives uncovered clues resulting in 
the following account. 

Evidence points to the construction of a patrol 
cabin by the U.S. Forest Service in 1910 near the mouth 
of Berry Creek. The 1949 GTNP Building Survey 
identifies the (first) Berry Creek Patrol Cabin as 
Building No. 61 (See Figures 1 & 2). It is described as 
one room, one story, measuring 8 x 20 feet, 144 square 

feet (perhaps they did not count the porch, which in 
some photographs is fitted with screening material). 
The building survey claims the cabin was built in 1910, 
and remodeled in 1938. Beginning around 1910, both 
the Bureau of Reclamation and the U.S. Forest Service 
began to string phone lines in the area. A telephone 
line was installed connecting Berry Creek to another 
cabin further up the drainage, and perhaps the fire 
lookout station at "Point A." This phone line also may 
have extended from Berry Creek Cabin eastward across 
the Snake River to the highway. Control of fires was a 
top priority in forest management, with the prevention 
of timber trespass closely following. The Berry Creek 
Cabin, listed in some documents as a "frreguard cabin," 
facilitated those functions in the northwest portion of 

Teton National Forest (See Figure 3). 
Figure 1. The original Berry Creek cabin, Building No. 61. 
Probably built by the USFS in 1910. GTNP Archives. 

Figure 2. 1968 USGS map showing north end of Jackson Lake 
and the location of the Berry Creek Patrol Cabin ncar the mouth of 
Berry Creek. GTNP Arcruves. 



Figure 3. A rare clue to the location of the fire lookout at 
"Point A," used by the USFS and later the NPS in fire control 
activities, is found in this 1959 map by elk researcher Neil G. 
Guse, who noted only the lower Berry Creek cabin. GTNP 
Archives. 

In 1943, management of the cabin passed from 
the U.S. Forest Service to the National Park Service, 
with the establishment of the Jackson Hole National 
Monument. Despite the 1938 repairs, a 1949 building 
survey (just before the expansion of Grand Teton NP) 
described the condition of the Berry Creek Cabin as 
"poor." In 1956, GTNP officials decided to replace the 
structure. The best available evidence indicates that the 
Berry Creek Cabin was moved from the F euz Ranch on 
Spread Creek to its present location. One might wonder 
if moving a log cabin was worth the time and energy, 
but actually buildings of various sizes in the parks have 
been moved with good effect, employing various 
strategies and methods (see Figure 4). 

The Feuz family ranch was one of the 
properties involved in the expansion of Grand Teton 
National Park. Gottfried ("Fred") Feuz had departed 
Switzerland after he was caught poaching a deer. The 
penalty was 500 francs , a year in prison, or a promise to 
permanently emigrate. After a brief sojourn in Idaho, 
Fred brought his wife Caroline and two young 
daughters over Teton Pass into Jackson Hole, where he 
staked a claim on Spread Creek. The family ran a 
successful cattle ranch on this site from 1914 to 1953. 
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Fred was an excellent hunter, and even during the 
Depression the family had enough to eat. He worked 
on and off with the Forest Service, and started guiding 
hunting clients around Mt. Leidy. The family was not 
interested in the offers of the Snake River Land 
Company to purchase their property. In 1943, the 
Jackson Hole National Monument was created by 
Executive Order. At this time, the family still refused 
to sell. Caroline Feuz recalled that " [finally] we were 
given a choice of either our property being confiscated, 
or trading for other land. The land they had in mind 
was bordering the edge ofthe park near our son Walt's 
ranch. So we accepted this offer. The Park Service 
eventually had all our buildings and fences removed 
and burned" (Nielsen 1988). 

Figure 4. It was not unheard of for structures to be moved to 
a new site. Moving barn from Gros Ventre Ranger Station to 
Grand Teton National Park Headquarters, 1955. GTNP 
Archives. 

Two sources of information support the claim 
that today's Berry Creek Cabin was moved to its 
present site in 1956. The GTNP Superintendent's 
monthly report for July, 1956, stated "A log cabin was 
erected at the Berry Creek Ranger Station. Window 
screens were constructed at the Johnson residence" 
(Box 201 , NARA). This rather brief description is 
mentioned under the category of maintenance/ trails, 
not plans and construction. No further details were 
found in attached budgets and work program listings, or 
in separate reports of design and construction filed with 
monthly reports. The "Johnson residence" may have 
referred to the site oftoday' s University of Wyoming
National Park Service Research Station (AMK Ranch) 
near Sargents Bay on the east side of Jackson Lake, 
where the Johnson family had maintained a summer 
home until 1937 when Alfred and Madeline 
Berolzheimer bought the property (Park 2000). 
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The best source supporting this narrative came 
from the person who organized the dismantling and 
reassembly of the cabin, log by log. In 1995, while 
preparing a National Register multiple property 
submission for GTNP, historians interviewed Doug 
McClaren, a former North District ranger (See Figure 
5). This interview was fortuitous, as he later passed 
away. McClaren related how he and other park 
employees (most probably from the ranger division and 
from the trail crews) disassembled a cabin standing at 
the Feuz Ranch near Spread Creek. They floated the 
logs across Jackson Lake and moved them onto or near 
the site of the existing cabin, which they tore down. 
McClaren and his team reassembled the logs into the 
structure we see today, measuring about 15 by 13 feet 
of interior space. McClaren's recollection was that this 
occurred around 1950. This fits well with the comment 
in the 1956 Superintendent's report regarding 
construction of a cabin at lower Berry Creek. GTNP 
archives contain a photograph of the Berry Creek Cabin 
after construction (See Figure 6). To the side lie 
several concrete blocks closely resembling foundation 
piers found on site today. McClaren' s account rings 
true. Floating logs across Jackson Lake was not 
exceptionally difficult; during the 1990s, the cabin at 
Moran Bay was renovated using this approach. 
Additionally, the timing of moving the cabin fits the 
history of the Feuz Ranch, as the parcel was sold to the 
Jackson Hole Preserve between 194 7 and 1949, and the 
park superintendent reported in 1959 that all buildings 
had been removed. 

In 1978, ranger Jim Bell installed a logbook in 
the Berry Creek Cabin. Reading this anecdotal account 
of 30 years of park staff visits gives the sense that a 
cabin is not simply constructed in a particular year, to 
endure unchanged for decades. Very much like a trail, 
a cabin requires continual care and maintenance. 
Logbook entries reveal that in 1989 the corral was 
reconstructed, in 1990 a wood stove was flown down 
from Upper Berry and installed, and in 1992 interns 
from the Student Conservation Association renewed the 
linseed oil finish on the exterior log surfaces. A sheet 
metal roof was added to the Lower Berry Cabin, most 
probably around 2005, partly in response to the 2000 
forest fire on the west side of Jackson Lake that 
destroyed the Moran Bay Patrol Cabin. Metal roofs 
make buildings easier to defend during a fire event (See 
Figure 7). 

Figure 5. Grand Teton National Park Rangers George 
Wagner, Doug McLaren, and John Higgins. GTNP Archives. 

Figure 6. (Lower) Berry Creek Cabin after construction, c. 
1956. GTNP Archives. 

Figure 7. (Lower) Berry Creek Patrol Cabin in 2007. Photo 
James Pritchard. 



In a tragic bit of history, Park Ranger John C. 
Fonda (28) and District Ranger Gale Wilcox ( 48) died 
on March 9, 1960, as legend has it while traveling to 
Berry Creek Cabin. They were crossing the Snake 
River on cross-country skis, when the ice broke under 
them. The Assistant Chief Ranger also fell into the 
water as he tried to help, managed to drag Ranger 
Wilcox from the river, and set out to seek assistance. 
When rescuers arrived, Wilcox had already expired. 
The Former Lizard Point on the east side of Jackson 
Lake nearby was renamed Fonda Point, and on the west 
side of the lake the point ofland just south ofWebb and 
Berry Creeks was named Wilcox Point (Nielsen 1988). 

Lower Berry Creek Patrol Cabin's Suitability for 
the National Register. 

During a 1997 survey of park structures, 
Historic Research Associates recommended a 
reevaluation of the Berry Cabin when it attained 50 
years in service as a National Park Service 
administrative site. Since Berry Creek Cabin was re
constructed on site in 1956, it has functioned in its 
present place for 52 years, and therefore is eligible for 
inclusion on the National Register based on age, if it 
meets other thematic criteria (Longfield 2008). 

Criteria A (Association with Grand Teton 
National Park Administration and Development) has 
provided a fundamental rationale of significance for 
listing other GTNP backcountry cabins on the National 
Register of Historic Places (including Sweet Grass 
Ranger Station, Moran Bay, and Leigh Lake patrol 
cabins). The Berry Creek Cabin fits Criteria A very 
well, because a patrol cabin on this site has proved vital 
to the administration of public lands beginning with the 
creation of Teton National Forest. The lower Berry 
Creek site has a long period of function in park 
administration, since at least 1943 when the Jackson 
Hole Monument was created by Executive Order. Even 
before 1943, the Forest Service evidently allowed 
National Park Service personnel to use the cabin at 
Berry Creek. During the 1950s, the designation 
"Ranger Station" appears on some documents, inferring 
an enhanced administrative function for the Berry 
Creek Cabin. 

The system of backcountry patrol cabins has 
proved essential to resource management at Grand 
Teton National Park. During the inception of Grand 
Teton NP, Superintendent Woodring placed the 
creation of a trail system at the top of his list. It is clear 
that the backcountry cabins have facilitated the 
operation of trail crews and rangers as they constructed 
and cleared trails. Just as importantly, the National 
Park Service faced the same challenges as the U.S. 
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Forest Service, that is to say how to patrol the 
administrative boundaries of a relatively remote area 
against timber, hunting, grazing, and (later) motorized 
vehicle trespass. 

The Lower Berry Cabin exemplifies several 
aspects of the "Rocky Mountain Cabin" architectural 
style, a significant vernacular form originally arising out 
of practicality, but today exuding western myth and 
imagination. As Jim Bailey pointed out in his 
wonderful study of architecture in the Bridger-Teton 
National Forest, the roots of the style actually came 
from Finnish immigrants building cabins on the Great 
Plains. The Rocky Mountain Cabin style, Bailey noted, 
"is distinguished by a square or rectangular single-cell 
floor plan, horizontal log construction with square
notched ends, a lack of decoration, a front-facing gable, 
a single door offset in the gable end, roof slopes under 
45 degrees, a preference for iron stoves over fireplaces, 
and the front gable end of the roof extending an average 
of 50 percent beyond the cabin's front gable elevation" 
(Bailey 2003.). The Berry Creek Cabin diverges from 
the Rocky Mountain Cabin style mainly in its use of 
saddle-notched logs. 

Ann Rubber and Janene Caywood noted that 
vernacular architecture preceded the Rustic style in 
Grand Teton National Park. Pioneer vernacular was "a 
practical response to environmental and economic 
dictates while formal Rustic architecture represented the 
deliberate attempt-usually an architect's deliberate 
attempt-to convey historical images and to meld man
made resources with their wilderness environment" 
(Rubber 1997) (Rubber and Caywood, 1997; See also 
McClelland; USFS; Wilson). Some cabins in GTNP 
seem to fit in with the Rustic style, such as the Ranger's 
Station at Jenny Lake, or the Sweetgrass Ranger 
Station. Nestled into its remote setting, the simple 
patrol cabin at Berry Creek better fits the vernacular 
"Rocky Mountain Cabin" style. 

The Cabins at Survey Peak, Moose Basin, and 
Upper Berry Creek 

An intriguing search for the origins of two 
small shelter cabins in the northwest part of GTNP 
revealed that beginning with trappers and miners, 
various cabins have been constructed in the Owl and 
Berry Creek drainages. Cabin No. 279, the Survey 
Peak cabin, most probably was located northeast of 
today's Upper Berry cabins, between Survey Peak and 
Point 8775 (See Figure 8). It was built some time 
before 1949, when it appears on a USGS map, and was 
razed in 1962 after damage caused by heavy snow 
loading. The U.S. Forest Service might have 
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constructed this cabin, as a later USFS map depicted a 
"F.S. Patrol Cabin" in this vicinity (See Figure 9). 

Figure 8. 1949 USGS map showing a structure near the pass 
between Survey Peak and Point 8775. This was probably the 
Survey Peak Cabin (Building #279). The map also shows a 
structure in Upper Berry Creek, at the trail juncture next to 
the elevation 7558. This clue indicates that the small cabin 
may well predate the commonly assumed early 1960s. GTNP 
Archives. 

Figure 9. This Forest Service map (curiously dated 1956) 
depicts a "F.S. Patrol Cabin" in Upper Berry Creek, as well as 
a phone line between the patrol cabins. 

Backcountry management documents for 
GTNP suggest that small (about 14 by 12 feet on the 
exterior) shelter cabins were built at Moose Basin and 
at Upper Berry Creek as part of an elk study during the 
early 1960s (See Figure 1 0). Local legend has it that 
Olaus Murie was involved with the construction of 
these cabins. Murie worked as a field biologist for the 
Bureau of Biological Survey and its successor the Fish 
and Wildlife Service from 1920 untill946. He arrived 
in Jackson's Hole in 1927 when he was assigned a 
study of the elk herds of the region, during the golden 
days of horse-packing. Born in 1889, Olaus was 75 
when he died in 1963. It seems doubtful he would have 

been constructing shelters in the backcountry, much less 
using prefabricated materials, given his clearly 
expressed opposition to overt and unnecessary 
manipulations within the national parks. 

So far, we have found no documentary 
evidence to support the notion that Olaus Murie 
constructed cabins in the North District. This idea may 
have its origins in the fact that from 19 51 to 19 53 
Adolph Murie (Olaus's brother) served as Grand Teto~ 
National Park's biologist, working on (among other 
things) elk migration studies. Park naturalists Howard 
Stagner and Carl E. Jepson also conducted elk 
migration studies during the 1950s, but mostly on the 
eastern side of Jackson Lake. In 1959, Neil G. Guse 
summarized a two year study in the Berry Creek area, 
but did not mention any cabins in the high country used 
in elk migration studies (See Figure 3). 

There is a possibility that these small cabins 
(See Figure 1 0) could have been built as early as the 
mid-1930s, when a similar structure was erected on the 
western shore of Jackson Lake. Building No. 49, the 
"Hot Springs" patrol cabin on the west shoreline of 
Jackson Lake, was constructed in 1935 and remained 
standing in 1949. The similarity of the board and 
batten style of the exterior walls of the three small 
cabins at Upper Berry, Moose basin, and Hot Springs 
appears striking. 

Figure 10. Moose Basin Patrol Cabin, July 2008. Photo 
James Pritchard. 

Logbooks kept at Moose Basin cabin confirm 
that materials for improving an existing cabin were 
flown in on September 18, 1980, when Ranger Jim Bell 
reported "a glorious day for Moose Basin. The Army 
in a Chinook helicopter flew in the materials to insulate, 
panel and put in a new floor." In 1987, the small 
shelter cabin at Upper Berry was converted to storage 
purposes when a handsome new cabin was constructed. 
Logs and other construction materials were transported 

to the site using a helicopter from Yellowstone, where 



Al Williams (of the trail crew) supervised a 
construction crew from the Student Conservation 
Association. In 2005, rotting sill logs on the new patrol 
cabin were replaced. 

+ CONCLUSIONS 

Given its age, its unique history in the park, its 
administrative function and facilitation of patrolling the 
remote North District, and its fit with the Rocky 
Mountain Cabin style, it is time for the Lower Berry 
Patrol Cabin to join other backcountry patrol cabins of 
Grand Teton National Park on the National Historic 
Register. More research is required to unveil the exact 
origins of the other original cabins in the North District, 
located at Moose Basin, Upper Berry Creek, and 
Survey Peak. 
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48 



49 

VISUAL IMPACTS OF STALK FORMING DIATOMS IN 

GRAND T ETON NATIONAL PARK 

+ 
S. A. SPAULDING + U.S. GEOLOGICAL SURVEY + FORT COLLINS SCIENCE CENTER 

FORT COLLINS 

S. 0 'NEY + GRAND TETON NATIONAL PARK 

K. HERMANN + U.S. ENVIRONMENTAL PROTECTION AGENCY, REGION 8 + DENVER 

+ ABSTRACT 

A survey was conducted in August 2008 to 
determine the distribution and extent of stalked diatoms 
in major rivers and streams in Grand Teton National 
Park (GTNP). We determined that a nuisance bloom of 
the diatom Didymosphenia geminata was present in 
Lake Creek from the outlet of Phelps Lake to 
approximately 1 km downstream of the Rockefeller 
Preserve. This bloom was considered "excessive" 
because the coverage of the stream substrate was 70% 
or above for greater than 1 km. This diatom species is 
able to survive out of water in damp conditions, and it 
may be transported on the gear of recreationalists. In 
GTNP, this diatom was found in a high visitor use area, 
with concomitant potential for the species to be spread 
by anglers to other sites within the national park. 
Although there are several factors that appear to 
influence its distribution, recent nuisance blooms of this 
species suggest popular angling sites are often sites of 
nuisance blooms. Decontamination of aquatic gear by 
recreationalists may be appropriate to limit the spread 
of nuisance blooms within the national park system and 
adjacent public and private water bodies. 

+ INTRODUCTION 

This research presents a collaborative effort 
between the US Geological Survey, National Park 
Service, and US Environmental Protection Agency to 
address an issue of concern within Grand Teton 

National Park (GTNP). Park managers have 
determined detecting the presence, abundance, and 
potential impacts of Didymosphenia geminata as a 
research goal. 

The diatom Didymosphenia geminata 
(Lyngbye) Schmidt is emerging as an organism with an 
extraordinary capacity to impact stream ecosystems on 
a global scale. In recent years, streams in New Zealand, 
North America, Europe, and Asia have been colonized 
by unprecedented masses of "didymo" and its 
extracellular stalks. This diatom is able to dominate 
stream surfaces by covering up to 1 00% of substrate 
with thicknesses of greater than 20 em, greatly altering 
physical and biological conditions within streams. 
Although it is considered native to North America, this 
species is believed to be expanding its geographic 
range. Two other species of concern, Cymbella 
mexicana (Ehrenberg) Cleve and C. janischii A. 
Schmidt historically inhabit western streams and rivers 
(Patrick & Reimer 1966, Wellnitz et al. 1996, Bahls 
2004 ). The typical growth habit of all these species 
includes the episodic formation oflarge masses (Cleve 
1894-1896, Skvortzow 1935, Skulberg 1982) and the 
rate that nuisance blooms are reported by the public and 
local media are increasing. 

Although D. geminata occurs in both lakes and 
flowing waters, nuisance blooms are only known in 
streams and rivers. For the purposes of this study, 
"excessive growth" is defined as masses of cells and 
stalks that extend for greater than 1 km. The masses 
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may persist for several months of the year, as with 
several sites in North America (Spaulding & Elwell 
2007). By the use of this term "excessive", we have a 
working understanding that some aspect of these 
growths are unusual, and we consider them to be the 
result of a combination ofbiological and environmental 
factors. 

Prior to 2007, there were no confirmed reports 
of D. geminata from Grand Teton National Park, 
although macroscopic clumps of the diatom Cymbella 
mexicana and C. janischii were documented in the 
rivers of Grand Teton National Park (K. Hermann, 
personal observations). These cymbelloid diatoms 
produce stalks that are close in chemical composition to 
D. geminata and may produce excessive amounts of 
stalks, leading to nuisance growths (Spaulding & Elwell 
2007). In the Snake River watershed, these masses 
occur during periods of low flow in August and 
September. Furthermore, the species C. mexicana and 
D. geminata are cymbelloid diatoms that are suggested 
to be sister taxa (Kociolek & Stoermer 1993). That is, 
they are more closely related to one another than to 
members of either gomphonemoid or cymbelloid 
lineages. 

The goal of this study is to determine the 
distribution and extent of stalked diatoms in Grand 
Teton National Park. The objectives are to: 

• Develop an assessment of the occurrence of 
masses of stalked diatoms in Grand Teton National 
Park using a survey design that will allow 
estimation of extent and areal coverage. 

• Evaluate survey results to determine if masses of 
diatoms are considered "excessive " and suggest 
management response. 

• Assess the degree to which stalked diatoms are 
correlated to human impact. 

• Determine if decontamination of aquatic gear by 
recreationalists is appropriate to contain the 
spread of blooms within Grand Teton National 
Park. 

+ METHODS AND MATERIALS 

Field surveys. Fieldwork was completed over 17-22 
August 2008 on several tributaries and main stem of the 
Snake River. GIS maps with high resolution imagery 
and site locations (transects) were provided to field 
crews for location of selected sites (Figure 1 ). At each 
site, beginning with the upstream transect, three crews 
performed sampling activities. One crew was assigned 
to the left bank, one crew assigned to the right bank, 
and one crew assigned to cover the transect distance 
between the two banks (center). The center crew 
anchored their craft for sampling (where conditions 
permitted) and relocated to new positions along the 
transect to complete sampling activities. The bank 
crews secured at shore sites and accessed the transect 
location at the bank, wading into the stream as much as 
possible. Once transect sampling activities were 
completed, the crews moved downstream to the next 
transect, maintaining their respective positions (left 
bank, right bank, and center). At the upstream transect 
of each site, GPS coordinates were obtained and 
recorded. · 

Figure!. An example of site selection design, consisting of a series of II transects placed at 250 m_separation. The site (II 
transects) covers a distance of approximately 40 times the river width, based on EPA EMAP samplmg protocol. 



At each transect, the following activities were 
completed: Each crew was issued an aerial photograph 
with marked, numbered transects for the site. Crews 
recorded site and transect number on field data sheets. 
Each crew recorded parameters for the transect area (1 0 
x 10 m) on the field data sheet. One person used the 
underwater viewing box (Nuova Rade viewer) to 
determine if stalked diatoms appeared to be present in 
the transect area and results were recorded on field data 
sheets. For qualitative samples, a small area from the 
most dominant type of stream substrate (cobble, 
boulder) was scraped and placed in a sample vial. For 
quantitative samples, a tooth brush was used to scrape 
an area (20 cm2

) and collected. Quantitative measures 
of organic matter were estimated from 31 sites on Lake 
Creek and the Snake River. Samples were collected by 
scraping 20 cm2 of benthic cobble surfaces within the 
survey site and preserved in 70% ETOH. Crews 
estimated the percent cover of stalked diatoms over the 
transect area and recorded on field data sheets. Where 
possible, the underwater camera was used to record 
appearance of benthic algal mats at each site and 
reference numbers for photos were recorded on field 
data sheets. Several hundred images were taken to 
document benthic coverage. 

Sites on Lake Creek, where macroscopic 
stalked diatoms were present, were rated using a 
modification of the Kilroy Visual Index (Lamed et al. 
2006). The KVI combines a measure of the average 
thickness of diatom stalks and the percent areal 
coverage on a given stream transect. We report the 
percent cover, because thickness was difficult to access 
for a large number of sites in fast flowing water. 
Continuous visual qualitative observations were made 
by two members of the field crew from Jackson Lake 
Dam to Dead Man 's Bar. Crew members (equipped 
with wetsuit, mask, snorkel, fins) checked for 
macroscopic growths along entire reach (except in sites 
of water hazards). The observations confirmed that 
transect sites were representative of each sub-reach of 
the river. 

Laboratory processing. Samples were processed 
following established methods to remove organic matter 
and produce permanent microslides. Organic material 
was oxidized using 15 m1 of 30% H20 2 in a digestion 
over 6 days (Renberg 1990). Following the digestion, 
deionized water was added to bring the total volume to 
50 ml . The samples were allowed to settle for 8 hours, 
decanted, and rinsed with deionized water 6 times to 
remove H20 2• The cleaned sediments were well mixed 
by shaking and 0.500 ml was placed on glass cover 
slips. Two replicate cover slips were made for each of 
the 1 70 samples collected. The cover slips were 
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allowed to dry and were mounted on glass microslides 
using a high refractive mounting medium (Zrax). Ash
free dry mass (AFDM) was measured on quantitative 
samples based on standard methods (Steinman and 
Lamberti , 1996). 

Microscope analysis. Slides were examined under high 
magnification for diatom species identification using an 
Olympus VANOX microscope using a 100x oil 
objective (NA = 1.4) and DIC. Only large stalked 
diatoms were included in this survey, although 
archiving of samples allows for future, more complete 
community analysis. Estimates of abundance were made 
at lower power ( 40x) to determine presence of large, 
stalk-forming species. 

Permanent archives. Permanent slides and cleaned 
material are archived in the University of Colorado 
INST AAR Diatom Database (INST AAR Accession 
10836-1 0999). One set of slides will be provided to 
Grand Teton National Park for permanent records. 

Data analysis, GIS, and final report. The geographic 
distribution of sites, their percentage cover of stalked 
diatom species, and species identification were used to 
produce a distribution map for Grand Teton National 
Park using ARC GIS. 

+ RESULTS 

Visual field surveys showed a bloom of D. 
geminata present on Lake Creek during the survey 
period in August 2008. Coverage of D. geminata 
ranged from 20% of the stream transect at the outlet of 
Phelps Lake to 100% coverage at several sites 
downstream (Figure 2). Sites were surveyed in detail 
above and below the bridge crossing Lake Creek, 
showing that high coverage (> 60%) of the substrate 
occurred at both high and lower survey resolution. The 
bloom appeared to decline at the lowest site below 
Rockefeller Preserve, although we were not able to 
follow it to its decline, because of concern over 
crossing into private property. 
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Figure 2. Image of the section ofLake Creek from Phelps 
Lake to below the Rockefeller Preserve. Macroscopic 
growths of D. geminata were present at all sites surveyed 
and the percent cover is indicated by the size of the solid 
circles. The inset shows the results from the detailed survey 
above and below the road and bridge crossing Lake Creek 
(red line). 

The bloom of D. geminata in Lake Creek was 
typical of blooms from other sites in North America 
(Figure 3). Furthermore, many of the stalks were above 
water level, indicating that streamflow had declined 
since the period of growth (stalks are not formed above 
water level, but may persist there). Growths of this 
diatom may not be as visible under periods of high 
flow, but they can form large amounts ofbiomass which 
is later exposed by declining water levels. In contrast to 
other blooms in North America, a large number of 
Trichoptera (aquatic caddis fly larvae, likely of the 
genus Brachycentrus) were present in many survey 
sites, particularly below Rockefeller Preserve. The 
caddis fly larvae were apparently grazing on D. 
geminata cells and stalks with much of the biomass 
removed from the cobbles. This observation suggests 
that blooms of D. geminata may be moderated by these 
grazing macroinvertebrates. 

Figure 3. Images of the bloom of Didymosphenia 
geminata on Lake Creek in August 2008. A) Site at 
Lake Creek, near the Rockefeller Preserve with 80% 
coverage of the streambed by diatoms and their stalks. 
Note that some of the stalks are above water level, 
indicating that streamflow had declined since the period 
of growth (stalks are not formed above water level, but 
may persist there), B) Large number of Trichoptera 
(aquatic caddis fly larvae) apparently grazing on D. 
geminata cells and stalks, C) Underwater image 
diatoms, their stalks and caddis fly larvae and D) 
Underwater image diatoms, their stalks and caddis fly 
larvae. 



One hundred and seventy samples (Appendix 
1) were collected for microscopic analysis of cells. 
Slides were scanned for the presence of stalk forming 
diatoms, including several species of Gomphoneis, 
Cymbella mexicana, C. janischii, and Gomphonema 
olivaceum. These taxa are capable of forming 
macroscopic growths in streams, rivers and lakes. There 
were no large growths, however, observed of these taxa. 
The microscopic presence of D. geminata was 
confirmed in several Lake Creek sites, including Lake 
Creek above Phelps Lake, as well as in Kaufmann 
Creek and Taggart Creek. Surveys of the coverage and 
extent of cells at these sites, however, were not 
initiated. 

An extensive survey of the Snake River was 
completed below Jackson Dam. No blooms or 
excessive growths were observed. Microscopic 
examination of slides from over 100 samples resulted in 
the confirmation of one cell of D. geminata. That 
sample (#1 0859), however, contained a silica frustule 
(cell wall) was rather degraded and likely does not 
represent a population in the Snake River itself. 
Permanent mounts of these samples and the raw 
material are archived at the INST AAR Diatom 
Collection and serve as a resource to determine future 
expansion in range of D. geminata. 

Thirty-one samples were analyzed for ash-free 
dry mass (AFDM) from Lake Creek and the Snake 
River (Figure 4). Sample values ranged from detection 
limits to 0.87 (grams/20 cm2

). While the samples that 
lack D. geminata were all below 0.2 grams/20 cm2

, 

samples with D. geminata present ranged up to several 
fold that concentration at 0.9 grams/20 cm2

• In other 
words, in sites with a bloom of D. geminata, the 
biomass produced reached greater values than at sites 
without D. geminata. The presence of this diatom is 
associated with high amounts of organic material 
produced in streams. 

+ CONCLUSIONS 

We determined that a nuisance bloom of the 
diatom Didymosphenia geminata was present in Lake 
Creek from the outlet of Phelps Lake to approximately 
1 km downstream of the Rockefeller Preserve. This 
bloom was considered "excessive" because the 
coverage of the stream substrate was 70% or above for 
greater than 1 km. At these sites the total amount of 
biomass (measured as AFDM) was up to six-fold the 
biomass found at sites without D. geminata. 
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Figure 4. Plot of AFDM (grams/20 cm2
) against % cover of 

stalked diatoms from the Snake River (open circles) and Lake 
Creek (closed circles). 

In addition to Lake Creek, other streams 
(Kaufmann Creek and Taggart Creek) had visible 
masses of D. geminata, but the stream extent and 
coverage was not quantified. Species identification was 
confirmed based on microscopic examination at those 
sites. The diatom was also confirmed in Fish Creek by 
microscopic examination; no visible masses were 
observed. Sites without both visible blooms and 
microscopic occurrences were at Arizona Creek, Spread 
Creek, Buffalo Fork, Cottonwood Creek, Snake River 
(with except of a single degraded cell) and the Gros 
Ventre River. 

Although there have been attempts to relate the 
occurrence of D. geminata to specific water chemistry 
and geologic influence, chemical and physical factors 
seem to represent only a portion of the control on 
growth and distribution (Lindstrom 1991, Sherbot & 
Bothwell 1993, Jonsson et al. 2000, Kilroy 2004). 
Therefore, it is difficult to state whether water 
chemistry is controlling the formation of the blooms in 
GTNP. However, there is indication that these species 
may be favored under some conditions of increased 
human impact. Types of human influence that are 
associated with D. geminata blooms include increased 
nutrient concentration (Kara, & Sahin 2001, Kawecka 
& Sanecki 2003, Noga 2003, Subakov-Simic & Cvijan 
2004), stable flow below impoundments (Dufford et al. 
1987, Holderman & Hardy 2004, Shelby 2006), low 
flows (Kilroy et al. 2005a), and spread by aquatic 
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recreationalists (Kilroy et al. 2005b, Kilroy et al. 2006, 
Lamed et al. 2006). In particular, recent blooms on the 
east coast of the US in sites with heavy fishing pressure 
point to the role humans may play in spreading the 
diatom. The relationship, however, has not been fully 
documented (Bothwell, personal communication). 

We know that D. geminata is able to survive 
out of water, and it may be transported on the gear of 
recreationalists (Kilroy et al. 2005b). In GTNP, this 
diatom was found in a high visitor use area, and there is 
the potential for the species to spread by anglers to 
other sites within the national park and other public and 
private lands. Although there are several factors that 
appear to influence its distribution, recent nuisance 
blooms ofthis species suggest popular angling sites are 
often sites of nuisance blooms. Decontamination of 
aquatic gear used by recreationalists should reduce the 
spread of D. geminata and the frequency of nuisance 
blooms within the national park system and adjacent 
public and private water bodies 
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APPENDIX 1. Sample site location and confirmation of D. geminata with microscopic examination. 
INSTAAR latitude longitude water body site name notes date 
accessnum 
10836 43.84455588 -110.517538 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB A 0 right bank 
10837 43.84035691 -110.515488 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB A 2 right bank 
10838 43 .83605913 -110.5144012 Snake River Pacific Landing to Deadman's Bar reach Gomphoneis 08/20/2008 

PLDB A 4 right bank spp. 
10839 43 .83232945 -110.5162783 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB A 6 right bank 
10840 43 .83067456 -110.5218358 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB A 8 right bank 
10841 43 .81513835 -110.5357418 Snake River Pacific Landing to Deadman ' s Bar reach Gomphoneis 08/20/2008 

PLDB A 10 right bank spp. 
10842 43.84455588 -110.517538 Snake River Pacific Landing to Deadman ' s Bar reach Gomphoneis 08/20/2008 

PLDB A 0 left bank spp. 
10843 43.84035691 -110.515488 Snake River Pacific Landing to Deadman' s Bar reach 08/20/2008 

PLDB A 2 left bank 
10844 43.83605913 -110.5144012 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB A 4 left bank 
10845 43.83232945 -110.5162783 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB A 6 left bank 
10846 43.83067456 -110.5218358 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB A 8 left bank 
10847 43.82835278 -110.5270475 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB A 10 left bank 
10848 43.82738327 -110.530191 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB B 0 right bank 
10849 43.8242773 -110.5334694 Snake River Pacific Landing to Deadman 's Bar reach 08/20/2008 

PLDB B 2 right bank 
10850 43.81993012 -110.5333212 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB B 4 right bank 
10851 43.81647214 -110.5295916 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB B 6 right bank 
10852 43.81513835 -110.5357418 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB B 10 right bank 
10853 43.82738327 -110.530191 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB B 0 left bank 
10854 43 .8242773 -110.5334694 Snake River Pacific Landing to Deadman ' s Bar reach 08/20/2008 

PLDB B 2 left bank 
10855 43.81993012 -110.5333212 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB B 4 left bank 
10856 43 .81647214 -110.5295916 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB B 6 left bank 
10857 43.81326116 -110.5320863 Snake River Pacific Landing to Deadman 's Bar reach 08/20/2008 

PLDB B 81eftbank 
10858 43.80901278 -110.5625906 Snake River Pacific Landing to Deadman 's Bar reach One cell - D. 08/20/2008 

PLDB B I 0 left bank geminata 
10859 43.81444675 -110.5427566 Snake River Pacific Landing to Deadman 's Bar reach 08/20/2008 

PLDB C 2 right bank 
10860 43.81190267 -110.5477213 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB C 4 right bank 
10861 43.81064298 -110.5586633 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB C 8 right bank 
10862 43.80901278 -110.5625906 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB C 10 right bank 
10863 43 .81646817 -110.5374271 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB C 0 left bank 
10864 43 .81444675 -110.5427566 Snake River Pacific Landing to Deadman' s Bar reach 08/20/2008 

PLDB C 2 left bank 
10865 43 .81190267 -110.5477213 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB C 4 left bank 
10866 43 .80990198 -110.5533528 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB C 6 left bank 
10867 43.80901278 -110.5625906 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 

PLDB C 10 left bank 
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10868 43.80652546 -110.5617988 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 
PLDB D 0 right bank 

10869 43 .79972564 -110.5653076 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 
PLDB D 5 right bank 

10870 43.80652546 -110.5617988 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 
PLDB D 0 left bank 

10871 43 .79972564 -110.5653076 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 
PLDB D 5 left bank 

10872 43 .80006302 -110.5741966 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 
PLDB D 10 left bank 

10873 43 .79814517 -110.5783102 Snake River Pacific Landing to Deadman' s Bar reach 08/20/2008 
PLDB E 0 right bank 

10874 43 .78572082 -II 0.5828692 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 
PLDB E 5 right bank 

10875 43.79814517 -110.5783102 Snake River Pacific Landing to Deadman 's Bar reach 08/20/2008 
PLDB E 0 left bank 

10876 43.78572082 -110.5828692 Snake River Pacific Landing to Deadman 's Bar reach 08/20/2008 
PLDB E 5 left bank 

10876 43 .77690297 -110.5833632 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 
PLDB E I 0 left bank 

10877 43 .77657385 -110.5858459 Snake River Pacific Landing to Deadman 's Bar reach 08/20/2008 
PLDB F 0 right bank 

10878 43 .7704316 -110.5949721 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 
PLDB F 5 right bank 

10879 43 .7704316 -110.5949721 Snake River Pacific Landing to Deadman 's Bar reach 08/20/2008 
PLDB F 5 left bank 

10880 43 .76131735 -II 0.6006531 Snake River Pacific Landing to Deadman 's Bar reach 08/20/2008 
PLDB F I 0 left bank 

10881 43.76025713 -110.6035316 Snake River Pacific Landing to Deadman's Bar reach 08/20/2008 
PLDB G 0 right bank 

10882 43 .86153733 -110.5740036 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL A 5 left bank 

10883 43 .86163161 -I I 0.5653294 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL A 8 left bank 

10884 43.86034305 -II 0.5629094 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL A 9 left bank 

10885 43.8561945 -110.555178 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL B I left bank 

10886 43.85654022 -II 0.5522552 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL B 2 left bank 

10887 43 .85823735 -110.5499609 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL B 3 left bank 

10888 43.84934312 -II0.5375782 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL B 10 left bank- sample # I 

10889 43 .84934312 -110.5375782 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL B 10 left bank - sample #2 

10890 43 .84807404 -II0.5347935 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL C 0 left bank 

10891 43.84871455 -II 0.5313868 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL C I left bank 

10892 43.84880884 -110.528181I Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL C 2 left bank 

10893 43 .84846313 -1I0.5249125 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL C 3 left bank 

10894 43.84783456 -110.5218325 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL C 4 left bank 

10895 43.85690028 -II 0.5584696 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL B 0 right bank 

10896 43.8561945 -II 0.555178 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL B 1 right bank 

10897 43.85823735 -II 0.5499609 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL B 3 right bank 

10898 43.85999734 -II 0.5483267 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL B 4 right bank 

10899 43 .8587402 -II 0.5456238 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL B 5 right bank 

I0900 43.85635165 -II 0.5452467 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL B 6 right bank 

I0901 43.85415166 -II 0.5444924 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL B 7 right bank 

10902 43 .85236024 -110.542261 Snake River Jackson Dam to Pacific Landing reach 08/20/2008 
JDPL B 8 right bank 
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Snake River Jackson Dam to Pacific Landing reach 
JDPL B 9 right bank 

Snake River Jackson Dam to Pacific Landing reach 
JDPL B 10 right bank 

Snake River Jackson Dam to Pacific Landing reach 
JDPL B 10 right bank 

Snake River Jackson Dam to Pacific Landing reach 
JDPL A 0 left bank 

Snake River Jackson Dam to Pacific Landing reach 
JDPL A 1 left bank 

Snake River Jackson Dam to Pacific Landing reach 
JDPL A 2left bank 

Snake River Jackson Dam to Pacific Landing reach 
JDPL A 4 left bank 

Snake River Jackson Dam to Pacific Landing reach 
JDPL A 6 left bank 

Snake River Jackson Dam to Pacific Landing reach 
JDPL A 7left bank 

Snake River Jackson Dam to Pacific Landing reach 
JDPL A 10 left bank 

Snake River DB to Moose reach DBMO A 0 left bank 

Snake River DB to Moose reach DBMO A 2 left bank 

Snake River DB to Moose reach DBMO A 2 right bank 

Snake River DB to Moose reach DBMO A 4 left bank 

Snake River DB to Moose reach DBMO A 4 right bank 

Snake River DB to Moose reach DBMO A 6 left bank 

Snake River DB to Moose reach DBMO A 6 right bank 

Snake River DB to Moose reach DBMO A 8 left bank 

Snake River DB to Moose reacbDBMO A 8 right bank 

Spread 
Creek 
Buffalo 
Fork 
Cottonwood Creek 

Gros Ventre side channel 

Snake River DB to Moose reach DBMO A 10 left bank 

Lake Creek Lake Creek down from bridge 01 quant. 

Lake Creek Lake Creek down from bridge 02 quantitative 

Lake Creek Lake Creek down from bridge 03 quantitative 

Lake Creek Lake Creek down from bridge 04 quantitative 

Lake Creek Lake Creek down from bridge 05 quant. 

Lake Creek Lake Creek down from bridge 06 quant. 

Lake Creek Lake Creek down from bridge 07 quant. 

Snake River PLDB D 5 C qualitative sample 

Lake Creek Lake Creek up from bridge A quant. 

Lake Creek Lake Creek up from bridge B quant. 

Lake Creek Lake Creek up from bridge C quant. 

Lake Creek Lake Creek up from bridge D quant. 

Lake Creek Lake Creek up from bridge E quant. 

Lake Creek Lake Creek up from bridge F quant. 

Lake Creek Lake Creek up from bridge H 

Snake River JDLP A 1 L quant. 

Snake River JDLP C 2 L quant. 

Snake River JDLP A 9 L quant. 

Snake River JDLP A 2 L quant. 

Snake River JDLP A 4 L quant. 

Snake River JDLP A 0 L quant. 

Snake River JDLP A 7 L quant. 

Snake River JDLP A 3 L quant. 

Snake River JDLP A 3 L quant. 

Snake River JDLP A 6 L quant. 

D. geminata 

D. geminata 

D. geminata 

D. geminata 

D. geminata 

D. geminata 

D. geminata 

D. geminata 

D. geminata 

D. geminata 

D. geminata 

D. geminata 

D. geminata 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

0811 8/2008 

08/18/2008 

08/18/2008 

08118/2008 

08/18/2008 

08/18/2008 

08/18/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/ 19/2008 
08/19/2008 

08/19/2008 

08/19/2008 

08/19/2008 

08/1 9/2008 

08/1 9/2008 

08/19/2008 

08/19/2008 

08/19/2008 
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10954 

10954 

10955 

10956 

10957 
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10959 
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10963 

10964 
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10966 

10967 

10968 

10969 

10970 

10971 

10972 
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10974 

10975 

10975 

10976 

10977 

10978 

10979 

10979 

10980 

10981 

10983 

10984 

10985 

10985 

10986 

10987 

10988 

10989 

10990 

10991 

10992 

10993 

10994 

10995 

10996 

10997 

10998 

10999 

43.85823735 

43 .85690028 

43 .85690028 

43.8587402 

43 .86163161 

43 .84783456 

43 .84846313 

44.10212638 

44.1 0348869 

43.8587402 

43.62640 

43.8587402 

43.85795449 

43.85720021 

43 .85789164 

43 .85789164 

43 .86012305 

43.86087733 

43 .86163161 

43 .86163161 

43 .86034305 

43.85839449 

43 .7602494 

43 .7602494 

43.75113826 

43 .75113826 

43.74318351 

43 .74704081 

43.74704081 

43 .74704081 

43 .73334449 

43.84871455 

43 .84880884 

43 .84846313 

43 .84846313 

43.84783456 

43 .84635743 

43 .97339183 

43.97339183 

43.60477 

43.49794 

43 .54662 

43 .61884466 

43.69679273 

43.650095 

43 .58467 

-110.5499609 

-II 0.5584696 

-110.5584696 

-110.5456238 

-110.5653294 

-110.5218325 

-110.5249125 

-II 0.6726082 

-II 0.6822655 

-II 0.5456238 

110.77702 

-110.5456238 

-II 0.5827093 

-II 0.5799436 

-110.5768636 

-110.5768636 

-II 0.5760151 

-110.5712065 

-110.5684408 

-II 0.5653294 

-II 0.5629094 

-110.560898 

-110.6276562 

-II 0.6276562 

-II 0.649403 

-110.649403 

-II 0.6559907 

-110.6523115 

-110.6523115 

-110.6523115 

-110.6621454 

-110.5313868 

-110.5281811 

-110.5249125 

-110.5249125 

-110.5218325 

-110.5193497 

-110.645612 

-110.645612 

110.79350 

110.87268 

100.82227 

-110.7892574 

-110.7360295 

-110.806122 

110.82468 

Snake River JDLP B 3 L quant. 

Snake River JDLP B 0 L quant. 

Snake River JDLP B 0 L quant. 

Snake River JDLP B 5 L quant. 

Snake River JDLP A 8 L quant. 

Snake River JDLP C 4 L quant. 

Snake River JDLP C 3 L quant. 

Snake River Snake River above Jackson Lake FRJL A 2 

Snake River 

Snake River 

Lake Creek 

Snake River 

Snake River 

Snake River above Jackson Lake FRJL A 5-6 

Jackson Dam to Pacific Landing JDPL B 5 center 

Lake Creek at Rockefeller Preserve Trailhead #6 

Jackson Dam to Pacific Landing JDPL B 5 center 

Jackson Dam to Pacific Landing JDPL A 0 right 

Snake River Jackson Dam to Pacific Landing JDPL A 1 right 

Snake River Jackson Dam to Pacific Landing JDPL A 2 right 

Snake River Jackson Dam to Pacific Landing JDPL A 3 right 

Snake River Jackson Dam to Pacific Landing JDPL A 3 right 

Snake River Jackson Dam to Pacific Landing JDPL A 4 right 

Snake River Jackson Dam to Pacific Landing JDPL A 6 right 

Snake River Jackson Dam to Pacific Landing JDPL A 7 right 

Snake River Jackson Dam to Pacific Landing JDPL A 8 right 

Snake River Jackson Dam to Pacific Landing JDPL A 9 right 

Snake River Jackson Dam to Pacific Landing JDPL A 10 right 

Snake River Deadman's Bar to Moose DBMO A 0 right 

Snake River Deadman's Bar to Moose DBMO A 0 right 

Snake River Deadman's Bar to Moose DBMO B 0 right 

Snake River Deadman 's Bar to Moose DBMO B 0 left 

Snake River Deadman's Bar to Moose DBMO B 4 right 

Snake River Deadman 's Bar to Moose DBMO B 2 left 

Snake River Deadman 's Bar to Moose DBMO B 2 left 

Snake River Deadman's Bar to Moose DBMO B 2 !right 

Snake River Deadman's Bar to Moose DBMO C 0 left 

Snake River Jackson Dam to Pacific Landing JDPL C 1 right 

Snake River Jackson Dam to Pacific Landing JDPL C 2 right 

Snake River Jackson Dam to Pacific Landing JDPL C 3 right 

Snake River Jackson Dam to Pacific Landing JDPL C 3 right 

Snake River Jackson Dam to Pacific Landing JDPL C 4 right 

Snake River Jackson Dam to Pacific Landing JDPL C 5 right 

Arizona Arizona 2 
Creek 
Chris Creek Arizona 2 

Snake River Snake River below Jackson Dam 

Snake River Snake River below Jackson Dam 

Lake Creek 5 Lake Creek at Granite Trailhead 

Fish Creek I Fish Creek at Teton Village 

Fish Creek 2 Fish Creek 

Kaufmann 
Creek 
Taggart Creek 300 m upstream of bridge 

Phelps Lake 

Phelps Lake Lake Creek above Phelps Lake 

Fish Creek 3 Fish Creek at Teton Village 

D. geminata 

D. geminata 

D. geminata 
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08/19/2008 

08/19/2008 

08/19/2008 

08119/2008 

08/19/2008 

08/19/2008 

08119/2008 

08/17/2008 

08/17/2008 

08/17/2008 

08/17/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08/20/2008 

08117/2008 

08117/2008 

08/17/2008 

08/17/2008 

08/ 17/2008 

08117/2008 

08/17/2008 

08/17/2008 

08117/2008 

0811 7/2008 

08/ 17/2008 

08/ 17/2008 

08/17/2008 

08/17/2008 

08/17/2008 

08/ 17/2008 

08/ 17/2008 

08/1 7/2008 

0811 7/2008 

0811 7/2008 

08/17/2008 

08/ 17/2008 

08/ 17/2008 

08/17/2008 

08/ 17/2008 

08/21 /2008 

08/21 /2008 

08/21 /2008 

08/21 /2008 

D. geminata 08/22/2008 

D. geminata 08/22/2008 

08/22/2008 

D. geminata 08/22/2008 

08/22/2008 
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CHRONIC ANTHROPOGENIC NOISE EXPOSURE AND 
SONGBIRD HEARING 

+ 
1. R. BARBER + DEPARTMENT OF FISH, WILDLIFE AND CONSERVATION BIOLOGY 

COLORADO STATE UNIVERSITY + FORT COLLINS 

+ INTRODUCTION 

As human populations have increased, our 
impact can now be felt even in the deepest remnants of 
wilderness (Vitousek et al. 1997). The resource 
demands of the ever-increasing human enterprise are 
creating substantial amplification of man-made 
pollution, including noise production. The dominant 
sources of anthropogenic noise are transportation 
networks, development (including energy, urban and 
industrial) and recreational activities. These activities 
are increasing faster than population growth. Between 
1970 and 2007 the US population increased by 
approximately one third whereas 
(http://www.census.gov/compendia/statab/) traffic on 
US roads nearly tripled, to almost 5 trillion vehicle 
kilometers per year, (http://www.fhwa.dot.gov 
/ohim.tutw/tvoage.cfm.). Similar trends in shipping 
noise have also been observed in marine ecosystems, as 
discussed in reviews of noise impacts on manne 
animals (e.g. , Nowacek et al. 2007). 

Acoustical monitoring by the Natural Sounds 
Program of the U.S. National Park Service has 
documented increased ambient sound levels at hundreds 
of sites in a wide range of parks and habitats. Remote 
backcountry areas are not immune, because air 
transportation noise is widespread, and high traffic 
corridors generate substantial noise increases on the 
ground. For example, anthropogenic sound is audible at 
the Snow Flats backcountry site in Yosemite National 
Park nearly 70% of the time during peak traffic hours 
(Figures 1 and 2). Aircraft noise increases the median 

sound level by more than 3 dB(A) 1 during the hours 
between 8 am and 9 pm. Logarithmic scales like dB 
diminish the apparent magnitude of the impacts. A 3 dB 
increase corresponds to a 29% reduction in the distance 
a vigilant animal can detect a predator and a 50% 
reduction in the area an acoustically-mediated predator 
can search for prey sounds (for signals in the frequency 
band of the noise). 

Roads are another pervasive source of noise: 
83% of the land area in the continental U.S. is within 
1061 m of a road (Ritters and Wickham 2003). At this 
distance an average automobile - having a noise source 
level of 68 dB(A) measured at 15 m - will project a 
noise level of 19.9 dB(A). This exceeds the median 
natural levels of low frequency sound in most 
environments. Trucks and motorcycles will project 
substantially more noise: up to 40 dB(A) at 1 km, 
equivalent to the noise from 100 closely spaced 
automobiles. 

1 Decibel (dB): a logarithmic measure of acoustic 
intensity. 0 dB approximates the lowest threshold of 
healthy human hearing, corresponding to an intensity of 
10-12 W/m2

• Example sound intensities: -20 dB, sound 
just audible to a bat, owl or fox; 1 OdB, leaves rustling, 
quiet respiration; 60 dB, average human speaking 
voice; 80 dB, motorcycle at 15 meters. 
A-weighting: A method of summing sound energy 
across the frequency spectrum of sounds audible to 
humans. It is a broadband index ofloudness in humans 
in units of dB(A) or dBA. A-weighting also 
approximates the shapes of hearing threshold curves in 
birds (Lohr et al. 2003). 
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Figure 1. 24-hour spectrogram of Snow Flats backcountry site in Yosemite National Park, USA. 
This spectrogram displays 1/3 octave spectrum sound pressure levels for all hours of the day. Time is represented on the x axis with 
two hours on each row. Frequency is shown on they axis as a logarithmic scale extending from 40Hz to 4000Hz. The z axis (color) 
describes sound pressure levels in dB (unweighted). On this color scale, quiet levels appear dark blue while loud events appear orange 
or white. For reference, there are three airplane overflights in hour 03. Although this site is a backcountry site, analysis determined 
that anthropogenic noise was audible nearly 70 percent of the time during daylight hours. The morning bird chorus is faintly audible 
as a series of small dots just above 4000Hz, beginning at the end of hour 05. 

Figure 2. (a) 24-hour spectrogram ofYosemite Village site, USA. 
See Figure 1 for spectrogram details. Yosemite Village lies along the main transportation corridor within Yosemite National 
Park, USA. Vehicle engine noise appears as lines colored bright yellow to white. Nighttime noise consists of heating and cooling 
equipment and transportation noise. 
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SpecWgram, FFT stze 1 024, Hanning window. 

10kHz 

5 kHz 

Figure 3. A spectrogram (frequency in Hertz x time in seconds) of a series ofblack-capped chickadee alarm calls used as a playback 
stimulus in hearing threshold experiments. The z axis (color) describes relative sound pressure levels in dB. 

Why is chronic exposure a significant threat to 
the integrity of organisms in terrestrial ecosystems? 
When noise elevates ambient sound levels, the capacity 
to detect acoustic signals of interest is degraded (Lohr 
et al. 2003). Masking is important because seemingly 
modest increases in ambient sound levels can have 
substantial effects. Numerous recent publications have 
documented changes in the characteristics of bird, 
primate, cetacean and squirrel vocalizations in response 
to increased noise exposure (Brumm and Slabbekoom 
2005 ; Slabbekoom and Ripmeester 2007). These 
changes are attempts to reduce the masking of 
acoustical communication signals by anthropogenic 
nmse. 

We have been addressing the effects of man
made noise on animal communication systems by 
studying mixed songbird flocks along the Snake river 
corridor. The flocks are composed of such species as 
the black-capped chickadee (Poecile atricapi/1) and the 
red-breasted nuthatch (Sitta canadensis). Animal 
acoustic signals are constrained by the range over which 
they are above the threshold of the receiver and the 
background sound level. We are measuring the costs of 
acoustic masking by playing back biologically relevant 
signals to songbirds in varying levels of anthropogenic 
noise. Several classes of predation-related sounds 
( conspecific and heterospecific alarm calls and predator 
calls) are being played back to birds in 5 dB steps until 
the individual ' s behavior indicates a response to the 
stimulus. In this manner the hearing threshold for each 
bird is determined (see Figure 3 for an example 
playback stimulus). We use videographic three
dimensional reconstruction techniques to quantify the 

received levels of both the auditory background and 
played back signal at the position of the bird. This 
approach is allowing the first quantitative assessment of 
auditory masking in the field. Laboratory masking 
studies on birds have used 'white' noise (an unnatural 
signal where energy is distributed equally across the 
frequency spectrum) whereas anthropogenic noise is 
heavily weighted to lower frequencies with most energy 
contained below 2000 Hz. Signals are masked most 
effectively by energy contained within the same 
frequency range as the signal (Lohr et al. 2003) but 
other factors such as behavioral modifications by the 
receiver (head scanning, location or elevation change) 
and higher level cognitive processes are also likely to 
affect overall real-world masking levels (Brumm and 
Slabbekoom 2005). 

This work is taking place along the riparian 
corridors of the Snake and Gros Ventre rivers in Grand 
Teton National Park. Long-term sound monitoring by 
the Jackson Hole Airport (the only airport in a national 
park) near these research sites indicate a dramatic array 
of sound levels ranging from 20 dB(A) to over 90 
dB(A) (A DC-9 aircraft at one mile or a motorcycle at 
25 feet; see http://maps.aimortnetwork.com/JAC/). The 
goal of this ongoing study (expected completion date : 
2011) is to quantify the hearing thresholds of songbirds 
in the wild and use the data to quantitatively estimate 
impacts under ever-increasing background sound levels 
from anthropogenic noise. 
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+ ABSTRACT 

Yellowstone National Park's northern range is 
home to a geographically isolated population of 
pronghorn (Antilocapra americana) greatly reduced 
from historic levels of abundance. The genetic 
consequences of demographic declines in this 
population over the past 150 years are unknown, and 
the rates of genetic exchange among this and other 
populations in the Yellowstone basin are also unknown. 
We used 18 nuclear DNA microsatellite loci and 

noninvasively collected fecal samples from 73 
individuals to quantify basic population genetic 
parameters and gene flow within and among the 
Yellowstone pronghorn population, a new population in 
the Paradise Valley, and a large population near 
Livingston, MT. Evidence for a genetic bottleneck in 
Yellowstone was strong based on several tests of 
heterozygote excess (Wilcoxon tests P :S 0.033) and the 
relative ratio of allele richness to allele size range (M = 
0.283). However, mean population heterozygosity was 
high (HO = 0.665), and no indications of inbreeding 
were detected. Gene flow from elsewhere in the 
Yellowstone basin to Yellowstone National Park is 
extremely low. However, emigration from Yellowstone 
to the Paradise Valley population is high (26.7%), 
reinforcing conclusions based on behavioral data that 
this new population was founded by Yellowstone 
individuals. Despite years of population decline and 
genetic isolation, Yellowstone pronghorn appear to 
retain substantial genetic diversity. 

+ INTRODUCTION 

Yellowstone National Park's northern range is 
home to a geographically isolated population of 
pronghorn (Antilocapra americana) at severe risk of 
extirpation (National Research Council 2002). Like 
many pronghorn populations across western North 
America, Yellowstone's pronghorn herd has 
experienced a dramatic decline in abundance over the 
past two centuries (Keating 2002). Prior to the 
establishment of Yellowstone as a national park in 
1872, thousands of pronghorn were killed each year 
within the present-day park boundary until scarcity and 
protection by the U.S. Army in 1886 halted the decline 
(Keating 2002). With the exception of a single 
population irruption in 1990 (White et al. 2007a), 
estimates of the Yellowstone pronghorn population 
have remained at or below 500 individuals since 1947 
(Keating 2002). This population previously migrated 
over 80 km from summer ranges within present-day 
Yellowstone National Park (YNP) to an expansive 
winter range near Livingston, MT to the north. 
Beginning in 1902, human settlement and fencing in the 
Paradise Valley effectively ended their migration north 
of the park (Skinner 1922) and reduced the population's 
winter range to a fraction of its former size. These 
changes also likely severed meaningful connectivity and 
genetic exchange with neighboring pronghorn 
populations (Scott and Geisser 1996). Today, the 
Yellowstone pronghorn population numbers 
approximately 300 individuals and persists on a 
heavily-browsed winter range of approximately 30 km2 
(White et al. 2007b, Boccadori et al. 2008). 
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The genetic consequences of this dramatic 
demographic and range constriction are unknown. The 
apparent lack of connectivity with neighboring 
populations could lead to reproductive depression due 
to inbreeding, dramatically impacting the long-term 
viability of this population (Goodman 1996). Lee et al. 
( 1994) found that Yellowstone pronghorn retain 
relatively high levels of variation based on allozyme 
data (n = 11 individuals). The authors suggested that 
Yellowstone pronghorn may possess genetic diversity 
once widespread in historic pronghorn populations but 
now lost elsewhere except through past translocations 
of individuals from Yellowstone (Scott2004). Amore 
complete assessment of the extant genetic diversity of 
this population would dramatically improve future 
research and conservation planning for this and derived 
populations. 

Migration between this and formerly 
connected populations within the Yellowstone River 
basin would have important implications for the 
maintenance and spread of genetic diversity potentially 
present in the YNP pronghorn population. By 2002, a 
small non-introduced herd of reproducing pronghorn 
was established approximately 30 km north of the park 
in Paradise Valley and increased to more than 70 
animals in 2008. These animals mark the first 
significant return of pronghorn to the southern Paradise 
Valley since the early 20th century. The provenance of 
these individuals is unknown, but at least two marked, 
female pronghorn dispersed from the Yellowstone 
population to contribute to the initial establishment of 
this southern Paradise Valley herd (NPS, unpublished 
data). Genetic data supporting this, and data reflecting 
movement of individuals between Yellowstone and 
pronghorn in the Livingston, MT area north ofParadise 
Valley are lacking at this time. 

Within the Yellowstone River basin, 
understanding patterns of gene flow may help explain 
historic range abandonment within YNP (Keating 
2002), prevent future habitat restrictions due to NPS 
and private infrastructure development (Scott 1992, 
White et al. 2007b ), and aid reintroduction efforts 
should a catastrophic decrease in abundance occur. To 
meet these data deficiencies and conservation goals, we 
comprehensively characterized the genetics of the 
Yellowstone pronghorn population and the recently-
established population in Paradise Valley. We 
documented overall genetic diversity and 
heterozygosity of females and assessed evidence for a 
genetic bottleneck brought about by historic changes in 
population abundance. In addition, we used Bayesian 
analytical methods to estimate recent rates of migration 
between pronghorn groups in Yellowstone National 

Park, central Paradise Valley, and the lower 
Yellowstone Basin beyond Livingston, Montana. 

+ METHODS 

Genetic Data 
Naturally deposited fecal samples were 

collected between early June and early August 2006 
from undisturbed pronghorn on the northern range of 
Yellowstone National Park and the Point of Rocks area 
of Paradise Valley ca. 30 km north of Gardiner, MT 
(Figure 1 ). In July 2007, additional fecal samples were 
collected from pronghorn within the foothills between 
the Yellowstone and Boulder Rivers ca. 30 km east of 
Livingston, MT. Pronghorn groups were located from 
the ground. Visual observation of defecation events 
was used to assign separate identities to each sample. 
Samples were placed in sanitized plastic bags within 
one hour of deposition, labeled with collection data 
(date, time, Universal Transverse Mercator coordinates, 
individual sex, and approximate age (juvenile versus 
adult)), and transferred to a freezer within 8 hours of 
collection. Only adult female samples were used for 
analyses. 
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Figure 1. Study area and sampling locations (black crosses) 
for pronghorn in the upper Yellowstone River basin, 
Montana/Wyoming, USA Pronghorn within Yellowstone 
National Park constitute a single, partially-migratory 
population (White et al. 2007b). 

DNA was extracted from fecal samples in a 
room dedicated to low quantity DNA sources using the 
QIAamp DNA Stool Mini Kit (QIAGEN Inc., Valencia 
CA) with modification: target cells on the outer surface 



of the pellet were washed free for analysis using Buffer 
ASL rather than extracted from the entire homogenized 
pellet (Wehausen et al. 2004). Analyses were 
conducted using 18 microsatellite loci: Aam1-Aam8 
(Carling et al. 2003), ADCYC (Lou 1998), PrM6506 
(Stephen et al. 2005a), A103, A7, C10, D115, D116, 
A106, All, A118, A12, and C102 (in manuscript). 
DNA fragments were amplified using polymerase chain 
reaction (PCR). PCR products were analyzed using an 
ABI Prism 3130xl capillary system (Applied 
Biosystems, Foster City CA) and GENEMAPPER 3.5 
(ABI). Negative controls were included during the 
extraction and PCR to monitor for contamination. 
Consensus genotypes were determined based on 3-6 
PCR replicates per sample using visual inspection. 
Genotypes were accepted if alleles were observed 3 
times in the case of homozygotes and at least 2 times 
each in the case ofheterozygotes. Consensus genotypes 
were then verified using the consensus genotype 
function of GIMLET (Valiere 2002). Probability of 
identity and probability of identity siblings (Waits et al. 
2001) was assessed using GIMLET, and duplicate 
samples for the same individual were removed as 
appropriate. Error rates for allelic dropout and false 
alleles were calculated in GIMLET. 

Standard Population Parameters 
We calculated the mean population and 

individual multilocus heterozygosity, allele frequencies, 
the mean number of alleles per locus, allelic richness, 
departure from Hardy-Weinberg equilibrium, and 
linkage disequilibria between loci using ARLEQUIN 
3.11 (Schneider et al. 2000). 

Yellowstone Population Bottleneck 
Heterozygote excess relative to that expected 

from the observed allele number at mutation-drift 
equilibrium (a measure of recent bottleneck events) 
under infinite allele (Kimura and Crow 1964 ), two
phase (DiRienzo et al. 1994), and stepwise (Ohta and 
Kimura 1973) mutation models was assessed using 
BOTTLENECK (Cornuet and Luikart 1997). We 
further assessed evidence for an historic decline in 
population size using the mean ratio of the number of 
alleles (k) to the adjusted range in allele size (r) across 
loci (M = k/r; Garza and Williamson 2001). During a 
reduction in population size, the rate of loss of rare 
alleles will exceed the rate of contraction in the range of 
allele sizes. Thus, M is expected to be smaller in 
recently reduced populations than in populations at 
equilibrium (Garza and Williamson 2001). 
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Gene Flow 
We estimated rates of gene flow between areas 

of the Yellowstone River basin using the program 
BayesAss+, Version 1.3 (Wilson and Rannala 2003). 
BayesAss+ uses Markov Chain Monte Carlo (MCMC) 
simulation techniques to derive migration rates and 
does not assume groups are in Hardy-Weinberg or 
migration-drift equilibrium or that migration rates are 
constant. The program was allowed to run 3 x 106 
iterations with a thinning interval of2 x 103 and a burn
in period of 106 iterations. Delta values for the allele 
frequency, migration rate, and inbreeding value were 
set at 0.15 to ensure that proposed changes in the 
Markov chain were between 40% and 60% (Wilson and 
Rannala 2003). Two subsequent runs were conducted 
using differing values of the random seed to ensure 
stability in migration rate estimates. To evaluate the 
strength of the information in each dataset, 95% 
confidence intervals were determined for estimated 
rates and compared to simulation results in which no 
information was contained in the dataset. 

+ RESULTS 

Sample Quality 
Overall extraction and amplification success of 

fecal samples was 0.851. Across replicate runs, the 
percent of positive PCRs per locus averaged 0.89 and 
ranged from 0.75 (PMS2) to 0.99 (A106). Allelic 
dropout across loci averaged 0.1195 (range 0.020 
[ADCYC]-0.254 [D116]) and the frequency of false 
alleles averaged 0.0655 (range 0.0 [A106]-0.216 
[PMS7]). The probability of identity was low across 
loci (PI= 1.649 x 10-13 and PI(sibs) = 4.813 x 10-5) 
due to high numbers of alleles per locus, indicating a 
high power to differentiate individuals and identify 
duplicate samples. After removal of poorly-amplified 
and duplicate samples from all areas, 73 individuals (47 
from Yellowstone National Park, 8 from Paradise 
Valley, and 18 from Livingston) were retained for 
analyses. 

Population Genetic Diversity 
One locus (D 116) of 18 was out of Hardy

Weinberg equilibrium in theY ellowstone population (P 
= 0.023; Table 1), yet no linkage disequilibria was 
detected following Bonferroni correction. Observed 
mean heterozygosity was high (HO = 0.665), with 
observed per-locus heterozygosity ranging from 
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Locus Name 
Gene Allelic 

Copies 
A 

Range 
Ho HE P value F1s 

ADCYC 47 10 16 0.809 0.840 0.717 0.038 

PMSl 47 4 6 0.340 0.304 1.000 -0.121 

PMSlO 46 2 2 0.522 0.502 1.000 -0.041 

PMS11 45 6 10 0.556 0.606 0.641 0.084 

PMS2 47 4 18 0.426 0.548 0.127 0.226 

PMS7 42 9 32 0.833 0.853 0.100 0.023 

PMS9 45 3 4 0.511 0.556 0.645 0.081 

PRM6506 45 5 10 0.333 0.316 0.802 -0.054 

Al03 46 10 30 0.867 0.817 0.601 -0.062 

A7 47 7 20 0.787 0.784 0.612 -0.004 

ClO 45 8 40 0.837 0.773 0.716 -0.084 

D115 45 11 64 0.844 0.884 0.289 0.045 

D116 46 5 52 0.543 0.675 0.023 0.197 

Al06 47 10 30 0.936 0.866 0.477 -0.082 

All 45 11 44 0.864 0.876 0.454 O.Dl5 

All8 47 6 18 0.565 0.643 0.149 0.123 

A12 46 10 34 0.867 0.848 0.795 -0.022 

Cl02 47 2 4 0.532 0.431 0.167 -0.237 

Mean 45 .8 6.83 24.11 0.665 0.674 0.518 0.007 

Table 1: Summary ofbasic population genetic values for pronghorn in Yellowstone National Park, Montana/Wyoming, USA. The 
table shows the number of gene copies sampled, the number of alleles per locus (A), the range in allele size, observed (HO) and 
expected (HE) heterozygosity, the p-value for a Hardy-Weinberg exact test, and inbreeding coefficient (FIS). 

Locus Name 

ADCYC 

PMSl 

PMSIO 

PMSll 

PMS2 

PMS7 

PMS9 

PRM6506 

Al03 

A7 

ClO 

Dll5 

Dll6 

A106 

All 

All8 

A12 

Cl02 

Mean 

Gene 

Copies 

12 

16 

16 

14 

16 

12 

16 

14 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

15.3 

A 

5 
2 
2 
4 

3 
3 
2 

2 

6 
5 
3 
6 

3 
5 
4 

3 
5 
2 

3.6 

Allelic 

Range 

10 

2 

2 

8 

18 

6 
4 

2 

22 
20 

32 

56 

4 

20 

32 

12 

26 

4 

15 .56 

Ho 

0.833 

0.500 

0.125 

0.857 

0.500 

0.500 

0.375 

0.571 

0.875 

0.750 

0.750 

1.000 

0.375 

0.750 

0.875 

0.375 

1.000 

0.125 

0.619 

0.848 

0.400 

0.325 

0.648 

0.425 

0.330 

0.325 

0.527 

0.792 

0.767 

0.633 

0.867 

0.342 

0.600 

0.642 

0.608 

0.792 

0.125 

0.555 

P value 

0.890 

0.199 

0.773 

0.946 

0.558 

0.701 

0.935 

1 

0.682 

0.168 

0.815 

0.020 

-0.273 

0.632 

-0.358 

-0.191 

-0.154 

-0.167 

-0.091 

-0.144 

0.023 

-0.200 

-0.167 

-0.105 

-0.273 

-0.400 

0.400 

-0.287 

0.000 

-0.102 

Table 2: Summary ofbasic population genetic values for pronghorn located in southern Paradise Valley, Montana, USA. The table 
shows the number of gene copies sampled, the number of alleles per locus (A), the range in allele size, observed (H0 ) and expected 
(HE) heterozygosity, the p-value for a Hardy-Weinberg exact test, and inbreeding coefficient (F1s). 

0.333 (PRM6506) to 0.936 (AI 06). Individual 
multilocus heterozygosity averaged 0.653 (range 
0.333- 0.889). Evidence for inbreeding was low (FIS = 
0.007). 

For individuals m the Paradise Valley 
population, no loci were out of Hardy-Weinberg 
equilibrium, and no linkage disequilibria was detected 
following Bonferroni correction (Table 2). Observed 
mean heterozygosity was high (HO = 0.619), with 



observed per-locus heterozygosity ranging from 0.125 
(PMS10 and C102) to 1.000 (D115). Inbreeding in the 
Paradise Valley population was relatively high (FIS =-
0.102). 

Evidence for Bottlenecks in the Yellowstone 
Population 

Allelic diversity across loci was high in the 
Yellowstone population (mean number of alleles = 
6.83; range 2-11), as were the size ranges of many loci 
(mean allelic range 24.11 ; range 2-64) . 
Consequently, the mean ratio of allelic richness to the 
range of allele size across loci was low (M = 0.283). 
Heterozygote excess based on the number of observed 
alleles in the population was significant under an 
infinite allele and two-phase mutation model (pg = 0.1 , 
variance = 12 for the two-phase mutation model; 
Wilcoxon test for heterozygote excess P = 0.000 and 
0.033, respectively), but not under a stepwise mutation 
model (Wilcoxon test P = 0.680). The allele frequency 
distribution was approximately L-shaped and showed 
no evidence of a mode shift (Luikart et al. 1997). 

Rates of Gene Flow 
Estimated rates of migration into Yellowstone 

National Park from lower areas of the Yellowstone 
River basin were essentially zero (Table 3). Rates of 
immigration to Yellowstone National Park did not 
differ significantly from that observed in simulations 
from data containing no information (mean= 0.0837, 
95% CI = 0.00125, 0.261), likely suggesting 
insufficient sampling of one or more populations 
(Wilson and Rannala 2003). 

ToYNP m SD 95%CI 
population from: 

YNP 0.9848 0.0157 (0.7079, 
(non-migrants) 0.9992) 

Paradise Valley 0.0073 0.0111 (0, 0.0324) 

Livingston 0.0079 0.0097 (0, 0.0320) 

To Paradise Valley m SD 95%CI 
population from: 

YNP 0.2672 0.0417 (0.1505, 
0.3204) 

Paradise Valley 0.7038 0.0358 (0.6674, 
(non-migrants) 0.7905) 

Livingston 0.0290 0.0266 (0, 0.0889) 

Table 3: Directional gene flow estimates (m = proportion of 
migrants) for pronghorn populations in the Y ellowstone River 
basin ofMontana and Wyoming, USA based on BayesAss+ 
MCMC simulation. 

The total rate of immigration to the Paradise 
Valley population was 0.296: 0.267 from Yellowstone 
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National Park and 0.029 from the Livingston area. The 
rates of migration estimated from Yellowstone National 
Park and Livingston to Paradise Valley also did not 
differ significantly from that observed in simulations 
from data containing no information. 

+ DISCUSSION 

Population Genetics 
Several studies have examined the genetics of 

Yellowstone pronghorn as part of regional assessments. 
Lee et al. (1994) identified four mitochondrial 

haplotypes in Yellowstone pronghorn, one of which (J) 
was deemed unique to this population. However, 
subsequent work found the same haplotype in 16 of3 89 
pronghorn in east-central and north-west Arizona (Reat 
et al. 1999), possibly derived from translocated 
Yellowstone stock (Rhodes Jr. et al. 1999, Scott 2004). 
Lou (1998) conducted a distribution-wide assessment 
of pronghorn populations using 3 microsatellite loci. 
For a Wyoming 'population' comprised of individuals 
from Yellowstone National Park; Park Co., Wyoming; 
and Banner Co. , Nebraska, the mean number of alleles 
per locus was 10.3 and the observed heterozygosity was 
0.614. More recently, Stephen et al. (2005b) conducted 
a comparative study of pronghorn populations in Texas, 
Oregon, Arizona, portions of Mexico, and Yellowstone 
National Park using preserved tissues from Lee et al. 
( 1994) and 5 microsatellite loci. For the Yellowstone 
samples, they documented a mean number of alleles per 
locus of7, mean observed heterozygosity of0.636, and 
an inbreeding coefficient (FIS) of 0.0 18. 

Our results indicate that Yellowstone 
pronghorn retain substantial genetic diversity, with high 
mean observed heterozygosity (HO = 0.665) and high 
mean number of alleles per locus (6.833). Evidence for 
a significant genetic bottleneck of the population is 
mixed and dependent on the chosen mutation model. 
Three mutation models are widely applied to 
microsatellite markers: the infinite allele model 
(Kimura and Crow 1964 ), the two-phase model (Di 
Rienzo et al. 1994), and the stepwise mutation model 
(Ohta and Kimura 1973). The two-phase model is 
considered the most appropriate for microsatellite loci 
(Ellegren 2000, 2004), followed by the stepwise 
mutation model (Luikart and Cornuet 1998). 
Interestingly, significant heterozygote excess (based on 
allelic diversity per locus) was detected under the 
assumptions of the two-phase and infinite alleles 
models, but not the stepwise mutation model. Of the 
three models, the stepwise mutation model is 
considered the most conservative and the least likely to 
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facilitate detection of a bottleneck event (Luikart and 
Cornuet 1998). Our estimate of M (0.283, the mean 
ratio of the number of alleles to the allele size range 
across loci) is exceptionally low (literature range 0.599-
0.926; Garza and Williamson 2001) due to wide allelic 
ranges at several loci. These results suggest a 
substantial reduction in allelic diversity from historic 
levels and provide further evidence for an historic 
genetic bottleneck of this population. However, the 
mean number of alleles in Yellowstone pronghorn is 
high relative to many pronghorn populations (Stephen 
et al. 2005b ), suggesting that their genetic diversity 
remains relatively high. 

Gene Flow in the Yellowstone Basin 
Despite limited genetic sampling of pronghorn 

in the Livingston area, our results appear to indicate an 
extremely low rate of gene flow to Yellowstone from 
formerly-utilized winter range areas beyond Livingston, 
MT. Substantial agricultural and residential 
development within the northern Paradise Valley may 
prevent meaningful genetic exchange between herd 
units through this area. However, the recent 
colonization of the southern Paradise Valley, 
maintained by heavy immigration from Yellowstone 
National Park, suggests that viable pronghorn habitat in 
this area may be colonized despite current levels of 
development. The route taken by pronghorn migrating 
north from the park involves not only agricultural lands 
but also a narrow canyon occupied by the Yellowstone 
River and two roads. Our results are consistent with 
behavioral observations of marked Yellowstone 
individuals known to have emigrated from the park to 
the Point of Rocks area in 2002 (NPS, unpublished 
data). Interestingly, migration between the park and 
Paradise Valley appears to be strongly asymmetric, with 
few individuals migrating from Paradise Valley to 
Yellowstone National Park. The reasons for this are 
unclear and warrant further study. 

Though pronghorn are known to disperse 
through the park interior on rare occasions (Scott and 
Geisser 1996), Paradise Valley represents the most 
likely conduit for gene flow between Yellowstone and 
neighboring pronghorn populations. Persistence ofthe 
recently-formed Paradise Valley population is likely to 
improve the long-term viability of the Yellowstone 
National Park population and greatly reduce the 
likelihood of permanent local extirpation (Hanski and 
Gilpin 1997). The National Park Service has developed 
plans in conjunction with restoration experts to re
establish native vegetation dominated by big 
sagebrush/bluebunch wheatgrass to winter range areas 
once tilled for agriculture and now supporting invasive 
alien species. These efforts may promote the retention 

of Yellowstone pronghorn within the park boundary 
during the winter months, reducing emigration rates. 
Conversely, restoration efforts along the park boundary 
may increase the frequency with which social groups 
range north of the park across private lands. Park 
personnel are working with the U.S. Forest Service, 
State of Montana, private landowners, and conservation 
organizations to improve habitat and connectivity 
between the park and historic winter ranges to the north. 
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+ ABSTRACT 

Many ungulate populations have lost access to 
their traditional migration routes and seasonal ranges, 
resulting in rapid and severe population declines. Some 
ungulate populations have been able to adapt to living 
year-round on one seasonal range and persist despite 
loss of migration. However, our understanding of how 
ungulates adapt their habitat selection and foraging 
strategies in order to compensate for migration loss is 
poor. This study investigates how a formerly 
migratory, now sedentary and isolated bighorn sheep 
(Ovis canadensis) population persists year-round on 
high-elevation summer range in the Teton Range in 
northwest Wyoming. We captured and GPS-collared 
20 bighorn ewes throughout the Teton Range in 
February 2008 and an additional8 ewes in March 2009. 
In 2008, ninety percent of captured ewes were pregnant, 
and 100% were pregnant in 2009. During summer 
2008, we located and observed GPS-collared ewes, 
determined lamb survival, collected fecal samples for 
diet composition analysis, and observed time-budgets. 
We found that 50% oflambs survived until at least mid
summer. Diet composition analysis is pending and we 
are waiting to combine time-budget observations with 
additional data that will be collected during summers 
2009 and 2010. We observed differences in movement 
patterns between GPS-collared ewes during summer 
2008, ranging from 5 km to a maximum of 15 km. At 
this time, six GPS-collared ewes have died (four in 
avalanches, one from predation, and one unknown). 
This study is ongoing and will be completed in 2010. 
Results will directly contribute to management of this 

non-migratory and isolated bighorn sheep population, 
and will shed light on how a formerly migratory 
ungulate population has been able to persist on high
elevation range year-round. 

+ INTRODUCTION 

Animal migration is one of the most 
spectacular natural phenomena on the planet. Despite 
its inherent appeal to the human imagination, we are 
only beginning to understand the connections between 
migration, ungulate population dynamics, and the 
ecological consequences of migration disruption and 
loss (Bolger et al. 2008). Over the past two centuries, 
ungulate migrations around the world have been 
threatened due to human activities, commonly in the 
form of anthropogenic barriers or land conversion and 
habitat loss (Bolger et al. 2008). Where migration 
routes have been disrupted or lost, the result is often 
rapid population decline and at the extreme, local 
extinction (Newmark 1996, Mwangi 1998, Bolger et al. 
2008). For example, between the late 1970s and 1990s, 
there was an 81% decline in the wildebeest 
( Connochaetes taurinus) population in the Masai Mara 
ecosystem in southern Kenya attributed to conversion 
of wet season calving and breeding range to agricultural 
uses (Ottichilo et al. 2001, Serneels & Lamb in 2001 ). 

Loss of access to winter, dry season, or 
breeding ranges appears to reduce carrying capacity, 
although the exact nature of the mechanisms and effects 
on ungulate populations is unclear (Bolger et al. 2008). 
While some ungulate populations experience a severe 
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decline and local extinction after the loss of traditional 
migration routes, some populations continue to persist, 
although with lower numbers (Whitfield 1983). In such 
cases, it is unknown how ungulate populations 
behaviorally adapt to living year-round on one seasonal 
range. Our current understanding of ungulate migration 
losses begs the following questions: How do their 
habitat selection strategies change in order to survive in 
a sub-optimal habitat for at least part of the year? What 
novel pressures do sedentary, non-migratory ungulates 
face and how do they cope with them? Which species 
and ecosystems are best able to persist after migration 
routes have been lost? 

Due to their specialized habitat requirements 
(i.e. proximity to escape terrain, good horizontal 
visibility) bighorn sheep (Ovis canadensis) have a 
naturally fragmented distribution, with habitat patches 
connected by traditional non-habitat movement 
corridors (Risenhoover 1988, Bleich et al. 1990, Valdez 
& Krausman 1999). This naturally fragmented 
distribution was exacerbated by the arrival of Euro
Americans to the West in the late 1800s, which caused 
a catastrophic decline of bighorn sheep numbers due to 
the combined effects of disease (primarily scabies 
caused by the Psoroptes mite), overhunting, 
competition for forage with domestic livestock, and 
displacement from winter range (Buechner 1960). This 
decline resulted in many small, isolated populations and 
loss of traditional migration corridors (Risenhoover 
1988). More recent habitat losses from agricultural, 
industrial, and recreational development, fire 
suppression, and anthropogenic barriers to movement 
such as roads and fences have led to further disruption 
of historic bighorn sheep migrations and inter
population connectivity. Because bighorn sheep are 
poor colonizers of new habitats (Risenhoover et al. 
1988), they are particularly vulnerable to population 
decline and local extirpation from loss of traditional 
migration routes and seasonal range reduction from 
anthropogenic influences. 

Like many ungulates, most bighorn sheep 
populations undertake seasonal altitudinal migrations 
(Shackleton et al. 1999). Seasonal altitudinal 
movements allow bighorn sheep to access the highest 
quality and most digestible forage available within their 
home range. Bighorn sheep are able to take advantage 
oflow elevation vegetation growth in spring and follow 
new growth to higher elevations, accessing nutritious 
forage into mid and late summer (Klein 1965). Hebert 
(1973) concluded that altitudinal migration was 
essential to maintaining seasonal bighorn sheep 
nutrition. 

The Teton Range bighorn sheep herd in 
northwest Wyoming is an example of a sheep 
population that has abandoned its historic migration to 
low-elevation winter range. Prior to the arrival ofEuro
American settlers to Jackson Hole and Teton Valley in 
the late 1800s, bighorn sheep wintered in the foothills 
and valleys surrounding the Teton Range. However, 
due to a number of factors including human 
development, widespread domestic sheep grazing, fire 
suppression, and construction of roads and fences, 
bighorn sheep abandoned their historic migration routes 
and by the mid-1900s became a non-migratory, isolated 
population summering and wintering at high elevations 
in the Teton Range (Whitfield 1983). Nevertheless, the 
herd continues to persist and provides us an opportunity 
to investigate an ungulate population's ability to adapt 
to migration loss. 

The main objectives of this study are to 1) 
compare bighorn sheep habitat selection during summer 
and winter, and 2) evaluate bighorn sheep avoidance of 
suitable winter habitats where human recreation occurs. 
These objectives will be addressed mainly with data 
from GPS-collars and winter field work. However, we 
are also gathering supplemental information during 
summer seasons about relatively unknown vital rates for 
this population (i.e. adult mortality and lamb survival), 
diet composition, and time-budgets (time spent foraging 
vs. time spent vigilant for predators) to compare with 
data from migratory sheep populations. We 
hypothesize that in order for this non-migratory 
population to persist year-round on high elevation 
summer range, they may exhibit different foraging 
strategies and anti-predator behaviors than migratory 
sheep populations in similar habitats. 

STUDY AREA 

The Teton Range bighorn sheep herd resides 
year-round at high elevations in Grand Teton National 
Park (GTNP), Bridger-Teton National Forest (BTNF), 
and Caribou-Targhee National Forest (CTNF) (Fig. 1). 
The Teton herd is Wyoming's smallest and most 
isolated native herd - a remnant population of perhaps 
125-150 sheep derived from a much larger bighorn 
sheep complex that historically occupied northwest 
Wyoming. Unlike many other bighorn sheep herds in 
the Rocky Mountain West, the Teton herd has yet to 
experience a transplant to augment population size 
(Hurley 1996). 

Growing recognition of the tenuous status of 
the Teton bighorn sheep population and the need for 
interagency cooperation in managing the herd led to the 
formation of the Teton Range Bighorn Sheep Working 



Group (TRBSWG) in 1990. This group identified a 
number of threats to the herd's future persistence 
including small population size, genetic isolation from 
surrounding herds, limited and poor quality winter 
range, and disturbance from increasing levels of winter 
backcountry recreation (Teton Range Bighorn Sheep 
Working Group 1996). Wildlife biologists and 
managers in the area are striving to develop effective 
strategies to manage this herd without having to 
augment numbers with a transplant. 

Teton Range Bighorn 
Sheep Project Area 

Figure 1. Project study area. 

+ METHODS 

Capture and GPS-collaring 
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To evaluate bighorn sheep seasonal habitat 
selection, Telonics GPS store-on-board collars 
(Telonics, Inc., Mesa, Arizona, U.S.A.) were deployed 
on 20 ewes in February 2008. Ewes were captured by 
net-gunning from a helicopter (Leading Edge Aviation, 
Lewiston, Idaho) throughout the Teton Range (Fig. 2). 
The GPS collars are programmed to collect a GPS fix 
every five hours during the winter (15 November - 15 
April) and summer ( 15 June - 15 September) and every 
25 hours during the fall ( 16 September - 14 November) 
and spring (16 April- 14 June). The collars are 
programmed to drop off on 15 July 2010, yielding 
about 2 Y2 years of data. During captures, blood (20 cc) 
was collected from all ewes for pregnancy and disease 
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analysis, and ear swabs for mite testing. Fecal, tissue, 
and an additional blood sample were collected from all 
ewes for contribution to a genetic study being 
conducted by Grand Teton National Park. In addition, 
we estimated age with hom ring counts, and we 
recorded capture and release times. 

In March 2009, we captured and GPS-collared 
an additional eight bighorn ewes, implementing the 
same capture techniques as in the previous year (Fig. 2). 
We collected the same biological samples for 

pregnancy, disease, and genetic testing, recorded hom 
rings, capture and release times, and weighed 
individuals. 

Figure 2. Bighorn sheep capture locations in the Teton 
Range, February 2008 (red) and March 2009 (blue). 

Monitoring adult mortality 
In order to monitor for GPS-collared sheep 

mortalities and obtain general locations of sheep 
throughout the study period, monthly telemetry flights 
were conducted with a fixed-wing aircraft (Sky 
Aviation, Driggs, Idaho). These flights were increased 
to two times per month during the summer season (June 
-August) to assist field crews in locating GPS-collared 
sheep from the ground. Mortalities were investigated as 
soon as possible on the ground, and standard necropsy 
procedures were conducted. 
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Summer field data collection 
During summer 2008, we collected field data 

to enhance our understanding of Teton Range bighorn 
sheep demography, diet, and behavior. After the 
completion of data collection in summers 2009 and 
2010, we will compare the diet composition, behavior, 
and lamb survival of the non-migratory Teton bighorn 
sheep population with findings from studies of 
migratory sheep populations in similar habitats. 

Lamb survival 
During summer 2008, two field crews made up 

of two people each monitored lamb survival for GPS
collared ewes from June to August. Field crews spent 
4-5 days in the backcountry at a time, and located and 
observed each GPS-collared ewe at least four times to 
determine the presence or absence of a lamb. We 
identified lamb/ewe pairs by observing suckling 
behavior. In bighorn sheep, it is rare for a ewe to allow 
a lamb other than her own to suckle (Valdez & 
Krausman 1999). In addition to lamb survival, we also 
recorded bighorn sheep group sizes and composition. 

Diet composition 
We collected bighorn sheep fecal samples 

from June to August 2008 for diet composition analysis 
at the Washington State University Wildlife Habitat and 
Nutrition Laboratory in Pullman, Washington. Fresh 
samples were combined into three composite samples to 
represent bighorn sheep diets in June, July, and August 
2008. Major forage plants (>5% of diet) and the 
percent content of forage classes (grass, shrub, forbs, 
etc.) were identified. Because it was difficult and time
consuming to collect fresh fecal samples, we also 
opportunistically collected older fecal samples that we 
came across in the field. These samples were combined 
into composite samples for the northern (areas north of 
Mount Moran) and southern (areas south of the Middle 
Teton) herd segments in the Teton Range. These 
composite samples were analyzed for percent content of 
forage classes only. These data will be compared to 
other bighorn sheep foraging studies to determine 
whether this herd selects summer forage differently than 
migratory sheep herds. 

Sheep foraging and time-budgets 
Non-migratory and migratory ungulates may 

exhibit different seasonal patterns of foraging and 
vigilance behaviors. Non-migratory bighorn sheep that 
winter at high elevations may have to spend more time 
foraging and less time being vigilant during the summer 
in order to gain enough fat stores to survive on 
relatively marginal forage during the winter. Bighorn 
sheep in the Tetons may be forced to rely more heavily 
on their fat reserves during winter than migratory 

populations. During summer 2008, field crews located 
groups of bighorn sheep and conducted time-budget 
observations to determine percent of time spent 
foraging vs. percent of time spent vigilant. After 
locating a group, we observed each individual in the 
group for 15 minutes, and calculated the proportion of 
time spent foraging, vigilant, moving, standing, and 
bedded. In addition, a group scan was conducted every 
5 minutes during each 15-minute observation period 
and behaviors were recorded for all individuals in the 
group. For each focal individual, we recorded sex, 
approximate age, and presence of lamb, as well as 
group size, composition, and estimated distance from 
escape terrain, all of which have been demonstrated to 
influence anti-predator behavior in ungulates (Berger 
1978, Frid 1997, Lung & Childress 2006). 

+ RESULTS & DISCUSSION 

Captures 
The average estimated age of captured ewes 

was 4.35 years (min= 1 year, max= 8 years) in 2008 
and 3.25 years (min= 2 years, max= 4 years) in 2009. 
The average weight of ewes in 2009 was 59 kg (min= 
50 kg, max = 66 kg). Average processing time for 
captured ewes in 2008 was 10 minutes (min = 5 
minutes, max= 13 minutes), and 16.5 minutes (min= 9 
minutes, max= 28 minutes) in 2009. The increase in 
2009 was due to extra time needed for weighing 
individuals. 

Pregnancy and disease testing 
Pregnancy testing revealed that 1 7 of 19 ewes 

of reproductive age (90%) were pregnant in 2008. In 
2009, 100% of ewes were pregnant. These rates of 
pregancy suggest that conditions on high-elevation 
range are not severe enough to impact pregnancy rates 
in late-winter. 

In 2008 and 2009, captured ewes tested 
negative or had extremely low titers for 12 common 
bighorn sheep diseases: caprine arthritis encephalitis, 
ovine progressive pleuropneumonia, infectious bovine 
rhinotracheitis, bovine viral diarrhea, parainfluenza 
virus, respiratory synctial virus, bluetongue, Johne ' s 
disease, Brucella avis, wildlife brucellosis serology, 
epizootic hemorrhagic disease virus, and Psoroptes 
mites. These results indicate very low previous disease 
exposure for this isolated population. Of special note 
are the low titers results for parainfluenza virus, to 
which nearly 100% of Wyoming ungulates have been 
exposed (H. Edwards, pers. comm.). For the time 
being, these results are reassuring because they do not 



indicate any immediate disease threat to the Teton herd. 
However, the low titers suggest that this population is 
naive to many diseases, which may increase the risk of 
population decline if a new disease infects the herd in 
the future. Also, the tradeoff of benefits and risks of a 
potential transplant will have to be seriously considered 
by wildlife biologist and managers. The risk of 
introduction of disease into the Teton herd through a 
transplant may outweigh the benefit of increasing 
population numbers and genetic diversity. 

Adult mortality and lamb survival 
Five (25%) GPS-collared ewes died during the 

first year of the study (2008). Three were killed in 
spring avalanches, one died from unknown causes in the 
fall, and one died in a winter avalanche (Fig. 3). We 
have had one mortality so far in 2009; one of the newly 
captured ewes died in mid-April from apparent 
predation (likely a mountain lion). This preliminary 
mortality rate for adult females appears high especially 
for a relatively small population. Combined mortality 
data from the entire study (2008 -2010) will allow a 
more accurate estimate of adult ewe mortality 

We observed each GPS-collared ewe at least 
four times throughout the swnmer and determined that 
50% oflambs from GPS-collared ewes survived until at 
least mid-summer, which is a typical survival rate 
(Geist 1971, Valdez & Krausman 1999). Very little is 
known about the demography of this isolated, non
migratory herd, so even though our sample size is small, 
gathering information on lamb survival and adult 
mortality is informative to managers in determining the 
need for a future demographic study or monitoring 
efforts. We will continue to collect lamb survival data 
during summers 2009 and 2010. 
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Summer observations and movement 
Combined, field crews spent 95 days in the 

backcountry during summer 2008, tracking and 
observing bighorn sheep. We observed 229 bighorn 
sheep (many are repeat observations) on 42 different 
occasions (Fig. 4). The average group size observed 
was 5.5 individuals (min = 1, max = 16). We 
completed six monitoring flights from June to August 
2008 (Fig. 4). These flights assisted field crews in 
locating bighorn sheep groups with GPS-collars on the 
ground. Between monitoring flights and ground 
observations, we documented different movement 
tendencies between GPS-collared ewes. Movements 
ranged from 5 km throughout the summer, up to a 
maximum of 15 km. Once we are able to collect the 
GPS-collars in July 2010 and download locations for 
each sheep, we will be able to gain a better 
understanding of the habitat selection strategies that 
influence these movement differences. 

Diet composition 
We observed bighorn sheep foraging most 

frequently on a variety of grasses, serviceberry 
(Amelanchier alnifolia), willow species (Salix spp.), 
arrow-leaved balsamroot (Balsamorhiza sagittata), 
columbine (Aquilegia jlavescens), wild vetch (Vicia 
americana), and sticky geranium (Geranium 
viscosissimum). In summer 2008, we collected 62 
bighorn sheep fecal samples. Eighteen (29%) of the 
samples were collected fresh. We are currently 
awaiting diet composition results. We plan to continue 
our collection of fecal samples in summers 2009 and 
2010. 

Figure 3. GPS location data downloaded from ewe 543. The GPS-collar was retrieved 
after the ewe died in an avalanche in December 2009, l 0 months after capture. 
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Figure 4. Aerial (red) and ground (blue) relocations of 
GPS-collared bighorn sheep, June - September 2008. 

Time-budgets 
During summer 2008, we completed time

budget observations on 53 individuals within 21 groups. 
Unfortunately, we had limited success in observing 
bighorn sheep groups foraging. Due to the challenging 
terrain in the Tetons and the difficulty of locating 
bighorn sheep groups, we often did not observe groups 
until mid-day, during which they were usually resting. 
During summers 2009 and 2010, we aim to increase our 
time-budget observations by altering our daily schedule 
and attempting to observe more bighorn sheep groups 
in the morning or late afternoon when they are more 
likely to be foraging. 

+ MANAGEMENT IMPLICATIONS 

The Teton Range bighorn sheep population 
has lost access to its historical winter range and 
migration patterns, which are threats facing many 
ungulate populations today. Results from this study 
will shed light on how this bighorn sheep population 
has adapted to wintering at high-elevations year-round 
and how the habitat selection strategies are different 
from migratory populations. This study will expand our 
understanding of the consequences of loss of migration 
for ungulate populations, the strategies that some may 

develop in order to persist, and the taxa and ecosystems 
that may more easily support non-migratory 
populations. 

The results from this project will immediately 
contribute to decision-making by local wildlife 
managers at GTNP, BTNF, CTNF, and the WGFD and 
inform effective future bighorn sheep conservation and 
management strategies in the Teton Range. Knowledge 
of the population's habitat selection strategies and 
strategies to cope with living year-round on summer 
range will provide insight and justification to managers 
in future decision-making. This study will be 
completed in 2010 and results will be published in peer
reviewed scientific literature and presented at various 
national and regional scientific conferences. 
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+ ABSTRACT 

Regional models of global climate change for 
the northern Rocky Mountains predict warmer 
temperatures and western states have shown a recent 
trend towards increases in the fraction of precipitation 
falling as rain rather than snow. Thus, the amount of 
soil moisture available to plants during the growing 
season may already be varying significantly from 
historical conditions. In order to simulate drier summer 
soil conditions and test soil moisture and plant 
responses, we set up a pilot snow removal experiment 
in Grand Teton National Park, WY in 2008. Because 
most of the precipitation comes in the form of snow, 
and spring snowpack is about 50% water by volume, 
removing all snow present in early May can reduce the 
annual precipitation by approximately half. Snow was 
removed from three ~9 x 15 m experimental plots using 
a Thiokol in early May. These experimental sites were 
paired with adjacent control sites and the pairs were 
established along a hydrological gradient of meadow 
types representing hydric, mesic, and xeric sites. 
Dataloggers were installed in June and soil moisture 
was monitored at 5, 20, and 50 em depths through 
August. Water potential was measured in Bromus and 
Carex during mid-July. Over the summer season, there 
were differences in soil water between the snow 
removal and control plots, as well as across the 
hydrological gradient. Decreases in soil water content 
and water potential of Carex showed strongest 
responses in the mesic site, whereas Bromus showed the 
strongest response in the hydric site. This is the first 

study to reveal that variability in spring snowpack can 
lead to measurable impacts on the vegetation 
community, even into mid-late summer when soil water 
is fairly scarce throughout the landscape. Furthermore, 
changes in snow depth are not likely to have equivalent 
impacts on the different community types within a 
region; the effects will vary predictably as a function of 
soil and plant community characteristics. 

+ INTRODUCTION 

In semi -arid, continental regions such as the 
Greater Yellowstone Ecosystem (GYE) one of the most 
important questions relative to climate change may be 
how the variation in soil moisture (both seasonally, and 
throughout the soil profile) affects different functional 
groups of plants and how these changes are manifested 
in the ecological community at large. Regional models 
of global climate change for the northern Rocky 
Mountains predict warmer temperatures (Reiners et al. 
2003) and western states have shown a recent trend 
towards increases in the fraction of precipitation falling 
as rain rather than snow (Mote et al. 2005; Knowles et 
al. 2006). The summers of 2000-2007 were 
characterized by much higher drought conditions 
relative to average summer months from 1885-1996 
based upon monthly Palmer Drought Severity Index 
values (Debinski et al., unpublished data). Thus, the 
amount of soil moisture available to plants during the 
growing season may already be varying significantly 
from historical conditions. 
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Montane meadows can provide an early 
warning system for how plant communities in the GYE 
are responding to climate change. They exist in a 
predominantly arid matrix and are arrayed along a 
unique hydrological gradient (from hydric to mesic to 
xeric) with their boundaries defined by soil type, soil 
moisture, herbivory, and fire (Despain 1990). They are 
vegetated by grasses, shrubs, sedges, and forbs, 
allowing for quick responses to changes in precipitation 
and temperature. Because the landscape of the Greater 
Yellowstone Ecosystem is composed of such a broad 
mosaic of these meadows, it provides an opportunity to 
examine landscape-level responses to climate change. 
Each of these meadow types has a different soil type, 
soil profile, and ability to hold moisture. Therefore, 
changes in precipitation may be differentially 
manifested across the meadow types depending upon 
this soil type. In some meadows, additional 
precipitation may make no difference if the soil has 
little ability to hold that moisture. The movement and 
storage of moisture within the soil profile will be 
affected by the position of the meadow along the 
hydrological gradient. 

Increasing soil and air temperatures, and 
altered precipitation patterns will have effects on the 
physiological processes and competitive relationships 
among vascular plants in this relatively xeric 
environment (Ehleringer et al. 2000), and these effects 
could have significant repercussions through the system 
affecting higher trophic levels. Relative abundances of 
plant functional groups could change because 
shallower-rooted plant species utilize intermittently 
available water from summer rains, whereas deeper
rooted species rely more on precipitation stored in deep 
soils during snowmelt (Dodd et al. 1998; Williams and 
Ehleringer 2000). The relative percent cover of forbs , 
shrubs, and bare ground in low elevation meadows has 
shown changes over the past decade. Forbs, which are 
generally more shallow-rooted, have been decreasing 
whereas shrubs such as sagebrush (Artemisia spp.), 
which are deeper-rooted, are increasing (Debinski et al. , 
unpublished data). 

There is a need for experimental data that will 
allow us to understand how changing precipitation and 
dates of snowmelt may affect ecological communities. 
In other ecosystems, rainout, rain addition structures, or 
warming lights have been utilized to modify the amount 
of precipitation or the temperature of a grassland site 
(Germino and Smith 1999, Cross and Harte 2007). 
However, because our study sites are located within 
Grand Teton National Park, we wanted to minimize the 
visible structures associated with our experiment. We 
worked with Park Service research staff members to 

construct an approach that was minimally invasive but 
also allowed us to test these hypotheses in a rigorous 
fashion. The solution involved manipulating the 
amount of snow on the ground in May. Assuming that 
these sites get about 53 crnlyr of precipitation (Shaw, 
1958), mostly as snow, and that spring snowpack is 
about 50% water by volume 
(http://cdec.water.ca.gov/snow/misc/density.html), then 
removing 50 em of the snowpack (i.e. , all snow still 
present in early May) could reduce the annual 
precipitation by half. Snow was removed using a 
"Thiokol" tractor with tank-like treads such that the soil 
and vegetation disturbance is minimized. Use of such 
machinery allowed for the creation of much larger 
experimental plots compared to some of the plots 
associated with rainfall exclosures. 

The central hypothesis for this research was 
that soil moisture is a major environmental driver in this 
ecosystem, and that if soil moisture changes, changes in 
the ecological community will be differentially 
manifested as a function of their position on the 
hydrological gradient. More specifically, we expected 
that snow removal in May would reduce soil moisture 
in experimental relative to control plots. Differences 
would be exhibited primarily at the shallow (5 em) and 
intermediate depths (25 em) and less so in the deepest 
depths (50 em). We expected that the intermediate 
depth (25 em) would show the longest temporal effects. 
We also expected that the difference in soil moisture 

between experimental and control plots would be 
maintained though a portion of the summer growing 
season, but would dissipate by August. 

Whether changes in precipitation affect 
shallow or deeper soil water could have major 
repercussions on the balances of herbaceous versus 
woody species. Our rationale for predicting the 20-50 
em depths to have the most important change in water 
availability is based on our previous observations that 
meadow soils at ~20 to 50cm depth tended to become 
very dry by mid-late summer, regardless of annual 
precipitation patterns (to near -5 MPa or <10% 
Volumetric Water Content (VWC); values below the 
extraction limit of the plant community; from the years 
2000-2005, Hill et al. 2006; Inouye 2006). In contrast, 
soils below about 100 em depth tend to more reliably 
have water available to the fewer roots present at these 
deeper depths, even during drought years (the exact 
depth varies by soil and vegetation type). Thus, in 
contrast to Walter's (1971) bi-layer model of soil 
resources, we envisioned three key horizons in soil: i) a 
shallow layer ( ~20 em), which tends to dry below 
levels useful to plants in nearly every growth season, 
but a layer that may intermittently have small amounts 



of wetting from summer rains, ii) a mid-layer (~20-50 
em) in which most plant species will have at least some 
roots, and a layer in which the availability of soil water 
can vary substantially among years, and iii) a deep layer 
( ->50-1 OOcm) that more reliably has available soil 
water owing to limited rooting and only in certain 
species. 

+ METHODS 

Plot selection and establishment 

Three sites were selected for a pilot test of 
snow removal in 2008 at the University of Wyoming
National Park Service Research Station in Moran, WY 
(Fig. 1 ). Snow removal sites were approximately 15 x 9 
min size. These included a xeric site (Site 1, Lawrence 
House), a mesic site (Site 2, Boise Barn) and a hydric 
site (Site 3, Berol Lodge). All three sites were flat and 
relatively homogeneous in vegetation composition. 
Within the snow removal area, a 5 x 10 m plot was 
established which was at least 2m from the edge of the 
snow removal area. An adjacent "control" site, also 5 x 
1 0 m in size, was located a minimum of 2 m away. The 
distance between control and experimental plots was 
selected so that we could minimize edge effects but also 
place them close enough so that a datalogger could be 
positioned in the middle and linked via cables to both 
the experimental snow removal and the control plots. 

Fig. I. Location of three sites for snow removal experiment in 
2008 from Google Earth, June, 2008 http://earth.google.com/. 
Each site included a snow removal plot and a control plot. 
Research was conducted on the premises of the University of 
Wyoming National Park Research Station Moran WY 

Snow removal 

Snow was removed on May 10, 2008, when 
there was about 83 em of snow on the ground 
(equivalent to - 41 em of water). The Thiokol has a 
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tank-like tread and was driven in a linear fashion, 
removing snow layer by layer, a few inches at a time, 
starting at the top layer and moving down toward the 
soil. Snow removal stopped when soil became just 
barely visible, minimizing the effects of tracking on the 
plot. Figures 2 and 3 show images of Site 2 at the time 
of snow removal and one week post snow removal. 

Fig 2. Snow removal plot on site 2 on May 1Oth , 2008. 
Thiokol used for snow removal in background. Photo by 
Rich Viola. 

Fig 3. Snow removal plot on site 2, May 17th, 2008 . Photo 
by Rich Viola. 

Soil Moisture Data 

Datalogger installation occurred during the last 
snowfall in early June (one per experimental and one 
per control at each site, n=6 sites monitored), and 
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within a few days a strong trend of seasonal drying 
occurred through midsununer. Volumetric Water 
Content (VWC; m3/m3) was assessed in experimental 
plots during the snow-free season using daily data 
logger recordings (CR1 0, Campbell Scientific, Logan 
UT) of dielectric soil water content sensors (ECHO 5 
em probes, Decagon Inc, WA) positioned at 5, 25, and 
50 em deep in soil. Datalogger function varied among 
plots. Sites 1 and 2 provided data throughout several 
weeks of the sununer season. However, very little data 
was obtained from Site 3. 

Vegetation Water Content 

Bromus inermis and Carex leptalea Wahl were 
used to assess water potential of the plant community 
within each of the plots because they were relatively 
common in each of the plots. Three individuals of each 
species were collected before dawn from each of the six 
plots and their plant water potential was determined 
within minutes of harvest using a pressure chamber 
(PMS, Corvallis OR). Averages were calculated for 
each site so that comparisons could be made between 
experimental and control plots. 

+ RESULTS AND D ISCUSSION 

There were detectable differences in soil water 
among the snow removal and control plots throughout 
the sununer growing season, and differences were also 
evident among the three sites. One month following 
snow removal, the strongest differences across all sites 
occurred at the mid-depth of 25 em. (Fig. 4). These 
differences were also maintained throughout the 
sununer season. Data from Site 2 (mesic site) at 25m 
depth are provided as an example (Fig. 5). However, 
responses varied with soil depth and exhibited a 
temporal component. At both Sites 1 and 2, the 5 m 
depth was most strongly affected by snow removal early 
in the season (Fig. 6). However, the mid-depth (25 em) 
response to snow removal was more sustained 
throughout the season than the response at the 5 em 
depth in Site 2 (mesic site). As we had hypothesized, 
this strong response at 25 em creates the potential for 
strongest effects on plant species that rely most on the 
mid depth soil moisture (grasses in midsununer 
drought). The 50 em depth exhibited a mildly inverse 
response to snow removal at both sites, becoming more 

depleted in soil water later over the growing season at 
Site 2. This inverse response could have resulted from 
vigorous plant growth in the control plot early in the 
season tapping that deeper soil moisture later in the 
sununer at the onset of seasonal drought. 
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Fig. 4. Variation in soil water content one month following 
removal of spring snowpack (closed symbols) and adjacent 
control plots (open symbols). Data are from n = 3 meadows, 
collected over 2 days using Decagon Echo Probes. Soils 
were coarse textured, with field capacity near 23% on a 
volumetric basis. 

Table 1 shows that both the Carex and Bromus species 
showed water potential differences generally in the 
direction expected, and Carex showed the strongest 
response to snow removal in the mesic site. Bromus 
showed the strongest response in Site 3 (hydric site) but 
also showed an inverse response in Site 1 (xeric site). 
This inverse relationship may be explained by the way 
the spring rains pooled differentially across the gradient 
in snow removal plots before the surrounding snow had 
melted (Viola pers. comm.). This pooling did not occur 
in the other sites. It is possible that the soil in Site 1 
(the xeric site) is underlain by a clay layer that slowed 
the process of infiltration. Soil moisture data showed 
that the snow removal effect was least evident at Site 1, 
exhibited inverse responses at 50 em depth, and mainly 
occurred during the first few weeks that the datalogger 
was installed. In Sites 2 and 3, differences in soil water 
content and plant water potential were more evident and 
lasted throughout the sununer season. 
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Fig. 5. Variation in volumetric soil water content from Julian Day 160 (June 8, 2008) through Julian Day 233 (August 10, 2008) in 
snow removal (SR) and adjacent control treatment plots (CT). Data are from Site 2 (mesic site) at 25 em depth. 

Mean s.e. CTRL-SR % difference 
MPa 

Brame 

site 1 ctrl -3.45 0 -1.08 -31.16 

site 1 SR -2.38 0.3 

site 2 ctrl -0.84 0.2 0.37 43.71 

site 2 SR -1.20 0.4 

site 3 ctrl -0.76 0.1 0.38 50.11 

site 3 SR -1.13 0.1 

Carex 

site 1 ctrl -3.01 0.4 -0.06 -1.99 

site I SR -2 .95 1.2 

site 2 ctrl -0.77 0.6 0.51 65.95 

site 2 SR -1.28 0.8 
site 3 ctrl -0.64 0.2 0.01 1.56 

site 3 SR -0.65 0.1 

Table 1. Mean, standard error, and percent difference for 
water potential for Brome and Carex samples from control 
(CTRL) and experimental (SR) plots based upon three 
replicates per sampling plot for each gramioid. 

+ CONCLUSIONS 

Our data provide preliminary evidence that in 
systems where snow is a major constituent of the total 
precipitation, snow manipulation offers an efficient way 
to adjust the annual water balance and can provide a 
compelling analog to climate change projections. 
Responses varied with depth in the soil profile and with 
position along the hydrological gradient. We found 
that the meadow in the middle of the hydrological 
gradient (Site 2) was the most strongly affected by the 
snow removal and for that meadow type the mid-depth 
(25 em) of soil was the zone that exhibited most 
significant and lasting change in response to snowpack 
manipulation. We hypothesize that these differential 
responses occur because extremely dry sites are 
composed of such shallow soil that changes in the soil 
moisture have minimal lingering effects. Conversely, 
wetter sites are not as significantly affected by changes 
in soil moisture because they have more of a "buffer" of 
water availability. Sites in the middle of the moisture 
gradient are probably most vulnerable to small changes 
in precipitation. 
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Figure 6 A and B. Difference in Volumetric Water Content 
(VWC) of soil at three depths between control and 
experimental plots in sites 1 (xeric) and 2 (mesic) over the 
summer season. Note that the length of time during which 
data were collected varied between sites due to datalogger 
malfunction. Site 1 datalogger malfunctioned after day 178. 
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+ INTRODUCTION 

In previous years of this project, we have 
developed the hypothesis that the high-pressure 
granulites exposed in the Moose Basin area of the 
Teton Range represent evidence of a 2. 7 billion year
old continent-continent collision. We have described 
gneisses in the Teton Range that show two distinct 
metamorphic histories. In the northwest there are high
pressure granulites suggesting metamorphism and 
deformation resulted from a 2685 to 2671 Ma 
Himalayan type orogeny (Frost et al. , 2006). Gneiss 
exposed in the northwest is dominated by migmatites, 
with lesser kyanite bearing pelite, and some garnet 
amphibolite. Their ENd values at 2685 Ma are negative. 
Thermobarometric studies in the northwestern gneiss 
suggest burial of pelitic rocks to the base of continental 
crust, with pressures reaching 12 kilobars and 
temperatures of ~950° C during peak metamorphism 
(Fitz-Gerald, 2008). In modem plate tectonic 
environments these high pressures are associated with 
continent-continent collision. If the collisional 
hypothesis is correct, then this is the oldest documented 
example in the world. 

The eastern and southern Teton Range 
gneisses record peak metamorphic pressures and 
temperatures of amphibolite grade (Fitz-Gerald, 2008), 
and migmatites are rare or absent. In the east, pelites are 
scarce and the only aluminosilicate present is 
sillimanite. Amphibolite rocks in the eastern Teton 
Range lack garnet unless they are iron-rich. Whereas 
the northwest rocks are negative, the southern and 
eastern ENd values are positive, indicating that they 
fom1ed from a different protolith. The contrast in 
features between rocks in the eastern and southern 

portion of the Teton Range to those in the northwest 
suggests the southern rocks were accreted after the 
2707-2685 Ma high-pressure event. 

In modem continental collision zones, such as 
the Himalayas, leucogranites intrude some millions of 
years after peak metamorphism. Leucogranitic gneiss is 
present in the Teton Range. The focus of this year's 
research was on these gneisses, which are mapped as 
Webb Canyon Gneiss. We studied the petrography and 
geochemistry of the Webb Canyon Gneiss to determine 
if there were one or more groups of gneisses included in 
this map unit. We undertook U-Pb zircon dating of 
Webb Canyon gneiss to determine its age with respect 
to peak metamorphism, which we previously 
established at 2707 Ma. We used chemical and isotopic 
data to interpret the source of the Webb Canyon gneiss. 
Finally, we compared the characteristics ofthe Webb 
Canyon gneiss to those of Himalayan leucogranites and 
determined the similarities and differences between the 
Archean and younger leucogranites. 

Although we did not receive a research grant 
from the UW /NPS Research Station for our work in 
2008-2009 we gratefully acknowledge housing and 
support at the AMK Ranch and our NSF grant EAR 
0537670 that covered the costs. 

+ METHODSAND MATERIALS 

In the summer of2008 faculty and students from 
the University ofWyoming continued our studies of the 
geologic history recorded in the basement gneisses of 
the Teton Range. In 2008 we concentrated on the 
Webb Canyon gneiss, a silica-rich granitic gneiss that 
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was emplaced late in the high-pressure metamorphism 
that affected the range. We conducted sampling 
traverses up Badger Creek, the Green Lakes region, and 
Camp Lake area on the western side of the range. We 
used AMK ranch as a base camp for traverses up 
Paintbrush Canyon, Ranger Peak, Coulter Canyon and 
Moran Canyon on the eastern side of the range. 

We prepared thin sections to determine 
mineralogy and texture, used XRF and ICP-MS analysis 
of bulk rock powders to establish geochemical 
composition, and separated Rb, Sr, Sm and Nd from the 
same powders to obtain initial Nd and Sr isotopic 
compositions. U-Pb geochronology on zircon separates 
was done at Stanford's SHRIMP lab and Australian 
National University's LA-ICP-MS lab. Further 
analytical details are available in Finley-Blasi (2009) . 

+ RESULTS 

Preliminary results from this fieldwork show that 
the Webb Canyon gneiss is a leucogranite (i.e. granite 
with more than 70 Si02) and that it likely formed by 
melting of a rock like the layered gneiss. Most Webb 
Canyon gneiss is strongly foliated (Fig. 1 ), although 
some samples are coarser-grained and essentially 
undeformed. 

Figure 1. Typical field appearance ofWebb Canyon gneiss, 
Waterfall Canyon area. Note strong foliation. Scale is marked 
in centimeters. 

Most samples belong to what we describe as the 
"type" Webb Canyon gneiss, with distinctly high Si02, 

calcic to calc-alkalic composition (Fig. 2) and "gull
wing" shape REE patterns (Fig. 3). The coarser
grained, undeformed samples are more mafic and could 
be considerably younger. Both types may have garnet in 
some samples. 
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Figure 2. Major element compositions of Webb Canyon 
gneiss. The main "type" Webb Canyon gneiss is shown in 
blue diamonds; the undeformed variant is in orange circles. 
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Figure 3. REE patterns of the type Webb Canyon gneiss 
exhibit little HREE depletion and have deep negative Eu 
anomalies. 



Zircon saturation temperatures for the type Webb 
Canyon gneiss are >750° C (Fig. 4). If these 
temperatures approximate crystallization temperatures, 
then the Webb Canyon gneiss crystallized at a high 
temperature than many granites. 
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Figure 4. Zircon saturation temperatures for Webb Canyon 
gneiss, showing that the type Webb Canyon (blue diamonds) 
are uniformly high. 

Our five high-precision dates, swnmarized 
below, suggest that the Webb Canyon Gneiss 
crystallized over a period of between 3 and 22 million 
years based upon the uncertainties associated with each 
U Pb . d - zircon age etermmatwn. 
Sample Location Age 
03T8 Northeast 2683 ± 3 Ma 
06Tl2 Central 2675 ± 3 Ma 
06T39 Northwest 2677 ± 3 Ma 
07T4 East (garnet- 2685 ± 5 Ma 

bearing) 
07Tl6 East ( undeformed) 2675 ± 7 Ma 

Initial ENct values for Webb Canyon Gneiss are 
mostly positive and overlap with values for the Layered 
gneiss (Fig. 5). This suggests that a young crustal 
source like the Layered Gneiss may have melted to 
produce Webb Canyon magmas. 

+ DISCUSSION 

The Webb Canyon gneiss exhibits many 
similarities with the leucogranites in the Himalaya, 
which fonned by melting of pelitic gneisses during 
gravitational extension associated with over-thickened 
crust formed in the Himalaya during continent-continent 
collision oflndia with Asia (Fig 6a). The Webb Canyon 
gneiss, like Himalayan leucogranites, appears to be 
produced by crustal melting. Their age similarly post-
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dates peak metamorphism by around 20 million years, 
and leucogranites were emplaced over a period of time 
rather than being intrude in a single pulse. In both 
Tetons and Himalayas the leucogranites exhibit a sheet
like form (compare Fig. 6a and 6b). 
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Figure 5. Initial epsilon Nd values at 2685 Ma for Archean 
rocks of the Teton Range. The western gneisses, including 
Moose Basin gneiss (red) are mainly negative, whereas the 
eastern Layered Gneiss and the Webb Canyon gneiss are 
mainly positive (blues). This suggests that the rocks that 
partially melted to make Webb Canyon granitic magmas had 
isotope characteristics like the eastern Layered Gneiss. 
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Figure 6. A (top) shows a cartoon for the origin ofHimalayan 
leucogranites from Beaumont et al. (200 1 ). Leucogranites are 
shown as pink plutons originated from partially melted, 
migmatitic rocks. B (bottom) shows a cross section through 
the northern Teton Range. The cross section is 18 km across . 
Webb Canyon gneiss is shown in the medium gray diamond 
pattern, and appears to be sheet-like. From Swapp et al. (in 
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prep). 
Unlike the Himalayan leucogranites, the Webb 

Canyon gneiss is more calcic, poorer in Ah03, and 
mainly metaluminous instead of peraluminous. We 
interpret these differences to reflect the fact that the 
host material for the Webb Canyon gneiss was anAl
poor greywacke rather than an aluminous pelite, which 
melted to form the Himalayan leucogranites. The 
Webb Canyon gneiss also formed at much higher 
temperatures than the Himalayan leucogranites (>750°C 
as opposed to <750°C), which probably reflects 
differences in the tectonic environment between the 
two. Other differences include the dimensions of the 
leucogranite sheets, which appear to be smaller in the 
Tetons than in the Himalaya. However, this could be an 
artifact of the small area of exposed Archean crust that 
we have available to study in the Teton Range. 
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+ ABSTRACT 

Understanding how climate, disturbances, and 
carbon storage interact in subalpine forests is critical for 
assessing the role of this ecosystem in the global carbon 
budget under altered climate scenarios. Most research 
to date in western North American forests has focused 
on wildfire effects on carbon storage and net ecosystem 
productivity (NEP). The current extensive insect 
outbreak in this region, however, suggests that insects 
such as the mountain pine beetle (MPB) are an 
important driver of carbon dynamics and may determine 
whether western landscapes are carbon sinks or sources. 
The overall objective of this study is therefore to 
understand how MPB outbreaks affect forest carbon 
storage at stand and landscape scales under multiple 
climate scenarios. Specific objective include examining 
how carbon storage changes with stand development 
following beetle outbreaks, how variability in outbreak 
extent, frequency, and post-outbreak stand development 
affect landscape-scale carbon storage, and how beetle 
outbreaks and climate interact. This research will, for 
the first time, provide data documenting post-outbreak 
carbon dynamics under current and altered climate 
scenarios. These data will provide the basis for 
developing a carbon-based, ecological rationale for 
future outbreak management in western forests . 

+ INTRODUCTION 

Subalpine forests in western North America 
sequester and store significant amounts of carbon (C) 
whose storage and release is regulated by disturbances 

correlated to climate (Kashian et al. 2006). Insect 
outbreaks are second only to wildfires as the largest 
source of tree mortality in western North America 
(Samman and Logan 2000); about 40% of lodgepole 
pine forests in the western U.S. are currently susceptible 
to MPB attack (Hicke and Jenkins, submitted). 
Mortality associated with outbreaks clearly affects 
forest structure, particularly tree regeneration and 
canopy cover and live and dead biomass, as well as 
processes including productivity (Romme et al. 1986) 
and stand recovery (Fleming et al. 2002). These 
changes may significantly influence forest C balances in 
ways very different than fires (Kurz and Apps 1999), 
but understanding how C storage in western forests 
responds to MPB outbreaks under current and altered 
climates represents a substantial knowledge gap. 

Climate is a major driver of insect outbreaks in 
western North America (Carroll et al. 2004; Fastie et al. 
1995; Logan and Powell 2001). Projected climate 
change may influence the extent, severity, or frequency 
of future outbreaks (Fleming 2000; Hicke et al. in press; 
Logan et al. 2003; Williams and Liebhold 2002), 
potentially affecting whether a regional forest gains or 
loses C to the atmosphere (Kurz and Apps 1999). 
Currently, a series of mountain pine beetle (MPB) 
outbreaks unprecedented in extent are affecting nearly 
10 million ha of forests in the western United States and 
Canada (USDA Forest Service 2005). Despite their 
potential implications for C storage, the impacts of 
insect outbreaks on forest productivity and C cycling 
are poorly quantified and poorly understood. This lack 
of baseline data represents an important problem 
because it prevents meaningful predictions of the rate 
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and direction of post-outbreak changes in C cycling in 
forests under the current climate. These predictions are 
critical for assessing future inputs of carbon to the 
atmosphere via natural disturbances under altered 
climate scenarios. 

The proposed research will provide currently 
missing data describing the potential for western North 
American forests to be converted from C sinks to C 
sources following MPB outbreaks. This contribution is 
significant because it will provide the basis for 
understanding outbreak influences on forest ecosystem 
processes and for modeling future C dynamics in the 
context of continued environmental stresses on forests, 
including climate change. The overall objective of this 
research is to understand how MPB outbreaks affect 
forest C storage at landscape scales under multiple 
climate scenarios. The central hypothesis ofthis work is 
that by reducing net primary production and increasing 
decomposition at stand and landscape sales, MPB 
outbreaks will cause forests to act as a short-lived C 
source to the atmosphere before returning to a C sink 
weakened by the outbreak. Furthermore, climate change 
leading to larger, more frequent, or more severe 
outbreaks will exacerbate this trend. I am testing this 
central hypothesis by addressing the following three 
specific questions: 

1. How does carbon storage vary with forest stand 
development following a beetle outbreak? 
The working hypothesis for this objective is that an 
outbreak creates a short-lived C source to the 
atmosphere followed by a weaker but long-lived C sink 
as stands recover because it reduces stand net primary 
production and increases decomposition. 

2. How do beetle outbreak extent, frequency, and post
outbreak stand development patterns interact to 
influence C storage at landscape scales? 
I am hypothesizing that the landscape will act as a 
short-lived C source following an outbreak before 
returning to a C sink, but that the C stored and 
sequestered on the landscape as a sink will be 
substantially reduced. 

3. What is the potential for climate change over the next 
50-100 years to strengthen the feedback between beetle 
outbreaks and climate? 
My working hypothesis is that climate change will 
reduce C storage on forested landscapes because it will 
increase severity, extent, and/or frequency of outbreaks, 
and that changes in forest structure following outbreaks 
will affect future outbreak events. 

This work will build upon an ex1stmg, 
extensive data set that describes changes inC cycling 
following wildfire along replicated, long-term 
chronosequences (Kashian et al. in preparation). Using 
this approach, Question# 1 will provide empirical-based 
modeling of stand development and C storage following 
MPB outbreaks, and the quantification of the effects of 
MPB-induced tree mortality on C storage and loss. 
Question #2 will use stand measurements to quantify 
landscape-level changes inC storage following MPB 
outbreaks and will provide the basis for understanding 
the implications of climate-induced changes in MPB 
outbreaks for C dynamics. Question #3 will predict the 
effects of potential climate change scenarios on MPB 
outbreaks and associated C storage in subalpine forests 
over the next 50 to 100 years. The work will be 
applicable at local and regional scales because it will 
provide information to managers about the natural 
variability in insect-related disturbances across 
landscapes; this information is applicable to most 
subalpine landscapes in the Rocky Mountains. At 
national scales, the research will increase our 
understanding of landscape carbon storage following 
broad-scale disturbances (in this case insect outbreaks), 
which is important knowledge that may contribute to 
the formulation and revision of policies affecting the 
global carbon cycle and climate change. 

+ METHODS 

In the field, four separate chronosequences 
were identified based on their age when attacked and 
percent mortality of overstory trees due to beetle kill, 
each including a control and four time-since-attack 
classes (undamaged, 1-2 years, 3-5 years, 15-25 years, 
and 25-35 years) for a total of 72 stands. Because 
Yellowstone National Park has experienced relatively 
little beetle mortality, most stands in the first two age 
classes (12 years and 3-5 years since attack) were 
located in the Bridger-Teton National Forest, with a few 
in Grand Teton National Park. A majority of stands in 
the two oldest age classes were located within 
Yellowstone National Park. Stands were used to 
quantify all forest carbon pools (above- and 
belowground vegetation, snags, coarse woody debris, 
forest floor, and soil). 

Stands were readily accessible by road or trail 
(i.e., within 1 kilometer of a road or trail). Each stand 
(cluster) includes three 10 x 50 m plots, spaced 20-50 
meters apart depending on the size of the polygon, with 
plots located at equal distances along a baseline. Each 
plot includes two belt transects along each of its long-



axis borders. Belt transects were used to measure 
standing live and dead trees, stumps, and saplings, with 
transect width differing for overstory trees and saplings 
based on density. The center line of each belt transect 
was also used to select trees and saplings for allometric 
measurement and to select locations for sampling soil 
and forest floor. Twenty-five randomly selected 
saplings in each plot were measured at the base (total= 
75 per cluster). Ten mature trees were randomly 
selected for further sampling in each plot along the 
center line of each plot. For each tree, an increment 
core was extracted at breast height and the sapwood 
marked on the core, and tree height, height to crown 
base, and crown depth was measured. Finally, three 
dominant (oldest) live overstory trees were selected in 
each plot and an increment core extracted at the base 
for age determination. 

Coarse woody debris was measured using 
eight 50-foot transects run due east from each plot; 
CWD was tallied in five size classes, and classified for 
decay for the largest size class. For sampling forest 
floor and soil, five forest floor samples approximately 
900 cm2 in area were collected along the center line of 
each plot; all forest floor material was collected to the 
top of the mineral soil and composited by plot. 
Composite samples were weighed in the field, and then 
subsampled. A soil core was extracted to 30 em from 
the top of the mineral soil within the area the forest 
floor was collected and separated into a 0-15 em sample 
and a 15-30 em sample. Nine litter traps were deployed 
per stand to estimate annual litterfall, deployed 3 per 
subplot. Litter traps will be collected in July 2009 and 
2010. 

Soils and forest floor samples and increment 
cores were transported to the laboratory under 
refrigeration. For each soil sample, fine roots were 
separated from soil, classified into live and dead roots, 

30-50% Mortality 
150-200 years >200 years 

Undamaged 
All stands in this cell have been sampled 

Three stands in this cell Two stands in this cell have 
1-2 years have been sampled been sampled 

(1 left) (2 left) 

Three stands in this cell Zero stands in this cell have 
3-5 years have been sampled been sampled 

(I left) (4 left) 

All stands in this cell have All stands in this cell have 
15-25 years been sampled been sampled 
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and weighed. A subsample of soil was then taken, 
rocks and non-root organic matter removed, and 
weighed, dried, and weighed again to determine bulk 
density. Live and dead roots were ground in a Wiley 
mill and analyzed for percent carbon. Soils samples 
were ground on a roller mill and also analyzed for 
percent carbon. Forest floor litter subsamples were 
weighed, dried to constant mass, and weighed again. 
Excess soil will be sorted from litter samples, and the 
litter will be ground in a Wiley mill, subsampled again, 
and analyzed for percent carbon. 

Increment cores were mounted and sanded per 
standard techniques. Tree ages will be determined from 
each increment core, and the average 1 0-year ring width 
will be determined for each core using a sliding bench 
micrometer. 

+ PRELIMINARY RESULTS & PROGRESS 

Five crew members were hired for the summer 
of 2008, and a total of 48 stands were located in the 
field (Table 1 ). In each stand, litter traps were 
deployed and plots were set out and flagged for re
location during the next field season. A potential 
trouble spot with this design is the difficulty in 
predicting the mortality (outbreak severity) in a stand 
currently being attacked; thus most stands in the 1-3 
year and 3-5 year classes will need to be monitored 
closely during 2009 to account for any changes in 
mortality class that might occur, and many of the stands 
in these classes still need to be sampled in 2009. A 
total of 48 plots were sampled during the 2008 field 
season. All have been completely sampled, including 
all vegetation, soil, and forest floor samples. The 
remaining 24 stands in the 72-stand study design will be 
located on adjacent National Forests in 2009. 

>50% Mortality 
150-200 years >200 years 

All stands in this cell have been sampled 

Zero stands in this cell have Zero stands in this cell have 
been sampled been sampled 

(4 left) (4 left) 

Zero stands in this cell have Zero stands in this cell have 
been sampled been sampled 

(4 leftl ( 4 left) 

All stands in this cell have AJ.Lstands in this cell have 
been sampled been sampled 

Table 1. Current progress on 72-stand matrix. N = 4 for all cells. 



Two work-study students were hired for the 
winter of 2008 to process samples in the lab. As of 
April15 , all fine roots have been removed from the soil 
samples, and all soil samples have been processed for 
rocks and non-root organic matter. All tree increment 
cores have been mounted and sanded, and are ready for 
analysis. 

The primary goal for the summer 2009 is to 
complete plot sampling for the 24 plots left unsampled 
the previous summer. We will also collect material 
accumulated in litter traps in the 48 plots sampled last 
year. At present, we plan to hire six crew members to 
work a seven-week field season during July and August 
to accomplish these goals. Preliminary data analysis 
from summer 2008 will be completed for presentation 
at the Ecological Society of America Annual Meeting in 
Albuquerque in early August. 

As an effort to further develop this research 
and to increase the influence of my research, I worked 
with Dr. JeffHicke as he prepared a successful research 
proposal that was funded by NICCR for 2009. Dr. 
Hicke's work will extensively model beetle outbreak
carbon relationships across western North America, 
making use of the field measurements and superficial 
modeling work completed as part of my funded 
research. As such, Dr. Hicke and I are serving as 
unpaid consultants in each others' beetle outbreak 
research. 
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+ A BSTRACT 

To understand the impacts of an herbivorous 
invasive species on native herbivores, it is critical to 
quantify the relative impact of the invasive and the 
native species on shared resources. In a field 
experiment, we compared grazing efficacy of 
periphyton by the invasive New Zealand mudsnail, 
Potamopyrgus antipodarum, and 3 native 
macroinvertebrate grazers. Depending on the measure 
of periphyton biomass, P. antipodarum removed as 
much or more periphyton than any of the native grazers. 
When we examined diatom genera individually, P. 
antipodarum also suppressed the relative abundance of 
the greatest number of diatom genera and suppressed 
those diatoms more than the native grazers. As a result, 
P. antipodarum should compete strongly for periphyton 
with native grazers. In particular, because Ephemerella 
mayflies were the second most effective grazers and 
grazed many diatom genera similarly to the invasive 
snails, these mayflies may be competing with P. 
antipodarum in the introduced range. Overall, grazing 
ability may contribute to the invasion success of P. 
antipodarum 

+ INTRODUCTION 

Impacts of invasive species on native species 
have been documented at every level of ecological 
organization. Impacts range from effects on individuals, 
including behavioral modifications of native species in 
the presence of invasive species (Orrock and Danielson 

2004) and hybridization (Perry et al. 2001), to 
ecosystem level effects, including domination of 
secondary production (Hall et al. 2006). and altered 
nutrient cycling (Gardner et al. 1995). Community 
level effects of invasive species include changes in 
community composition that can occur by extinction or 
altered interactions, including herbivory, predation and 
competition (Lockwood et al. 2007). Because 
organisms often compete for resources, one way to 
understand the impacts of invasive species on native 
species communities is to determine how invasive 
species use resources that are shared with native species 
and to compare the relative impact of invasive and 
native species on this shared resource. For consumers, 
knowledge of the extent of dietary overlap between 
native and invasive species is also required to determine 
which native species are likely competing with invasive 
species for resources. 

We compared resource use between the 
invasive New Zealand mudsnail, Potamopyrgus 
antipodarum and 3 native macroinvertebrate species. 
This snail is a world-wide invader and was first 
observed in the western United States in 1987 (Bowler 
1991 ). Subsequently, P. antipodarum have spread to 
freshwater habitats in most western states. In one 
stream in the Greater Yellowstone Area, P. 
antipodarum occur at densities exceeding 500,000 
individuals/m2 (Hall et al. 2006). This very high 
biomass coupled with high growth rates also dominates 
secondary production in streams in the Greater 
Yellowstone Area (Hall et al. 2006). Therefore, high 
growth rates of P. antipodarum and dominance in 
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density and biomass may be caused by high assimilation 
efficiency or high foraging efficiency, allowing P. 
antipodarum to better utilize limited resources. 
Periphyton abundance is often limited in streams and 
consequently can limit populations of grazers 
(Feminella and Hawkins 1995). If P. antipodarum 
graze periphyton more effectively, this competitive 
advantage could lead to competitive dominance over 
native species that share limited resources. 

Potamopyrgus antipodarum does compete 
with native grazers in the non-native range. In 
experimental conditions, P. antipodarum compete 
asymmetrically with 2 species of native snails (Riley et 
al. 2008, Krist and Dybdahl 2006). In both studies, 
exploitative competition for resources was the most 
likely mechanism for competitive interactions. 
Additionally, resource use by P. antipodarum suggests 
that these snails are likely competing with other native 
species: P. antipodarum consume 75% of gross primary 
productivity in one stream in the Greater Yellowstone 
Area (Hall et al. 2003). 

In this experiment, we compared foraging 
efficiency between P. antipodarum and native grazers 
(2 caddisfly species and 1 mayfly species) on 
periphyton, their primary food resource along with 
detritus (Cope and Winterbourn 2004). We also 
compared the extent of dietary overlap in diatom 
consumption of P. antipodarum to the native grazers to 
identify the most likely competitors. Specifically, we 
asked whether periphyton abundance (ash free dry mass 
(AFDM) and chlorophyll a) differed among treatments 
grazed by P. antipodarum and native grazers. We also 
asked whether diatom assemblages differed between 
ungrazed tiles and tiles grazed by the invasive and 
native grazers. 

+ MATERIALS AND METHODS 

Grazers 

For comparison to the New Zealand mudsnail, 
P. antipodarum, we examined the effect of grazing by 2 
native caddisflies, Brachycentrus sp. and Glossosoma 
sp., and a native mayfly Ephemerella sp. We chose 
these native species because Brachycentridae and 
Ephemerellidae were negatively associated with 
densities of P. antipodarum in the Greater Yellowstone 
Area (Kerans et al. 2005). These insects may be 
negatively associated with P. antipodarum because of 
competitive interactions. We chose Glossosoma 
because a review of grazing experiments showed that 
members of this genus reduced periphyton levels more 

than any other caddisfly studied (Feminella and 
Hawkins 1995). Hence, all3 ofthe native grazers that 
we studied are likely to be negatively affected by 
resource competition with P. antipodarum. 

+ METHODS 

Experiment 

To colonize periphyton for the grazing 
experiment, we set up grazer-excluding platforms 
holding unglazed tiles (20 cm2

) in Polecat Creek 
(Roosevelt National Parkway, WY) in May 2007. The 
platforms, modeled after Lamberti and Feminella 
(1996), were all placed in a shallow riffle with similar, 
slow, flow regimes. We left the platforms in the stream 
for 20 days to allow periphyton to colonize and grow. 

To obtain a sufficient biomass of grazers to 
significantly reduce periphyton, we used a biomass of 
P. antipodarum that had reduced algal biomass by 49% 
relative to ungrazed controls in an experiment by 
Winterbourn and Fegley (1989). We used this biomass 
because the ambient biomass of each grazer differed 
substantially. We adjusted the biomass of P. 
antipodarum used by Winterbourn and Fegley (1989) 
to the mean size of adult P. antipodarum that were 
available at our study site, and to the area of tiles and 
duration of grazing in our experiment. To control for 
biomass across different-sized species, we used the 
same biomass, 25.15 mg ash free dry mass (AFDM) per 
cage, for all species. For each species, we used the 
mean size of 19-40 haphazardly chosen individuals to 
calculate the number required for each replicate. We 
used length - mass regressions (Benke et al. 1999) to 
convert mean length to AFDM. Regressions reported 
as dry mass were converted to AFDM using percent ash 
estimates provided by Benke and colleagues ( 1999). 
The number of individuals of each species required to 
obtain 25.15 mg AFDM was 51 per replicate for P. 
antipodarum, 15 per replicate for Ephemerella, 115 per 
replicate Brachycentrus, and 16 per replicate for 
Glossosoma. 

We placed a single tile colonized with 
periphyton and the animals into a cage and allowed 
them to graze for one week. The cages were made from 
square, plastic sandwich containers (156.25 cm2

) with 
windows of 600-f..Lm mesh replacing the sides and tops. 
Two cages were attached to a brick with bolts and 
screws to maintain position in the stream. Twelve 
replicates of each grazer and 12 replicates of ungrazed 
controls (tile but no animals) were placed in the stream 
in areas of approximately equal flow rate. 



During the experiment, we removed 
debris and detached algae from the cages every other 
day. At the end of the experiment, we scrubbed the 
tiles with toothbrushes to remove the remaining algae 
and make a slurry. We divided the slurry that we 
collected from the tiles to quantify diatom assemblage 
(1 ml), the amount of chlorophyll a (2 ml), and AFDM 
(remaining slurry). Chlorophyll a was extracted using 
90% buffered ethanol and quantified with a flo urometer 
(Steinman et al. 2007). To measure AFDM we used 
vacuum filtration to place the remaining slurry onto pre
weighed ashed filters (Pall, A/E glass fiber filter). We 
dried the filters for 24 hours at 6o·c, weighed them, 
ashed them at 500°C for 1 hour and re-weighed the 
filters to obtain AFDM (Steinman et al. 2007). 

To determine which diatoms were consumed 
in the periphyton, we preserved the slurry sample in 2% 
gluteraldehyde (Hill and Knight 1987) and then cleaned 
the diatoms with bleach. Cleaned diatoms were 
mounted on glass slides in naphrax, a mounting agent 
which facilitates identification by refracting light off of 
the diatom test. With these slides, we learned to identify 
diatoms to the genus level. We used this information to 
identify genera of diatoms in subsamples from each 
replicate. We counted diatoms (all intact diatoms and 
those that were at least 2/3 complete) in a Palmer
Maloney cell at 250x under a light, compound 
microscope. We counted until we reached 300 diatoms 
per replicate recording the number of fields of view 
required to calculate the total volume examined. We 
limited our analysis to diatoms because they were the 
most abundant constituents of the periphyton slurry in 
Polecat Creek. 

Statistical analysis 

We used planned comparisons between 
ungrazed controls and each of the grazing treatments to 
compare measures of chlorophyll a and AFDM among 
treatments. To adjust for multiple (3) comparisons, we 
used the Dunn-Sidak method to calculate an adjusted 
alpha of 0.0169. We used principal components 
analysis, using the correlation matrix, to compare the 
diatom assemblages among treatments. We used one
way analysis of variance to compare PC 1 and PC2 
among treatments. All statistics were conducted using 
the R statistical package (R Development Core Team, 
2008). 
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+ RESULTS 

Because of mass mortality of Glossosoma, we 
omitted all replicates grazed by these caddisflies from 
the analyses. Similar levels of chlorophyll a and 
AFDM between the Glossosoma and control treatments 
indicates that the caddisflies grazed little before they 
died (Figs. 1, 2). The number of replicates in the P. 
antipodarum and Ephemerella treatments was reduced 
from 12 to 11 because of cage failure and a presumed 
error in recording data that led to a negative 
concentration of chlorophyll a (not a possible value). 

Relative to the ungrazed controls, chlorophyll 
a was only significantly reduced in the P. antipodan1m 
(t = 3.662, d.f. = 13, p = 0.0027) and Ephemerella 
treatments (t = 4.273, d. f.= 12, p= 0.0011). Chlorophyll 
a was not significantly reduced in the Brachycentrus 
treatment relative to the controls (t = -0.165, d.f. = 21, p 
= 0.8703). 

Relative to the ungrazed controls, AFDM was 
only significantly reduced in the P. antipodarum 
treatment (t=3.698, df=l3, p=0.003). Ephemerella 
marginally reduced AFDM relative to the controls 
(t=2.436, df=14, p=0.028) while Brachycentros did not 
reduce AFDM relative to the controls (t = 1.1798, d. f.= 
20, p = 0.252). 
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Fig I. Chlorophyll a of periphyton among experimental 
treatments. Relative to the ungrazed controls, chlorophyll a 
was reduced in the tiles grazed by the invasive P. 
antipodamm (t = 3.662, d.f. = 13, p = 0.0027) and by 
Ephemerella mayfly nymphs (t = 4.273 , d. f.= 12, p= 0.0011) 
but not by tiles grazed by Brachycentrus caddisfly larvae (t = 
-0.165, d.f. = 21, p = 0.8703). Note: because of mass 
mortality, G/ossosoma caddistly larvae were excluded from 
all analyses. 
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Fig. 2. Ash free dry mass (AFDM) of periphyton on 
experimental tiles (20 cm2

) . Relative to the ungrazed controls, 
AFDM was significantly reduced on the tiles grazed by the 
invasive P. antipodarum (t=3 .698, df=I3 , p=0.003), 
marginally reduced on the tiles grazed by Ephemerella mayfly 
nymphs (t=2.436, df=l4, p=0.028) and not reduced on tiles 
grazed by Brachycentrus caddisfly larvae (t = 1.1798, d. f. = 
20, p = 0.252). Note: because of mass mortality, Glossosoma 
caddisfly larvae were excluded from all analyses. 

Twenty different genera of diatoms were 
identified in slurries from tiles in the experiment. We 
lumped 4 diatom genera, Acnanthes, Mastoglia, 
Neidium, and Rhopalodia as rare diatoms because they 
represented less than 0.5% of the total diatoms. 
Compared to the ungrazed controls, the relative 
abundance (percent of total) of most diatoms was 
suppressed from grazing by 1 or more taxa (Figs. 3a, 
3b ). P. antipodarum suppressed the relative abundance 
either equal to or more than the other grazers for 10 of 
the 17 diatom genera (Figs. 3a, 3b ). Ephemerella had 
the second largest impact on relative abundance of 
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diatom genera (Figs. 3a, 3b). In contrast, compared to 
controls, the diatom Cocconeis increased in relative 
abundance in grazed treatments (Fig. 3a) and the 
diatoms Cymbella, Diatoma, Epithemia, Eunotia, 
Fragilaria, and the rare genera were very similar in 
relative abundance between grazed treatments and 
ungrazed controls (Figs. 3a, 3b ). 

We used principal components analysis to 
reduce the large number of diatom genera to a few key 
dependent variables that are composites of the original 
variables (Gotelli and Ellison, 2004). We analyzed 
principal components 1 and 2 (PC1 , PC2) which 
comprised 40% of the variance in relative abundance of 
diatom genera. We were unable to interpret any 
additional principal components. ANOVA revealed 
differences among treatments in PC1 (F = 3.14, df= 3, 
p = 0.03) and PC2 scores (F = 5.75, df= 3, p = 0.002). 
For both PC 1 and PC2, the greatest difference among 
treatments was between P. antipodarum and the 
ungrazed control treatments (Figs. 4, 5). Therefore, P. 
antipodarum altered the diatom assemblage more than 
any of the other grazers relative to the ungrazed 
controls. 

PC 1 explained 24% of the variance in relative 
abundance of diatom genera and differentiates between 
the diatom Cocconeis, and all other diatom genera 
(Table 1 ). Relative to ungrazed controls, Cocconeis 
increased in relative abundance in the treatments grazed 
by P. antipodarum and Ephemerella, whereas all other 
diatoms either decreased in relative abundance or were 
unaffected by grazing (Figs. 3a, 3b). 
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Diatom taxa (abbreviations) 
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Diatom taxa (abbreviations) 

Fig. 3. Relative abundance of A) two most common diatom genera, Cocconeis (Co) and Gomphoneis (Gom) and 
B) less common diatoms by experimental treatment ( & with solid black lines = ungrazed controls, 6 with black dotted lines = Brachycentrus, e with 

gray solid lines = P. antipodarum, 0 with gray dotted lines = Ephemerella). Note the different scales on they axes. Abbreviations for the other diatom 
genera are Cyc = Cyclotel/a , Cym = Cymbella, Dia = Diatoma, Epi = Epithemia, Eu = Eunotia, Fra = Fragilaria, Han= Hantzschia , Mar = Martyana, 
Nal, Na 2, Na 3 = Navicula types I , 2,3, Pin = Pinnularia, Rh = Rhoicosphenia, Sy = Synedra and ra = rare ditaoms (A cnanthes. Mastoglia, Neidium, 
and Rhopalodia). 
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Treetmenl 

Fig. 4. PCl scores differ among experimental treatments (ANOVA: F = 3.14, df= 3, p = 0.03). Control tiles were not grazed. Tiles 
were grazed by, the invasive P. antipodarum, Brachycentrus, a larval caddisfly, or Ephemerella, a nymphal mayfly. 
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Fig. 5. PC2 scores differ among experimental treatments (ANOVA: F = 5.75 , df= 3, p = 0.002). Control tiles were not grazed. Tiles 
were grazed by Potamopyrgus antipodarum, the invasive mudsnail , Brachycentrus, a larval caddisfly, or Ephemerella , a nymphal 
mayfly 
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PC2 explained 16% of the variance in relative 
abundance of diatom genera and separates the control 
and Brachycentrus treatments from the Ephemerella 
and P. antipodarum treatments (Fig. 6). For the diatoms 
Gomphoneis, Cyclotella, Hantzschia, and Fragilaria 
(the diatoms with the largest negative loadings for PC2, 
Table 1 ), the control and Brachycentrus treatments are 
clustered (similar) and have higher relative abundances 
than the Ephemerella and P. antipodarum treatments, 
with P.antipodarum treatments possessing the lowest 
relative abundance for each of these diatoms (Figs. 3a, 
3b). In contrast, for the diatom genera Cocconeis and 
Rhoicosphenia (diatoms with the largest positive 
loadings for PC2, Table 1 ), the relative abundance of 
the treatment grazed by Ephemerella mayflies was 
equal to or higher than the treatment grazed by 
Brachycentrus, and closer in relative abundance to the 
Brachycentrus treatment than to the treatment grazed by 
the invasive snail P. antipodarum (Figs. 3a, 3b ). Hence, 
PC2 separates diatom genera that are grazed similarly 
by P. antipodarum and Ephemerella from those that 
they graze differently. 

Genus PCl PC2 

Epithemia 0.184 0.177 

Cocconeis -0.385 0.308 

Navicula 1 0.271 -0.13 

Navicula 2 0.36 -0.158 

Navicula 3 0.417 0.193 

Eunotia 0.258 

Synedra 0.322 

Rare 0.198 

Rhoicosphenia 0.344 0.261 

Cyclotella -0.411 

Gomphoneis -0.467 

Diatoma 0.171 

Fragilaria -0.379 

Cymbella 0.118 

Martyana 0.127 -0.119 

Pinnularia 0.216 

Hantzschia -0.394 

Table 1. Principal component loadings for relative abundance of 
diatom genera. Rare includes Acnanthes, Mastoglia, Neidium, and 
Rhopalodia diatoms. Navicula 1, 2, and 3 were three distinctly 
different forms of the genus Navicula and likely represent different 
species. The blank values are loadings that are smaller than 0.1. 

+ DISCUSSION 

Potamopyrgus antipodarum decreased AFDM 
of periphyton more than the other grazers and decreased 
chlorophyll a as much as the Ephemerella mayflies. 
Also, for the diatom genera that were reduced by 
grazing, P. antipodarum reduced the relative abundance 
of nearly all of these by more than any other grazing 
taxa. Therefore, the invasive P. antipodarum 
suppressed both total periphyton and most diatom 
genera more than any of the other grazers. 

Studies in the native range of New Zealand 
have also shown P. antipodarum to be effective grazers. 
Winterboum and Fegley (1989) found that P. 
antipodarum reduced algal biomass by 50% relative to 
ungrazed controls after 14 days. They also found that 
grazing by P. antipodarum altered the community of 
diatoms, leaving a structurally simpler community with 
much of the overstory removed (Winterboum and 
Fegley 1989). Biggs and Lowe (1994) found that in 
field experiments in New Zealand, P. antipodarum 
were the most effective grazers and controlled 
periphyton abundance more than any other grazers. 
Also consistent with our study, Holomuzki and 
colleagues (2006) found that P. antipodarum were 
more effective at removing algal biomass than mayflies 
(Deleatidium spp.) and caddisflies (Pycnocentrodes 
aeris). However, in contrast to our study and to another 
study by one of the same authors using the same 
grazers, Holomuzki and Biggs (2006) found that P. 
antipodarum did not significantly reduce algal biomass 
and were less effective grazers than caddisflies (P. 
aeris) and mayflies (Deleatidium spp. ). One possible 



explanation for such different results in two studies 
using the same grazers is that Holomuzki and Biggs 
(2006) did not control for biomass differences among 
grazers, so higher removal rates by caddiflies were 
attributed to larger body size combined with an abrasive 
case and higher activity levels. Overall, our study and 
other studies of P. antipodarum suggest that these 
snails are effective grazers and more effective than 
some caddisfly and mayfly grazers. 

Relative to co-occurring grazers, are all 
freshwater snails effective grazers? The gastropod 
radula should facilitate grazing in snails because it 
permits access to diatoms with low profiles (Steinman, 
1996). Indeed, other species of snails have been shown 
to be very effective grazers (Hawkins and Furnish 1987, 
Hill 1992). An alternative hypothesis for why P. 
antipodarum removed more diatoms than the other 
grazers could be physical abrasion caused by animal 
movements. However, this explanation seems unlikely 
as the movement of the soft gastropod foot seems less 
likely to remove periphyton than a caddisfly dragging 
its larval case made of stones ( Glossosoma) or strands 
of vegetation (Brachycentrus ). 

In contrast to our study and to the findings of 
Holomuzki and colleagues (2006) on P. antipodarum, 
most studies show that caddisflies are often more 
effective grazers than most taxa of snails. For example, 
comparisons of grazing by snails (Juga) and larval 
caddisflies (Dicosmoecus) showed that the caddisfly 
was more effective at removing algal biomass 
(Steinman et al. 1987). Similarly, while both Juga 
snails and Dicosmoecus larval caddiflies significantly 
suppressed periphyton in a grazing experiment, the 
caddisfly larvae removed more periphyton than either 
the snails or Centroptilum mayfly nymphs (Lamberti et 
al. 1987). Neophylax caddisfly larvae also removed 
more periphyton than Ameletus mayfly nymphs (Hill 
and Knight 1987). 

Caddisflies were not as effective at grazing in 
our experiment. One explanation is that although 
caddisflies in the genus Glossosoma have been shown 
to be very effective grazers (Feminella and Hawkins 
1995), we were not able to compare grazing between 
these caddisflies and the other grazers because of 
unexplained mortality of Glossosoma in the experiment. 
The 600 ~m mesh walls of the cages may have reduced 
flow rates enough to lower oxygen levels to a level that 
was unsustainable for these caddisflies. Secondly, 
although Brachycentrus graze periphyton (Gallepp 
1974), they are primarily collector-filterers (Wiggins 
1996). Despite this, we included them in the 
experiment because members of the family 
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Brachycentridae were negatively correlated with P. 
antipodarum in several streams in the Greater 
Yellowstone Area (Kerans et al. 2005) suggesting 
possible competitive interactions. Also, Brachycentrus 
were effective grazers in a preliminary experiment, 
reducing both chlorophyll a and AFDM of periphyton 
relative to ungrazed controls (Krist 2007). This 
disparity in results between our current experiment and 
this preliminary experiment may be explained by 
seasonal changes in food availability for Brachycentrus. 
Perhaps Brachycentrus grazed in the preliminary 
experiment, conducted in July 2006, and not in the 
current experiment, conducted in June 2007, because 
levels of fine particulate organic matter (FPOM) were 
higher earlier in the summer. Relative to periphyton, 
FPOM is likely easier for these caddisflies to acquire 
with their long legs that are adapted to filter feeding 
(Wiggins 1996). Regardless of the explanation, we were 
not able to sufficiently address the grazing potential of 
either caddisfly in our experiment. 

After P.antipodarum snails, Ephemerella 
mayfly nymphs were the second most efficient grazers. 
Similar to the invasive P. antipodarum, Ephemerella 
reduced or marginally reduced both measures of 
periphyton quantity, chlorophyll a and AFDM, relative 
to ungrazed controls (Figs. 1, 2). In addition, mayflies 
grazed more similarly to the invasive P. antipodarum 
than the caddis flies. Of the 1 0 diatom genera that were 
grazed relative to controls (all but Cocconeis which 
increased in relative abundance and Cymbella, 
Diatoma, Epithemia, Eunotia, Fragilaria and rare 
diatoms which were minimally grazed), Ephemerel/a 
nymphs reduced the relative abundance of 9 diatom 
genera. Although Ephemerella usually have small 
effects on periphyton biomass (Kerans et al. 2005), 
these effects may appear larger in our experiment 
because of our inability to sufficiently address grazing 
by caddisflies. This is plausible because Brachycentrus 
grazed little and Glossosoma suffered high mortality 
and may not have had much opportunity to graze. It is 
also possible, however, that in our experiment, 
Ephemerella mayflies may have been effective grazers 
because the particular composition of diatom genera 
allowed them to effectively reduce periphyton 
abundance. The effect sizes in our experiment support 
this interpretation. Effect sizes are calculated as the 
magnitude of difference between the grazed and 
ungrazed controls (Feminella and Hawkins 1995). 
Effect sizes exceeding 1.5 have been suggested to 
indicate an ecologically significant grazing effect 
(Feminella and Hawkins 1995). For chlorophyll a, the 
effect sizes were 2.4 and 2.9 for P. antipodarum and 
Ephemerella mayflies respectively. For AFDM, the 
effect sizes were 2.7 and 1.74 for P. antipodarum and 
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mayflies respectively. These effect sizes all exceed 1.5 
and are comparable to effect sizes for taxa that had an 
intermediate effect on periphyton (F eminella and 
Hawkins 1995). Hence, in our experiment mayflies, 
along with P. antipodarum, were effective grazers. 

Principal component 1 (PC 1) revealed little 
information about relative grazing ability among the 
invasive and native macroinvertebrates. PC1 is 
explained by the increase in relative abundance of the 
solitary, small, diatom Cocconeis that lies adjacent to 
the substrate. Although all diatom genera decreased in 
density in all grazed treatments, Cocconeis increased in 
relative abundance because of a smaller decrease in 
density compared to the other diatom genera. Cocconeis 
increased in relative abundance more on tiles grazed by 
P. antipodarum than Ephemerella and Brachycentrus, 
most likely because P. antipodarum suppressed most 
other diatoms more than the other grazers. These results 
are not surprising because the small size and adnate (or 
adjacent to the substrate surface) posture of Cocconeis 
make these cells resistant to grazing (Kingston 2003). 
These results are consistent with a review of the effects 
of grazers on periphyton. Feminella and Hawkins 
(1995) found that most often, grazing caused a 
reduction of 1 or more numerically dominant diatom 
taxa with a corresponding increase in relative 
abundance of grazer-resistant taxa. Similarly, we found 
that grazing caused the reduction of the numerically 
dominant Gomphoneis in all grazed treatments except 
Brachycentrus, with reductions by P. antipodarum as 
high as ~50% and an increase in the relative abundance 
of the grazer-resistant diatom Cocconeis (Fig. 3a). 
Gomphoneis were likely reduced by grazing because 
their cells grow from the point of attachment of long, 
mucilaginous stalks (Kociolek and Spaulding 2003) 
making them susceptible to grazing. 

Besides Cocconeis, other diatom genera were 
also somewhat resistant to grazing. These were 
Cymbella, Diatoma, Epithemia, Eunotia, Fragilaria 
and the rare diatoms, Acnanthes, Mastoglia, Neidium, 
and Rhopalodia. The simplest explanation for why rare 
diatoms were not grazed is that they were so uncommon 
that they were not encountered by grazers. For the more 
common diatoms that were relatively ungrazed, 
physiognomy, the orientation and structure of diatom 
cells, affects susceptibility to grazing (Steinman, 1996). 
Two of the diatom genera, Epithemia and Eunotia, 
were likely protected from grazing by occurring singly 
(Table 2). Fragilaria and Diatoma grow in erect, stalk
less, and thus short-statured, colonies that are less 
resistant to grazing but should still protect these cells 
from most grazers (Table 2). Although Cymbella form 

stalks, they are generally prostrate (Molloy 1992), 
which should confer some protection from grazers. 

Characteristics of Physiognomy References 
diatoms 

A) Grazing 
resistant 

Cocconeis Occur singly, small Kingston 2003 
cells with adnate 
posture 

Cymbella Stalked, prostrate to Molloy 1992 
surface 

Diatoma Erect, stalkless colonies Wellnitz and 
of short chains or Ward 2000; 
rosettes Molloy 1992 

Epithemia Occur singly, large Lowe 2003 
cells 

Eunotia Often occur singly Kociolek and 
Spaulding 2003 

Fragilaria Erect stalkless colonies Kingston 2003; 
shaped like ribbons, Molloy 1992 
bands, or rosettes 

B) Grazed most 
effectively by P. 
antipodarum and 
then by 
Ephemerella 

Cyclotella colonial, may form Stoermer and 
linear chains or random Julius 2003 
arrangements of cells in 
the matrix 

Gomphoneis colonial, stalked Kociolek and 
Spaulding 2003 

Hantzschia prostrate to the Lowe 2003 
substrate 

Fragilaria unstalked linear chains Molloy 1992 

C) Ephemerella 
grazed more 
similarly to 
Brachycentrus 

Cocconeis adnate single, small, Kingston 2003 
cells 

Rhoicosphenia adnate, growing in Hudon and 
branching tree-like Legendre 1987, 
colonies Molloy 1992 

Table 2. Diatom genera are listed according to whether in this 
experiment they were A) relatively resistant to grazing, B) 
grazed most effectively by P. antipodarum and then by 
Ephemerella mayflies or C) Ephemerella grazed more 
similarly to Brachycentrus caddistlies. The diatom Cocconeis 
is listed twice because it falls into two of these categories. For 
each diatom genus, the physiognomy, or orientation and 
structure of diatom cells, and the references for that 
information are listed. Adnate refers to a posture that is 
adjacent to the surface of the substrate (in between prostrate 
and erect). 



PC2 separates diatom genera that were grazed 
most effectively by P. antipodarum and then by 
Ephemerella mayflies ( Gomphoneis, Cyclotella, 
Hantzschia, and Fragilaria) from diatoms ( Cocconeis, 
Rhoicosphenia) thatEphemerella grazed more similarly 
to Brachycentrus caddisflies. Differences in grazing 
efficacy of these diatom genera likely reflect differences 
in the ability of gastropod radulas and brush-like 
mouthparts of nymphal mayflies to remove diatoms as 
well as the physiognomy of the diatoms. The genera 
grazed more similarly by P. antipodarum and 
Ephemerella include 2 colonial genera, Gomphoneis 
and Fragilaria, whose upright postures make them 
susceptible to grazing (Table 2). In contrast, the 
physiognomy of Cyclotella and Hantzschia should 
confer more resistance to grazers; Cyclotella because 
the colonial cells occur in the matrix (Stoermer and 
Julius 2003) and Hantzschia because the cells are 
prostrate to the substrate (Table 2). Despite this variety 
of diatom growth forms, P. antipodarum grazed these 
genera most effectively and mayflies grazed them 
second most effectively. Physiognomy may also 
explain why 2 of the diatom genera were grazed most 
similarly by mayflies and caddisflies. These genera, 
Cocconeis and Rhoicosphenia, appear to be similar in 
their susceptibility to grazing. Both diatoms are adnate, 
a posture which should protect them from most grazers 
(Table 2). In our experiment Cocconeis resisted grazing 
by all taxa (Fig. 3a) while Rhoicosphenia was most 
susceptible to grazing by P. antipodarum and was 
grazed similarly and not as effectively by Ephemerella 
and Brachycentrus (Fig. 3b ). Therefore, in our 
experiment mayfies and caddisflies were similarly 
disadvantaged grazing these adnate diatoms. 

Taken together these results provide several 
insights regarding interactions between grazers and 
periphyton and between invasive P. antipodarum and 
native grazers. First, these results suggest that P. 
antipodarum are more effective grazers than 
Ephemerella mayflies and Brachycentrus caddisflies 
because they significantly reduced both measures of 
periphyton biomass (chlorophyll a and AFDM) and 
they reduced the relative abundance of more diatom 
genera than any of the native grazers. This superior 
grazing ability suggests that P. antipodarum should be 
strong competitors for periphyton with native grazers. 
Second, these results suggest that compared to 
Brachycentrus caddisfly larvae, Ephemerella mayfly 
nymphs are the second most effective grazers at 
removing both total periphyton biomass and individual 
diatom genera. Because the Glossosoma caddisfly 
larvae died during the experiment, an adequate 

comparison of their grazing ability could not be made. 
The similarity in grazing ability and diatom genera 
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grazed between P. antipodarum and Ephemerella 
mayflies suggests that in this experiment Ephemerella 
have the greatest dietary overlap with P. antipodarum 
and are the most likely to be competing with these 
invaders. Third, these results suggest that higher 
grazing efficacy relative to native grazers may be a 
potential mechanism for P. antipodarum dominance in 
biomass (Hall et al. 2006) which should protect them 
from most grazers (Table 2). In our experiment 
Cocconeis resisted grazing by all taxa (Fig. 3a) while 
Rhoicosphenia was most susceptible to grazing by P. 
antipodarum and was grazed similarly and not as 
effectively by Ephemerella and Brachycentrus (Fig. 
3b ). Therefore, in our and experiment mayflies and 
caddisflies were similarly disadvantaged grazing these 
adnate diatoms. and consumption of primary 
productivity (Hall et al. 2003). More experiments are 
needed to compare grazing ability between the invasive 
P. antipodarum and other native macroinvertebrate 
grazers. These results suggest, however, that grazing 
ability may contribute to invasive success in P. 
antipodarum. 
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ABSTRACT 

A growing body of evidence suggests that 
resources invested in sexual signals and other 
reproductive traits often come at the expense of the 
ability to mount an immune response. Male sagebrush 
crickets, Cyphoderris strepitans, offer an unusual 
nuptial food gift to females during mating: females 
chew on the tips of males' fleshy hind wings and ingest 
hemolymph seeping from the wounds they inflict. 
Previous research has shown that once a male has 
mated, his probability of obtaining an additional 
copulation is reduced relative to that of a virgin male 
seeking his first mating. One hypothesis to account for 
this effect is that wing wounding triggers an 
energetically costly immune response, such that non
virgin males are unable to sustain the costly acoustical 
signaling needed to attract additional females. To test 
this hypothesis, we injected virgin males with 
lipopolysaccharides (LPS), a non-living component of 
bacterial cell walls that leads to upregulation of the 
insect immune system. Males were released in the field 
and recaptured over the course of the breeding season 
to monitor their mating success. Over two breeding 
seasons, LPS-injected males took significantly longer to 
secure matings than sham-injected virgin males. An 
encapsulation rate assay showed no difference in the 
encapsulation response of males of different mating 
status, but virgin males had significantly higher levels 
of phenol oxidase than non-virgin males. These results 
suggest that males trade off investment in reproduction 
and investment in immunity. 

INTRODUCTION 

The sagebrush cricket, Cyphoderris strepitans, 
is one of only seven extant species of a relatively 
unknown orthopteran family, the hump-winged grigs 
(Haglidae) (Kumala et al. 2005). C. strepitans occurs 
exclusively in high-altitude sagebrush meadows in 
mountainous areas of Colorado and Wyoming (Morris 
and Gwynne 1978). Mating occurs in the late spring 
after the snow melts. Males climb into sagebrush or 
lodgepole pine shortly after sunset to secure a perch, 
from where they emit acoustical signals that function to 
attract females (Snedden and Irazuzta 1994) and appear 
to be the primary means of pair formation (Snedden and 
Sakaluk 1992). Copulation is initiated when a female 
climbs onto the dorsum of the male, at which time he 
attempts to transfer a spermatophore, a small gelatinous 
packet containing sperm. During copulation, the female 
feeds on the male's fleshy hind wings and the 
hemolymph that oozes from the wounds she inflicts. 
After the spermatophore has been transferred, the male 
actively pulls away from the female, terminating wing 
feeding (Eggert and Sakaluk 1994). 

Virgin males secure more matings than their 
relative abundance in the population would predict, a 
population wide pattern that has been described as the 
"virgin-male mating advantage" (Morris et al. 1989; 
Snedden 1996). Mating appears to be costly to males: 
not only do they lose a significant portion of their hind 
wing tissue and hemolymph, they must also produce 
another spermatophore if they are to mate again. 
Previous work has shown that non-virgin male calling 
time is reduced relative to virgin males (Sakaluk et al. 
198 7; Sakaluk and Snedden 1990). Given the 
importance of calling in pair formation and the marked 
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decrease in calling time of non-virgin males, it seems 
likely that it is the decrease in calling time that is 
responsible for the reduced mating success of non
virgin males. 

One possible proximate mechanism underlying 
the reduction in non-virgin male calling time is the 
activation of the male's immune system that presumably 
results from the wing wounding inflicted by females at 
copulation, decreasing the amount of energy available 
for calling. The objective of this study was to determine 
the effects of an induced immune response on the 
mating success of free-living male sagebrush crickets 
and to compare the immune responses of virgin and 
non-virgin males. If the immune response resulting 
from female wing feeding during copulation is 
responsible for the decline in non-virgin male mating 
success, then virgin males subjected to a similar 
immunological challenge should exhibit a similar 
decline in the incidence of matings. 

+ METHODS 

Experiment 1: The effect of an experimental immune 
challenge on the mating success of free-living males 

We conducted a mark-recapture study over 
two seasons at two different locations in Grand Teton 
National Park, Wyoming: 1) Deadman's Bar, a 4.1-ha 
rectangular study plot in sagebrush meadow habitat 
adjacent to the Snake River at Deadman's Bar (2006) 
and 2) Pacific Creek, a collection of several smaller 
contiguous study plots (total area = 9.15 hectares) in 
sagebrush meadow habitat adjacent to the intersection 
of Pacific Creek road and John D. Rockefeller Jr. 
highway (2007). The larger study area in 2007 was 
necessitated by the lower density of crickets at this 
location. At the beginning of each breeding season, we 
attempted to capture all of the virgin males present in 
the study area. The initial collection period took place 
from May 21 to May 24 in 2006, and May 20 to May 
27 in 2007. Males initiate pair formation by 
acoustically signaling to females from perches in 
sagebrush (Snedden and Irazuzta 1994, Snedden and 
Sakaluk 1992), and we located males by orienting to 
their calls. The mating status of males was determined 
by examining the hind wings for evidence of wing 
wounding by females. Only virgin males, as evidenced 
by their intact hind wings, were used in the experiment. 
A numbered flag marked the location of each virgin 
male collected, so that experimental males could be 
returned back to their respective locations of capture 
after treatment. Males were held in collecting vials and 

transported to the University of Wyoming-National 
Park Service Research Station (UW -NPS), less than 30 
km away, for processing. 

Males were weighed the morning after their 
capture to the nearest 0.1 mg and assigned to one of two 
treatments, one in which males were experimentally 
injected with lipopolysaccharides (LPS) and a sham 
control treatment. LPS are derived from the cell wall of 
Serratia marcesens, a gram-negative bacterium that is a 
common insect pathogen (Adamo et al. 2001, Bucher 
1959). Although LPS elicits an immune response in 
crickets and other insects (Jacot et al. 2004, 2005), it is 
itself nonpathogenic. Experimental males were injected 
with 50 Jlg of bacterial lipopolysaccharides (LPS, 
Sigma, L6136 Sigma-Aldrich Inc., St. Louis, USA) 
dissolved in 10Jll of Grace's insect medium (Sigma, 
G8142), thus presenting males with an immunological 
challenge. Sham control males were injected with 10 Jll 
of Grace's insect medium only (N = 43 in 2006, N = 46 
in 2007).Injections were given approximately 12 hours 
after males were captured, administered between the 2nd 
and 3rd abdominal sternites with a 1 0-Jll Hamilton 
syringe (#8003, Hamilton Co., Reno, Nevada, USA) 
after swabbing the abdomen with a cotton ball soaked 
in 70% ethanol. Each male was individually marked 
with a numbered tag secured to his pronotum with 
cyanoacrylic glue. Fluorescent paint (Testors Co., 
Rockford, Illinois, USA) was also applied around the 
pronotum and to the femora to facilitate the recapture of 
marked individuals with portable fluorescent lanterns. 
Marked males were returned to their respective sites of 
capture that evening at sunset, approximately 24 hours 
after capture. We marked and released a total of 86 
males in 2006 ( 43 LPS-injected and 43 Sham-control) 
and 93 males in 2007 (47 LPS-injected and 46 Sham
control). 

At intervals of 2 nights thereafter, weather 
permitting, we recaptured marked males to ascertain 
their mating status. Mating activity was inferred by loss 
of hind wing material in all treatments. Wing wounds 
were classified as "fresh" (visibly wet wounds with no 
discoloration indicating that the male had mated on the 
night of capture) or "old" (dry, darkened wounds 
indicating that the male had mated at least one night 
previous to the night of capture). 

Experiment 2: The effect of wing wounding on 
encapsulation and PO activity 

To determine the effect of wing wounding on 
the male's immune system, we compared the immune 
responses of three groups of males: virgin males (N = 
50), experimentally wounded virgin males (N = 49), 



and old-wound non-virgin males (N = 48). Virgin and 
non-virgin males (as evidenced by old wing wounds) 
were captured in 2007 at a third collecting site in 
Bridger Teton National Forest, adjacent to Grand Teton 
National Park, and transported to the UW-NPS 
Research Station. Half of the virgin males were 
experimentally wounded by removing a small portion 
(approximately 115) of the distal part of the fleshy hind 
wing from virgin males with micro-scissors on the 
evening they were captured. This procedure created 
wounds resembling those of males that have recently 
mated with a female. 

For all males, we assayed two parameters of 
immune function widely used in studies of other insects: 
1) encapsulation and 2) phenoloxidase activity 
(Lawniczak et al. 2006). The encapsulation response is 
the primary insect immune response against a foreign 
object present in the haemocoel (Gillespie et al. 1997). 
Encapsulation occurs as a result of the aggregation of 
haemocytes that leads to the deposition of melanin and 
hardening of the resultant capsule. This capsule 
eventually leads to the asphyxiation or death of the 
pathogen through the production of cytotoxic 
substances (Cerenius and Soderhall 2004). The 
magnitude of the encapsulation response can be 
measured by experimentally implanting an insect with 
an inert object (Ryder and Siva-Jothy 2000). We 
examined the encapsulation response of male sagebrush 
crickets by implanting them with a 2-mm long nylon 
filament (0.2 mm diameter) that had been abraded using 
sandpaper. On the morning following their capture, the 
filament was inserted dorso-ventrally between the 2nd 
and 3rd abdominal sclerites in a small puncture made 
with a sterilized sewing needle. A small knot was tied at 
the end of the filament to aid in its removal. This 
implant was allowed to melanize for 24 hours before 
being removed and then photographed on white 
background with a digital camera (Nikon, Melville, 
New York, USA) through the ocular of a 
stereomicroscope (Wild, Heerbrugg Co, Switzerland). 
To control for variation in lighting, the implant was 
photographed side-by-side with a control (i.e., non-

implanted) filament. The degree of melanization of the 
implant was measured using image-analysis software 
(Image J) freely available from the NIH 
(http://rsb.info.nih.gov/ij /download.html). This program 
compares the number of black and white pixels in any 
section of the image to produce a grayscale value. The 
portion of the image containing the implant was 
evaluated by the program to obtain the grayscale value, 
with values of each pixel ranging from 0 (completely 
dark) to 256 (completely white). We determined the 
darkness of the implant as the difference in grayscale 
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values of the implant and control filament. 

Phenoloxidase (PO) is a key enzyme in the 
biochemical cascade leading to the production of 
melanin, which is the key component in the 
encapsulation response (Soderhall and Cerenius 1998). 
We measured phenoloxidase activity using methods 
adopted from Rantala and Kortet (2003), Fedorka and 
Zuk (2005) and Bailey and Zuk (2008). Immediately 
after removing the nylon filament, we drew 6 !J.l of 
hemolymph from the site of filament removal, added it 
to 60 Ill of phosphate buffered saline, and then froze the 
samples for several weeks at -25°C to disrupt hemocyte 
membranes. Five !J.l of the PBS/hemolymph solution 
were then added to 7 Ill of bovine pancreas a
chymotrypsin (1.3 mg/mL, Sigma C7762) and allowed 
to react at room temperature for 20 minutes. Alpha
chymotrypsin converts all of the pro-PO enzyme 
present in the hemolymph to PO (Bailey and Zuk 2008, 
Cerenius and Soderhall 2004). We measured the 
resulting PO activity by adding 90 ul of a 15 milli
molar L-Dopa solution. Because the same amount ofL
Dopa substrate was added to each sample, resulting 
differences in melanin production must be due to 
individual differences in PO enzyme activity. We used 
a spectrophotometer (Power Wave 340, BIO-Tek) to 
record the change in optical density (OD) at 490 nm for 
130 minutes of the active phase of the reaction. Male 
PO activity was recorded as the change in OD over that 
span of time. The same calculation was performed on 
10-12 control wells containing only PBS and L-DOPA. 
The average value of control samples was then 
subtracted from the PO value for each individual to 
obtain a final PO level. 

+ RESULTS 

Experiment 1: The effect of an experimental immune 
challenge on the mating success of free-living males 

Time to mating was determined as the number 
of nights from the time a male was first released until he 
was captured as a non-virgin. Non-virgin males bearing 
fresh wing wounds were assumed to have mated on the 
night they were captured. Non-virgin males bearing old 
wing wounds were assumed to have mated at least one 
night previous to their capture or, if they had not been 
captured in the previous census, we recorded the night 
of mating as the mid-point of the earliest time they 
could have mated and the last time they could have 
mated. Males that had still not mated by the time of 
their last capture were included as 'censored' 
observations. 
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We used failure-time analysis to compare time 
to mating across treatments (Allison 1995), specifically, 
a Cox regression as implemented by PROC PHREG in 
SAS/ST AT software (SAS Institute, Inc. 2004). 
Treatment (LPS or SHAM) and Year (2006 or 2007) 
were entered as covariates, and the EXACT option was 
specified in the model statement to handle ties, 
instances in which different males had the same time to 
mating. This option was employed because it assumes 
that mating times are, in reality, continuous and 
ordered, assumptions that are almost certainly met by 
our data. The analysis revealed a significant effect of 
treatment (Waldx2 = 4.39, P = 0.0362), but no effect of 
year (Wald x2 = 0.44, p=0.505) on time to mating (see 
Figure 1). Sham-injected males mated sooner than LPS 
injected virgin males, and were more than twice as 
likely to secure a mating as were LPS males (Hazard 
Ratio= 2.129). 
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Figure I. Leman et al. The proportion of male sagebrush 
crickets remaining unmated as a function of time elapsed 
since their initial release. LPS-males took significantly longer 
to secure a mating than sham-control males over both years of 
the study (Wald I= 4.39, P = 0.0362). 

Experiment 2: The effect of wing wounding on 
encapsulation and PO activity 

There was no significant difference in the 
mean encapsulation response of virgin, experimentally 
wounded virgin, and old-wound males (ANOV A: F2• 140 

= 0.0104, p = 0.99). The mean encapsulation value 
was 79.9 ± 2.2 (± SE) for virgin males, 79.4 ± 2.9 for 
experimentally wounded virgin males, and 79.5 ± 2.9 
for old-wound males. 

There was a significant difference in PO 
activity of virgin, experimentally wounded virgin, and 
old-wound non-virgin males (ANOVA: F2• 146 = 8.37,p 
= 0.0004). Virgin males had significantly higher PO 

activity than both experimentally wounded virgin males 
and old-wound males (Ryan-Einot-Gabriel-Welsch 
multiple range test, p < 0.05), but there was no 
difference in the PO activity of experimentally wounded 
virgin males and old-wound non-virgin males (p > 0.05, 
Figure 2). 
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Figure 2. Mean (+SE) phenoloxidase activity (change in OD 
units x I 0-4) of male sagebrush crickets. Figure 2. Leman et al. 

+ DISCUSSION 

Immunochallenged vugm male sagebrush 
crickets took significantly longer to secure a mating 
than control males. Virgin males had significantly 
higher PO activity than either experimentally wounded 
virgin males or naturally wounded, non-virgin males. 
Our data support the hypothesis that wing-wounding 
during copulation leads to an energetically costly 
immune response, such that mated males are less able to 
sustain the acoustical signaling needed to attract 
additional mates. This suggests that the investment in an 
immune response imposes a cost to reproduction that 
directly constrains the future mating success of male 
sagebrush crickets. 

The results of our PO assay demonstrate that 
an immune response in males occurs as a result of wing
wounding by females. Our assay measured both pro-PO 
and active PO, and thus represents the total PO present 
(Adamo 2004, Bailey and Zuk 2008). 
Prophenoloxidase gene expression is not up-regulated 
during an immune challenge (Ahmed et al. 1999), so 
less PO activity should indicate that an immune 
response has occurred. Virgin males had higher PO 
activity than either experimentally wounded virgin 
males or naturally wounded, non-virgin males, 



presumably because the latter two groups had 
experienced some depletion of their PO in responding 
to the immune challenge posed by wing wounding. 

The encapsulation response occurs because of 
melanin formation in the pro-PO to PO enzymatic 
cascade (Cerenius and Soderhall 2004, Rantala and 
Kortet 2003) and is a reliable way to measure realized 
immunity (Gillepsie et al. 1997, Fedorka and Zuk 
2005). However, PO activity is not correlated with 
encapsulation ability (Fedorka and Zuk 2005, 
Gershman 2008). Contrary to our expectation, there was 
no difference between virgin males, experimentally 
wounded virgin males, and naturally wounded, non
virgin males in their ability to encapsulate a filament. 

The virgin-male mating advantage in 
sagebrush crickets appears to reduce the opportunity for 
sexual selection in males, compared to other species in 
which mating is not so costly (Snedden, 1996). If the 
immune responses elicited by wing wounding constrain 
a male's ability to acquire future mates, it seems 
possible that the tradeoff between reproduction and 
immunity could increase the operational sex ratio and 
promote a sex-role reversal in which males become 
more selective of prospective mating partners (e.g. , 
Gwynne, 1981; Gwynne and Simmons, 1990). 
However, male C. strepitans do not appear to be at all 
choosy, as males court virtually all the females they 
contact, at least in encounters staged in the laboratory, 
and we have never seen males pull away from a 
mounted female before the spermatophore has been 
transferred. In contrast, we have frequently witnessed 
females actively pulling away from males that they have 
mounted (pers. obs.). Thus, whatever the extent to 
which immune responses constrain male mating 
success, a paucity of receptive females seems to 
mitigate against any overt choosiness on the part of 
males. 
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+ INTRODUCTION 

The hydrology of the Snake River in Grand 
Teton National Park is partly determined by releases 
from Jackson Lake Dam. The dam was first built in 
1908 and became part of the National Park system 
when GTNP was expanded to include most of Jackson 
Hole. Completion of the present structure of Jackson 
Lake Dam occurred in 1917 and resulted in an increase 
above the natural level of Jackson Lake of 11.9 m. The 
Bureau of Reclamation (BOR) manages the dam and 
sets discharge schedules, primarily to meet agricultural 
needs, and to a lesser extent the needs of recreational 
river use. Major changes to the hydrological regime of 
the Snake River include lower than natural peak 
releases, decrease in frequency of extreme flood events, 
and unusually high flows from July to September. In 
addition, peak releases prior to 1957 were not 
synchronized with spring runoff but shifted to July or 
early August. Changes in inundation frequencies of 
floodplains , inundation duration and timing of peak 
flows have profound effects on the extent and 
composition of the riparian zone. 

+ STUDY OBJECTIVES 

The main objective of this study is to 
characterize the riparian communities along the Snake 
River from Jackson Lake Dam to the southern border of 
Grand Teton National Park. We are hypothesizing that 
plant communities in the riparian zone are affected as a 
consequence of changes to the hydrological regime. 
Understanding key factors that determine the structure, 
composition and spatial distribution of riparian plant 
communities will allow us to create spatial models and 

predict changes to the riparian ecosystem resulting from 
current and future river management. The results of 
such models would allow managers to examine the 
implications of different dam operation scenarios on the 
riparian ecosystem. 

Our research activities in 2006 aimed to: 
o Complete the inventory of riparian plant 

communities along the Snake River. Establish 
vegetation study plots, identify all vascular 
plant species and estimate their cover. Record 
all tree regeneration and measure stem 
diameter and height of tree species. Collect 
environmental data on topography, relief, 
landform, substrate age, soils, browsing and 
habitat alteration. 

o Define plant communities as they occur in the 
Snake River riparian zone. 

o Relate environmental variables to observed 
vegetation pattern and explain spatial 
distribution of plant communities. 

+ FINDINGS AND S TATUS 

During the field season 2006 we completed 
sampling of the riparian vegetation along the Snake 
River between Jackson Lake Dam and Moose. 
Combining the 2005 and 2006 data, we inventoried 
plant composition of 289 plots: 71 plots are located in 
the Oxbow area between Jackson Lake Dam and the 
confluence of Pacific Creek, another 109 are located 
between Pacific Creek and the boat launch at 
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Deadman's Bar, and the remaining 109 sites are located 
between Deadman's Bar and Moose. Plot size varied 
from 10 m2 for herbaceous vegetation to 25 m2 and 100 
m2 for shrubs and woodland, respectively. On each plot, 
all vascular plants were identified to species and their 
cover was estimated. Environmental data collected on 
each site included: height above water, distance from 
water, soil depth to gravel, slope, aspect, relief, animal 
activities, and other disturbances. These environmental 
data were complemented with geomorphological and 
hydrological maps created by Nick Nelson and Jack 
Schmidt from Utah State University, Logan. 

We identified 314 vascular plant species in our 
289 vegetation plots. Three of these species are 
considered sensitive in the State of Wyoming, namely 
Stephanomeriajluminea, Carex cusickii and Veronica 
scutellata. Another five species are on the noxious 
weed list for Grand Teton National Park: Carduus 
nutans, Cirsium arvense, Cirsium vulgare, 
Cynoglossum officinale and Tanacetum vulgare. While 
we notices a few scattered specimens of spotted 
knapweed (Centaurea maculosa) and toad flax (Linaria 
vulgaris) along the river, these widespread invasive 
species were infrequent in our study area and never 
encountered on our plots. A complete plant list, 
sensitive species occurrence records and UTM 
coordinates for plots with noxious weeds are available 
upon request*. 

Vegetation composition of sites was analyzed 
with non-linear multidimensional scaling (NMDS). We 
used generalized additive models to link environmental 
variables with community composition. Height above 
water and depth to gravel are the best explanatory 
variables of vegetation composition along the river, 
with squared deviances of0.62 and 0.59, respectively. 
Surface age, as determined from maps showing channel 
change during the last 50 years, was also useful, 
achieving a squared deviance of 0.32. While there is a 
strong relationship between distance to high water in 
spring, the same measurement in fall is a poor predictor 
for vegetation composition. These results document the 
relationship between hydrology, geomorphology and 
vegetation. Using discriminant analysis and/or 
structural equation modeling, we will further attempt to 
predict the spatial distribution and composition of 
riparian vegetation. 

*http:/ /webdev. uwyo.edu/uwnps/ 

We classified the riparian vegetation into 14 
types, using a hierarchical cluster analysis approach 
with flexible beta. The distribution of these 14 types 
varies considerably between the three river sections. 
The moist sedge community in the Oxbow is 
characterized by Carex vessicaria - this type does not 
occur in the other two sections of the river. Tall willow 
vegetation in the Oxbow region is dominated by Salix 
boothii and is distinctly different to the tall willow
alder shrubland found in the Pacific Creek and 
Deadman's Bar sections of the river. Most obvious are 
differences in young cottonwood stands: none of the 
four cottonwood regeneration types are common in the 
Oxbow. 

Beside a lack of widespread cottonwood 
regeneration within the Oxbow section, cottonwoods 
are generally absent from the tall shrub and lower tree 
strata throughout the study area. We are hypothesizing 
that this constitutes evidence of past river management 
activities. Prior to 1957, peak releases from Jackson 
Lake Dam were shifted to July or early August, creating 
conditions not conducive to successful cottonwood 
regeneration. We are currently processing cottonwood 
diameter and age data to further examine influences of 
the altered hydrological regime on riparian forest 
structure along the Snake River. 
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+ ABSTRACT 

Advancing global climate change and associated 
desiccation of temperate and boreal forests, exacerbated 
by extensive clear-cutting, may increase poisoning of 
aquatic ecosystems with high levels of contaminants, 
especially Hg. We report on contaminants identified in 
nestling bald eagles and wildland firefighters of the 
Teton Ecosystem (Grand Teton National Park (GTNP) 
and the Snake River Unit (SRU), Wyoming) during 
summers of 2006, 2007 and 2008. In bald eagles, we 
focus primarily on mercury (Hg), lead (Pb ), and selenium 
(Se) because each was detected in all nestlings during all 
summers at moderate levels. In wildland firefighters , we 
report primarily on Hg due to potential contamination 
from Hg when fighting fires and ingesting smoke and 
particulates produced by those fires. 

We feel that studying Hg both in the eagles and 
humans simultaneously is a better indicator of the general 
health of the environment than studying them separately. 
Both humans and bald eagles occupy top tiers on the 

food web, and intricately reflect the status of the 
environment. 

Results of the bald eagle analyses showed trends 
indicating increases in Hg and Pb from 2006 to 2007, 
and decreases from 2007 to 2008. Selenium essentially 
remained constant from 2006 to 2007 and increased from 
2007 to 2008. In wildland firefighters , Hg appears to be 
elevated in those firefighters who are exposed to 
significant levels of smoke and particulates, both in 2007 
and 2008. Conjectures about firefighters , however, are 
not statistically significant due to small sample sizes and 
logistical problems. 

Encouraging trends in bald eagle contaminant 
levels from 2007 to 2008 suggest reduction (or 
stabilization) of contaminant concentrations in the Teton 
Ecosystem. We also encourage the continued 
elimination of Pb attributable to humans (lead 
ammunition, lead shot, etc.) from the Teton Ecosystem. 
We encourage periodic monitoring of contaminants in 
the Teton Ecosystem, minimally at five-year intervals 
(Harmata 1996), unless unexpected events mandate more 
immediate monitoring. In wildland firefighters, we 
suggest a well-designed, comprehensive research study 
for summer 2009, to immediately address future 
ecological issues that are emerging due to climate 
change. 
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+ INTRODUCTION 

In the late 1980s, toxic elements and 
organochlorine pesticides were analyzed in blood & sera 
of bald eagles (Haliaeetus leucocephalus) captured along 
the Snake River in northwestern Wyoming (Harmata and 
Oakleaf 1992). From 1985 -1992, 35% of bald eagles 
tested (total number= 146) had detectable levels ofPb, 
91 .4 % had detectable levels of Hg, and 1 00% had 
detectable levels of Se. At that time, survival and 
productivity of eagles did not appear affected. However, 
contaminant induced mortality was recorded in several 
eagles. Despite recommendations to monitor 
contaminants in nestling bald eagles at 5-year intervals 
(Harmata 1996), no follow-up analyses were conducted 
until summer 2006, after several bald eagles with Hg 
levels above the toxic threshold (~0.4ppm wet weight, 
Burgess et al. 2005) were submitted to the Montana 
Raptor Conservation Center (MRCC), a raptor 
rehabilitation and education organization in Bozeman, 
Montana. 

Since December 2005, approximately 15 bald 
eagles and one golden eagle (Aquila chrysaetos) were 
submitted for treatment to MRCC. Analysis revealed 
that eagles contained toxic levels of Hg in their blood. 
Six died, one was released, and the rest remain in 
treatment but most likely will not be releasable. 
Symptoms ofHg toxicity were expressed by at least three 
other eagles submitted since October 2005, but their 
blood was not analyzed specifically for this metal. We 
suspect that Hg poisoning may have emerged prior to 
December 2005, but was not diagnosed (Harmata 2006). 

Since the summer of2006, we have investigated 
contaminants in nestling, wintering and migrant bald 
eagles in southwestern Montana and northwestern 
Wyoming. Here, we report on contaminants identified in 
nestling bald eagles of the Teton Ecosystem during 
summers of2006, 2007, and 2007. 

ln late May 2007, while discussing the issue of 
Hg poisoning in bald eagles, we theorized that, if forest 
fires are the source of Hg contamination in the bald 
eagles, the contaminant could also manifest itself in other 
species, most notably wildland firefighters who occupy 
the immediate environment while combating forest fires. 
Exposure of firefighters to Hg may occur: 1) after its 

release into the atmosphere as a result of combustion of 
mercury-laden tree bark and other organic plants; and, 2) 
while firefighters inhale particulates resulting from 
activities such as digging fire line in unburned areas, 
especially peat bogs where microorganisms methylized 
the inorganic mercurial ion under riparian conditions. 

During summer 2007, we therefore initiated a 
preliminary study to investigate if Hg accumulated at 
toxic levels in wildland firefighters who were exposed to 
smoke and other particulates while fighting fires in the 
western United States. During summer 2008, we 
continued monitoring Hg in the wildland firefighters. 
Here, we report on contaminants identified in wildland 
firefighters of the Teton Ecosystem during summers 2007 
and 2008. 

We feel that studying Hg both in the eagles and 
humans simultaneously is a better indicator of the general 
health of the environment than studying them separately. 

+ METHODS 

Bald Eagles: 

Sampling was conducted at nest sites in the 
Teton Ecosystem (Table 1) during summers 2006,2007, 
and 2008, along both lentic (Jackson Lake and Lower 
Slide Lake) and lotic systems (Snake River corridor from 
the Jackson Lake dam to the Elbow south of Hoback 
Junction). 

2006 2007 2008 

4LazyF Ranch (2) 4LazyF Ranch (3) 
4LazyF Ranch (2) 

Crane Creek Ranch (3) 

Elbow (1) Elbow (2) 

Ford's South (I) 

Hoback Junction (1) 
Hoback Junction (1) 

Lower Slide Lake Lower Slide Lake (I) 
1(1) Lower Slide Lake (2) 

Moose (2) Moose (I) 
Moose (2) 

Oxbow Bend (1) 

Refuge (2) Refuge (1) 

Spaulding Bay (2) 

Triangle X Ranch 
lf2) Triangle X Ranch (2) 

Table 1. Bald eagle nest sites sampled in the Teton 
ecosystem, 2006-2008. Number of nestlings at each nest site 
is given in parentheses. 

In this study, we focus on Hg, Pb, and 
Se because they occurred in all nestlings during all 
summers at moderate levels and, due to their persistence 
in the environment, are of significant concern in the 
Teton Ecosystem. In addition, we tested six other 
soluble trace elements - antimony (Sb), arsenic (As), 
cadmium (Cd), chromium (Cr), nickel (Ni), thallium (Tl), 



and vanadium (V) - from 2006 to 2008, and DDE 
(organochlorine metabolite of DDT) in eight nestlings in 
2007. Blood samples were analyzed at Michigan State 
University, Veterinary Medical Center, Diagnostic 
Center for Population and Animal Health, Clinical 
Pathology Laboratory (DCPAH), A215, East Lansing, 
MI 48824-1314. 

We will present comprehensive information 
where appropriate, but we will mainly compare average 
occurrence ofHg, Pb, and Se over the three summers and 
examine any trends graphically. For more formal, 
comprehensive results and discussions, we refer you to 
last year's report, Monitoring of Contaminants in 
Nestling Bald Eagles of Grand Teton National Park 
(Montopoli et al. 2008). 

Wildland Firefighters: 

During summer 2007, in a preliminary, 
feasibility study, we analyzed blood for Hg, Pb and three 
other soluble metals [cadmium (Cd), cobalt (Co), and 
Thallium (Tl)]. We measured contaminant levels for 12 
subjects, and repeated blood draws for four of these 
subjects. For comprehensive results and discussions, we 
refer you to last year' s report, Monitoring of Mercury in 
Wildland Firefighters (Montopoli et al. 2008). 

During summer 2008, we continued the study, 
and expanded it to include a control group. We tested 
only for blood levels ofHg and Pb. The proposed design 
involved the collection and analysis of 1 Oml blood 
samples from an exposure group and a control group. 
The control group consisted of 26 fulltime employees 
(seasonal or permanent) of Grand Teton National Park. 
The exposure group consisted of 19 wildland firefighters 
from the Teton Ecosystem who were exposed to 
substantial smoke and particulates from wildland fires. 

We intended to take two blood draws per 
subject (pre- and post-contaminant exposure) and 
analyze the results using a related-samples t-test based on 
the repeated-measures design at a level of significance of 
0.05. A power analysis based on the difference score 
(post-Hg level minus pre-Hg level) allowed the detection 
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of a medium effect due to Hg (Cohen's d = 0.5 , alpha = 
0.05 and power= 0.8; Cohen 1988). All Hg-panels were 
analyzed using a lab certified for the detection ofHg (St. 
John's Medical Center, P.O. Box 428 Jackson, WY 
83001). 

Participants also answered a brief questionnaire 
containing questions about demographics, prior Hg 
exposure, immediate exposure to smoke and particulates, 
and contact information. We obtained substantial 
assistance and support from the University of 
Washington 's Medical School in procuring an 
Institutional Review Board (IRB) approval in both 2007 
and 2008. 

Despite substantial shortcomings and limitations 
encountered during our research, we will present and 
discuss significant results from summer 2007 and 2008. 

+ RESULTS 

Bald Eagles: 

Results from blood analyses taken from bald 
eagle nestlings during summer 2008 are summarized in 
Table 2 below. 

The main purpose of this study involved the 
investigation of the occurrence of Hg, Pb, and Se in 
nestlings within the Teton Ecosystem over the course of 
the three summers. Table 3 summarizes levels of these 
environmental contaminants by year 

Wildland Firefighters: 

The exposure group consisted of 19 subjects. 
Of those 19 subjects, only six subjects completed both 
blood draws. Table 4 summarizes the results. 



120 

Nest Site Sb As Be Cd Cr Ph Hg Ni Se Tl v 
Hoback Junction <25 <5 <25 <5 <25 21 275 <25 1654 <5 <25 

Crane Ck Ranch <25 49 <25 6 <25 26 131 <25 1800 <5 <25 

Crane Ck Ranch <25 31 <25 20 <25 50 112 45 1636 <5 <25 

Crane Ck Ranch <25 34 <25 10 <25 25 138 <25 1448 <5 <25 

Ford's South <25 <5 <25 7 <25 20 312 <25 2325 <5 <25 

Moose Nest <25 <5 <25 7 <25 19 83 <25 1024 <5 <25 

Moose Nest <25 <5 <25 10 <25 32 162 32 1504 <5 <25 

4LazyF Ranch <25 <5 <25 6 <25 21 270 <25 3363 <5 <25 

4LazyF Ranch <25 <5 <25 7 <25 21 261 <25 3183 <5 <25 

Lower Slide Lake <25 <5 <25 7 <25 21 310 <25 1191 <5 <25 

Table 2. Soluble trace elements (ppb wet wt.) detected in blood of nestling bald eagles. 

Hg Ph Se 

Nest Site 2006 2007 2008 2006 2007 2008 2006 2007 2008 

0.150 0.204 0.270 0.003 0.019 0.021 0.755 1.415 3.363 

4 LazyF Ranch 0.261 0.210 0.261 0.003 0.028 0.021 0.823 1.758 3.183 

0.563 0.089 1.285 

0.131 0.026 1.8 
Crane Creek 

Ranch 0.112 0.05 1.636 

0.138 0.025 1.448 

E1bowNest 0.614 0.697 0.004 0.011 1.477 1.316 

0.742 0.011 1.599 

Ford's South 0.312 0.02 2.325 
Hoback 
Junction 0.358 0.275 0.014 0.021 1.044 1.654 

Lower Slide 
Lake 0.975 0.539 0.310 0.006 0.011 0.021 1.191 0.980 1.191 

0.575 0.012 1.270 

Moose Nest 0.096 0.230 0.083 0.008 0.012 0.019 0.505 1.896 1.024 

0.291 0.162 0.003 0.032 0.619 1.504 
Oxbow Bend 0.797 0.193 1.783 

Refuge Nest 0.115 0.146 0.006 0.012 3.498 2.722 

0.142 0.007 3.648 
Spaulding Bay 0.360 0.021 0.549 

0.367 0.166 0.574 
Triangle X 

Ranch 0.212 0.342 0.014 0.142 0.542 1.019 

0.242 0.407 0.005 0.120 0.654 1.318 

Geometric 
Mean 0.237 0.388 0.187 0.0052 0.0304 0.024 1.045 1.256 1.781 

Table 3. A comparison ofHg, Pb, and Se concentrations (ppm wet wt.) in nestling bald eagles by year and nest site. 



Subject Draw 1 Draw2 

1 <4 <4 

2 <4 <4 

3 <4 <4 

4 <4 <4 

5 6 7 

5 9 8 

Table 4. Summary ofHg (mcg/dL) occurrence for subjects 
completing a pre- and post-blood draw in the exposure group 

The control group consisted of26 subjects. Of 
those 26 subjects, only 11 subjects completed both 
blood draws. Table 5 summarizes the results. 

Subject Draw 1 Draw2 

I <4 <4 

2 <4 <4 

3 <4 <4 

4 <4 <4 

5 <4 <4 

6 <4 <4 

7 <4 <4 

8 <4 <4 

9 <4 6 

10 5 <4 

II 6 7 

Table 5. Summary ofHg (mcg/dL) occurrence for subjects 
completing a pre- and post-blood draw in the control group 

Wildland firefighters were also tested for the 
presence of Pb in their blood, but results were 
unremarkable. Lead was encountered at non-detectable 
levels(< 3 mcg/dL) in 94% of all blood analyses (62 
total analyses), and never measured more than 4 
mcg/dL in the four cases where Pb level was detectable. 

+ DISCUSSION 

Bald Eagles: 

Environmental contaminants in bald eagles are 
a persistent issue in Montana and Wyoming, especially 
in the Teton Ecosystem. Although blood analyses from 
nestling eagles surveyed during the summers of 2006, 
2007 and 2008 suggest the riparian ecosystem 
supporting these eagles contains generally low levels of 
contaminants, several issu~s of concern emerged. 

Examination of Table 1 indicates a high 
concentration of As in the three nestlings at the Crane 
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Creek Ranch nest site (geometric mean = 3 7.24 ppb ), 
especially when compared to other nestlings ( <5 ppb ). 
Possible causes include unintentional poisoning from 
rodent-control measures employed by local ranches, or 
some other point source contamination occurring in the 
nestlings' food source. Arsinecosis, or mortality of 
bald eagles directly attributable to As, has not been 
documented in WY. Levels of As in blood of eagles 
found here may be reflective of background levels, 
sensitivity of analysis, or both. One-hundred percent of 
Wyoming nestlings exhibit detectable levels of As and 
the contamination may be inconsequential. However, 
monitoring of bald eagles productivity in this area is 
suggested. 

The geometric mean will be used when 
comparing trends from 2006 through 2008 for Pb, Hg, 
and Se concentrations. The geometric mean is more 
appropriate when data are presented as concentrations. 
Formal statistical analyses will not be performed on 
data because results from 2007 indicated limited 
statistical significance due to small sample sizes and 
violations of independence of observations (Montopoli 
et al. 2008). We feel that the overall trend 
demonstrated graphically best indicates the actual 
situation. 

Figure 1 shows an 873% increase (almost 
nine-fold increase) in Pb levels in the blood of nestlings 
from 2006 to 2007 and a 55% decrease from 2007 to 
2008. 
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Figure 1. Geometric mean concentration of Ph in nestling 
Bald Eagles (2006-2008) 

Because of limited data, we question whether 
the increase in Pb from summer 2006 to 2007, and 
decrease from summer 2007 to 2008, is due to chance 
occurrence, or perhaps from some environmental 
contamination effect. We welcome the decrease in Pb 
from summer 2007 to 2008, after such a sharp increase 
from summer 2006 to 2007. 
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We continue to support the removal of any 
localized sources of Pb contamination from the 
proximity of any nest sites (for example, elk harvest 
where lead rifle bullets are allowed, or lead shot used in 
fishing). We support continued periodic monitoring of 
Pb contamination in the future (Craighead and 
Bedrosian 2008). Removal of Pb contamination 
attributable to humans from the general environment is 
our ultimate goal. 

Figure 2 shows a 64% increase in Hg levels in 
the blood of nestlings from 2006 to 2007 and a 52% 
decrease from 2007 to 2008. We welcome the decrease 
in Hg from summer 2007 to 2008, after the increase 
from summer 2006 to 2007. Summer 2008 experienced 
a relatively slow fire season when compared to summer 
2007. We feel that the decrease in Hg may be due to 
this phenomenon. 

Natural degassing of the earth's crust is the 
major source of environmental Hg worldwide (Heinz 
1996) and coal-fired utilities are the largest single 
unregulated anthropogenic source of Hg emissions in 
the United States (USEP A 1997). However, recent data 
indicate wildfires are responsible for massive aerosols 
of Hg (Friedli eta/. 2003) and could release 15 times 
more Hg into the air than every U.S. coal-fired power 
plant combined (Friedli et a/. 2001). Biswas et a/. 
(2003) indicated combustion of litter and green 
vegetation resulted in virtually complete release ofHg 
stored in fuel and forests in the Rocky Mountain region. 
Montana and Wyoming forests may contain large 

reservoirs ofHg deposited during the industrial age that 
can be released during fires, especially the mega-fires 
that we are currently experiencing in our environment. 

Additionally, Hg concentrations in fish were 
related to ratio of the clear-cut (forest logging) size to 
lake area in Canadian boreal forests (Garcia and 
Carignan 2005), suggesting large scale logging 
operations contribute to Hg contamination of higher 
trophic-level piscivorous predators (Driscoll et al. 
1994 ), which may bioaccumulate in higher trophic-level 
predators. Thus, a reduction in the extensive forest 
fires that we experienced prior to 2008 may explain the 
reduction in Hg contamination in 2008. 

Figure 3 shows a 0.15% increase in Se levels 
in the blood of nestlings from 2006 to 2007 and a 40% 
increase from 2007 to 2008. We welcome the increase 
in Se from summer 2007 to 2008, after it essentially 
remained constant from summer 2006 to 2007. 
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Figure 2. Geometric mean concentration of Hg in nestling 
Bald Eagles (2006-2008) 

In a study involving ospreys, Odsjo et al. 
(2004) noted that a 1:1 molar ratio (2.54ppm Se: 1 ppm 
Hg) is considered efficacious for detoxifying Hg. From 
2006 to 2007, the molar ratio (based on the geometric 
mean) in nestlings decreased from 11:1 to 8:1 , and from 
2007 to 2008 increased from 8:1 to 24:1. Because Se 
mitigates the toxic effect of Hg, nestlings could 
succumb to Hg toxicity ifHg levels increased while Se 
levels decreased. Currently, the trend indicates a 
decrease in Hg and an increase in Se, and Se appears 
available to nestling bald eagles in sufficient quantities 
to mitigate any effects of Hg contamination. 
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Figure 3. Geometric mean concentration of Se in nestling 
Bald Eagles (2006-2008) 

All nests that we surveyed fall within a 
National Park or are within geographical jurisdictions 
that protect the environment from contaminants. Any 
increase in the levels of these contaminants is therefore 
not expected. Encouraging trends in bald eagle 
contaminant levels from 2007 to 2008 suggest reduction 
(or stabilization) of contaminants in the Teton 
Ecosystem. We encourage the continued elimination of 
lead attributable to humans (lead ammunition, lead shot, 
etc.) from the Teton Ecosystem. We encourage 
periodic monitoring of contaminants in the Teton 
Ecosystem, perhaps at five-year intervals, unless 
unexpected events mandate more immediate 
monitoring. 



Wildland Firefighters: 

Unfortunately, we experienced limitations to 
our original designs for both summers because we were 
unable to sample enough individuals pre- and post
exposure to smoke. We were also unable to accurately 
measure times of exposure to smoke and other 
information for all subjects, and many of the subjects 
did not experience the high levels of smoke and 
particulates the that we anticipated. These limitations 
were mostly due to logistical oversights and IRB 
approval prior to initiation of the fire season. 
Conclusions drawn from the limited study, especially 
the small sample, are tenuous at best. However, the 
following results merit discussion: 

1) During 2007: 
o Besides Hg, blood analyses were 
performed for the presence of four other 
metals (Pb, Cd, Co, and Tl). Levels of these 
metals, though not precisely reported (<3.0 
mcg/dL, <0.5 mcg/L, <1.0 mcg/L, and <1.0 
mcg/L, respectively, for all subjects), were 
well-below toxic thresholds and within normal 
range for all subjects. 
o Three of the subjects had measurable Hg 
levels (7 mcg/L, 7 mcg/L, and 8 mcg/L) that 
approached the limit of a non-toxic Hg 
concentration (<10 mcg/L). A fourth subject 
had a measurable level of 4 mcg/L. All other 
subjects had levels designated by <4 mcg/L. 
o For the four subjects with repeated blood 
draws, two demonstrated an increase in 
mercury levels over time ( <4 to 7 mcg/L, and 
5 to 8 mcg/L ), one showed no change over 
time (<4 to <4 mcg/L), and one demonstrated 
a decrease in mercury levels over time ( 4 to 
<4 mcg/L). 

2) During 2008: 
o In both the exposure and control groups, 
Pb occurred at non-detectable levels in 94% of 
all blood tests (total analyses = 62), and 
minimally detectable in the four remaining 
cases. 
o In the exposure group, of the six 
participants with two draws, four showed 
levels of <4 mcg/L for both draws, while two 
showed elevated levels of Hg for both draws 
(6-77 and 9-78 mcg/L). Both of these 
participants were on the helitack crew, which 
suggest that Hg exposure may be related to 
smoke and particulate exposure. 
Unfortunately, background exposure 
information is incomplete. 
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o In the exposure group, two other helitack 
members who only had one blood draw taken 
demonstrated high levels of Hg (9 and 5 
mcg/L). Other members of the exposure group 
most likely experienced minimal smoke 
exposure. Two participants from non
firefighting crews reported some exposure, but 
they only had one blood draw taken (<4 
mcg/L). 

o In the control group, of the 11 
participants with two draws, two showed 
elevated levels of Hg (<4 -76 and 6 -77 
mcg/L). All other subjects were <4 mcg/L for 
both blood draws. 

3) During 2007 and 2008, we recorded times of 
exposure to smoke and other information for all 
subjects. Data were incomplete and our sample was too 
small to investigate any statistical inference about the 
relationship between the duration of exposure to smoke 
and changes in blood Hg concentration. 

Despite the limititations of our research during 
both 2007 and 2008, we encountered Hg at measureable 
levels in several subjects who were exposed to elevated 
levels of smoke and particulates as part of their work 
environment. Subjects who comprised the control 
group, and subjects in the treatment group who 
experienced little exposure to smoke or particulates, 
exhibited non-detectable to low levels ofHg. No other 
soluble metals were measureable at detectable levels in 
almost all of the subjects. Consequently, we feel this 
research merits further investigation with the following 
modifications: 

o The study should be expanded to a 
significantly larger sample (at least 50, 
contingent on funding) of wildland firefighters 
in the Teton Ecosystem who are exposed to 
substantially elevated levels of smoke and 
particulates. A majority of the firefighters 
should belong to hot-shot crews that are 
extensively exposed to fire contaminants 
(smoke and particulates) over the duration of 
the summer. 

o A similarly-sized control group 
consisting of volunteers who spend a 
significant amount of time in the outdoors free 
of smoke should be used as a comparative 
sample. 
o It is essential that Hg levels in each 
subject are analyzed a minimum of two times 
during the firefighting season, optimallyprior 
to commencement of the fire season; and 
ii) well into, or at the end of, the fire season 
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after considerable exposure to smoke and fire 
particulates. 
o Time of exposure to smoke 
particulates by firefighters should be estimated 
accurately. 
o If the budget permits, hair samples 
from the back of the neck (which are fast 
growing) could be easily harvested to 
determine if mercury levels are due to chronic 
or acute exposure. 
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THE EFFECT OF AQUATIC AND TERRESTRIAL 
ENVIRONMENTAL FACTORS ON THE INTERACTION 

BETWEEN GRAND TETON BOREAL TOADS AND 
ALETHALFUNGALPATHOGEN 

+ 
P ETER 1. MURPHY, SOPHIE ST-HILAIRE & CHARLES P ETERSON + IDAHO STATE UNIVERSITY 

POCATELLO 

+ INTRODUCTION 

Batrachochytrium dendrobatidis (Bd), the 
chytrid fungus which infects keratinized amphibian skin 
and causes the lethal disease chytridiomycosis, has been 
linked to population declines and extinctions worldwide 
(Lips et al. 2006). Amphibians infected with Bd may 
suffer a variety of outcomes. Individuals of some species 
have been killed by ~ 100 Bd zoospores, while other 
species, such as the North American bullfrog Rana 
catesbiana, are highly resistant (Daszak et al. 2004). 
Within an amphibian species, populations may also 
respond differently to Bd, with some declining et al. 
remaining stable (Kriger and Hero 2006). Divergent 
outcomes among species and populations with respect to 
Bd may arise from at least three factors, or their 
interaction: 

differences In 
Bd pathogenicity 

differences In 
host resistance 

environmenta 
differences 

In the past several years, we have been 
investigating the role of each of these factors in the 
epidemiology of Bd in boreal toads, Bufo boreas boreas. 
Bd has been linked to recent, severe declines in Colorado 
boreal toads (Muths et al. 2003). But similar declines 
have not been documented in these toads from 
northwestern Wyoming, within and surrounding Grand 
Teton National Park (Com 2007). This is true even 
though Grand Teton boreal toads i) carry Bd at high 
levels across Grand Teton breeding populations (Figure 

1A and B and Figure 2) will die when exposed to Bd 
under laboratory conditions (Fig. 1 C; Murphy et al. 
2008). These findings suggest that in the field, 
environmental factors may influence the interaction 
between the host and pathogen, allowing boreal toads to 
reduce the virulence of Bd. 

A recent model for the epidemiology of 
chytridiomycosis based on Rana muscosa, the yellow
legged frog, in the Sierra Nevada amphibian (Briggs et 
al. 2005) demonstrates that the persistence of B. 
dendrobatidis in a susceptible population requires either, 
or both, of the following conditions: i) the pathogen, B. 
dendrobatidis, must persist outside of the host, or ii) at 
least some post-metamorphic individuals must survive 
infection. With regard to (ii), a 7-week telemetry study in 
2004 within Grand Teton National Park (SC, Fig. 1A) 
found that 4 toads Bd positive in July were negative by 
late August, direct evidence that these toads can survive 
infection (Spear et al. 2005). At this stage, our current 
knowledge about the interaction between Bd and boreal 
toads in the Grand Teton ecosystem (GRTE) suggests 
two non-exclusive hypotheses: 

1. Independent survival of B. dendrobatidis: 
Bd persists in GR TE water sources independent of 
boreal toads, and reinfects them periodically. 

2. Habitat selection favors host resistance: 
Environmental conditions and behavior allow boreal 
toads to survive Bd infection in the field. 
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Does Bd persist long-term in the aquatic 
environment (hypothesis 1 ), independent of the keratin in 
amphibian skin thought to be required for its growth and 
reproduction? No non-amphibian hosts have yet been 
found, but closely related chytridiomycetes are 
saprophytic, and Johnson and Speare (2003) have shown 
Bd persistence without an alternative host for 50 days in 
water. Bd will also grow and reproduce on keratin-free, 
tryptone-based media in the lab. 

Prior work also suggests that environmental 
factors and amphibian behavior may influence amphibian 
susceptibility to chytridiomycosis (hypothesis 2). 
Seasonal changes in temperature appear to play a role in 
disease outbreaks: the incidence of chytridiomycosis was 
higher in cooler seasons in Australia (Berger et al. 2004 ). 
Experimentally, amphibians exposed to warmer 
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temperatures had lower rates of infection (Panama; 
Murphy and Lips, unpublished manuscript) and were 
able to clear infections at temperatures above 35°C 
(Australia; Woodhams et al. 2003). Hence, amphibians, 
by increasing their body temperature through basking, 
may clear Bd from their skin. The desire to dry out and 
bask was suggested by infected toads in our 2006 
experiment which selected dry locations in aquaria much 
more often than controls (Fig. 1 D). 

In work funded in part by the University of 
Wyoming National Park Service Research Center, we 
assessed evidence for both hypothesis 1 and 2 from May 
to November 2007. We summarize our fmdings here, 
although genetic analyses of amphibian tissues collected 
during the summer of 2007 are still outstanding. 
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Figure 1. The chytrid pathogen Bd is widespread in northwestern Wyoming boreal toads, Bufo boreas boreas, and lethal to them in the laboratory. A. Ten boreal 
toad breeding sites in the Grand Teton ecosystem where the prevalence of Bd was assessed in 2006. From S to N the sites were: Nowlin Pond (NP), Romney 
Pond (RP), Schwabacher's Landing (SC), Blackrock Pond (BR), Willow Flats l and 2 (WF I ,2), Colter Bay (CB), Steamboat Mountain (ST), Snake River Quarry 
(QU), and Flagg Ranch (FR). Inset shows the range of the western toad, B. boreas, subspecies: light shading, boreal toad; dark shading: California toad, B. b. 
halophilus. B. Prevalence(± 95% binomial Cl) of Bd in boreal toad adults at 10 sites (dark bars, n ~ 12 per site), and pooled across sites by lifestage (light bars) 
and in co-occurring spotted frogs, R. luteiventris (white bars). Prevalence was estimated with a PCR-based assay from non-lethal skin swabs (adults, ADU, and 
juveniles, JUV) or tissue samples (larvae, LAR, and EGGs). The dashed line gives the grand mean prevalence in adult toads (67%, weighted by the number tested 
per site), with surrounding 95% CI (df= 9, light lines). C. Survivorship of juvenile boreal toads, raised from tadpoles, in a 36-day laboratory study based on 
exposure to Bd ( 4 day dose ~ 4.5 x I 06 zoospores/toad let vs. non-exposed controls) and source population (Colorado, Native Aquatic Species Restoration Facility, 
vs. Wyoming, BR). In a proportional hazards analysis, exposure to Bd reduced survival (P < 0.001 ), with Wyoming toad lets living slightly longer than Colorado 
toadlets (P = 0.052). D. Bd-exposed toadlets selected dry microsites in aquaria nearly twice as often as controls (P < 0.001) 



+ METHODS 

Independent survival of Bd 

To evaluate the possibility of the independent 
survival of B. dendrobatidis, we sampled the water for 
Bd at sites used by boreal toads both i) during amphibian 
occupancy and ii) after amphibian activity had ceased for 
the season. We sampled water at four boreal toad sites, 
NP, SC, BR, and QU (Figure 1 A), which encompass a 
latitudinal gradient within GRTE. Two of these, NP and 
BR, are apex monitoring sites of the USGS Amphibian 
Research Monitoring Initiative (ARMI). Previous work 
on boreal toads and spotted frogs, funded through the 
UW-NPS (to St-Hilaire, 2005, and Spear 2004) was 
conducted at these sites. Hence, our findings increase the 
temporal record of host-pathogen interactions between 
Bd and amphibians at these sites. 

To test for Bd in water, we used a filtering and 
PCR-based assay recently developed by Kirshstein et al. 
(2007). The protocol can detect Bd at concentrations of 
~0.1 zoospore per liter. We sampled water at four times: 

1) breeding (mid-May) 
2) tadpole development (early July) 
3) metamorphosis (mid-August) 
4) post-toad activity (mid-November). 

At each site, we collected water at two locations 
around the breeding pond where amphibians (adults, 
tadpoles, or metamorphs) were, or had been, observed. A 
sample was collected by pumping as much water as 
possible through a STERIVEX filter (0.2 J.!m pore size), 
with a target volume of 1 liter, although filters often 
clogged after ~500 ml. At each location, we collected 2-3 
replicate samples, with the number limited by processing 
costs ($67 per filter). At Schwabacher's Landing (SC), 
we also filtered water at sites where no breeding was 
observed but that were frequented by boreal toads based 
on telemetry in 2004 (Spear et al. 2005). These non
breeding samples were taken in July, August, and 
November at three sites, with 2 replicates per site. Filters 
were frozen and tested for Bd using quantitative PCR by 
Julie Kirshtein (Voytek Lab, USGS, Reston, VA). Over 
the season, a total of 90 samples were collected, plus 10 
distilled water 'blanks' to control for possible PCR 
contaminants. 

Environmental effects on the susceptibility of boreal 
toads to chytridiomycosis 

In 2007, we evaluated the potential effect ofthe 
environment on boreal toad susceptibility to Bd indirectly 
in two ways. First, we tested Bd prevalence in boreal toad 
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adults, larvae, and juveniles as average temperatures 
increased in GR TE from May through August. Second, 
we used physical models of boreal toads to estimate their 
operative environment, in particular with reference to 
clearing Bd, the temperature maxima attained and 
evaporative costs experienced while basking over the 
season. 

1. Seasonal changes in Bd prevalence- At 
NP, SC, BR, and QU, concurrent with water sampling, 
we collected skin swabs or tissue samples in 95% ethanol 
to test for Bd prevalence using qPCR (Boyle et al. 2004 ). 
In May, we collected 1 0-second skin swabs from 20 
breeding adults per site. In July, 20 individual tadpoles 
were euthanized per site from schools of over 10,000. In 
August, we collected 1 0-second skin swabs for 20 
metamorphs per site using the same methodology as in 
May. 

2. The operative environment of boreal 
toads- We used recently developed physical models of 
boreal toads (Bartelt and Peterson 2005) to quantify the 
temperature and evaporative water-loss profiles 
experienced by toads at habitat extremes over the activity 
season. We set out 4 model arrays at SC, two near the 
main breeding pond, and two >500 m distant (selected 
based on 2004 telemetry). Each consisted of 4 adult-toad 
sized, copper pipe models ( 60 mm long x 25 mm 
diameter, semi-flattened), set out in two wet-dry pairs. 
One wet-dry pair was placed in an open area (:S 25% 
canopy cover), and one in a closed area(~ 75% canopy 
cover). Models were covered with brown cotton cloth 
that closely matched toad skin color and reflectance and 
connected via a thermister to a data logger that recorded 
temperature every 15 minutes. Wet models were kept 
moist, mimicking the evaporative cooling effect of toad 
skin, by submerging one long end of their cloth cover in 
a buried 4 1 water source (filled weekly) . Within a pair, 
wet and dry models were placed 3-5 em apart. At each 
closed-canopy site, an additional shaded sensor 40 em 
above ground recorded air temperature and relative 
humidity every 15 minutes. Additional loggers recorded 
water temperature at 10 em depth near each array: i.e. , in 
the breeding pond (2 arrays) or in a shallow, persistent 
stream (2 arrays). Arrays were set up on 15-June and 
retrieved on 17-November. 

For each array, we calculated hourly means for 
twelve 1 0-day periods from mid-June to mid-October. 
Means were determined for wet and dry model 
temperatures, and evaporative water loss for closed and 
open sites at each array. In addition, we calculated hourly 
means by period for each array for air temperature, 
relative humidity, and water temperature. The difference 
between dry and wet model temperature was used to 
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estimate evaporative water loss, based on a relationship 
determined for models under a range of temperatures and 
humidities: water loss (ml/min) 0.0048 + 
0.0063*(dry°C - wet0 C). 

Based on temperature thresholds from our Bd 
infection experiments and the literature, we estimated the 
average number of hours per day habitat was available at 
SC in which toads could raise their temperatures to 19°C, 
25°C, 28°C, and 37°C. The former two thresholds are 
from an ongoing experiment at ISU: 4 boreal toads 
exposed to 105 Bd zoospores whose average 24 hour and 
average maximum temperatures were 19 and 25°C 
carried high levels of Bd in their skin but did not die of 
chytridiomycosis in over 160 days (as of 11 November 
2008). Conversely, toads exposed to a similar Bd dose 
under similar conditions, but kept at 15°C ( avg max 
16°C) all died in::; 45 days (n = 12). At 28°C Bd growth 
ceased in pure culture (Piotrowski et al. 2004), and Bd 
was cleared from skin in amphibians held at 3 7°C for 16 
hours (Woodhams et al. 2003). 

+ RESULTS 

Independent survival of Bd 

We detected Bd in water during all 4 sampling 
periods, but it was most widely present during breeding 
season (Fig. 2). During breeding, 6 of 18 filters were Bd
positive, while post-breeding, only 8 of72 were positive. 
Likewise Bd was detected in water at 3 of 4 sites during 
breeding ' (May), 2 of 4 sites when tadpoles and 
metamorphs were present (July and August), and 1 of 4 
sites post-activity (November). In positive samples, Bd 
zoospore concentrations estimated by qPCR ranged from 
4/liter (August) to 64/liter (May). 

Environmental effects on the susceptibility of boreal 
toads to chytridiomycosiS 

1. Seasonal changes in Bd prevalence. We collected skin 
swabs from breeding boreal toads (May) and metamorphs 
(August) and tissue samples from tadpoles (July) to test for 
Bd prevalence over time at 4 sites (NP, SC, BR, QU). 
These ~200 samples await qPCR analysis. 
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Figure 2. Prevalence of Bd in the water ofboreal toad breeding 
sites (NP, SC, BR, QU, dashed lines; mean, solid gray line) 
from the beginning of the activity season through post-activity, 
as measured by filtration (n = 90, 0.2-0.9 1 filtered) and a 
specific qPCR assay. 

2. Estimating the operative environment of boreal 
toads- The trends in average temperature and 
evaporative water loss obtained from physical models 
are shown as an environmental envelope defining the 
extremes available to boreal toads in open- vs closed
canopy habitat from mid-June to mid-October 2007 
(Figure 3 ). The temperature envelope was largest in 
midsummer (Jul 1-1 0), and shrunk to its smallest size 
in midfall (Oct 11-20), when most boreal toads have 
entered hibernation. The maximums measured for wet 
models and estimated for evaporative water loss were 
in early July: 37.5°C and 0.15 ml I minute. 

In late June and early July, temperatures~ 19°C 
were available to boreal toads in open-canopy habitats 
for ~ 12 hours per day (Figure 4). Temperatures~ 28°C 
were available in open habitats for ~ 6 hours each day 
from mid-June through August. Temperatures ~3 7°C (as 
measured by wet models in open habitats) were rare: an 
estimated single hour in early July. 
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Figure 3. Extremes oftemperature and evaporation in open (Op) and closed (Cl) canopy environments as estimated from boreal 
toad physical models from mid-June to mid-September. Each curve is based on 1 0-day hourly averages centered on dates shown 
from 4 model arrays at SC. Other lines refer to air (Air) and water (H20) temperatures (dashed lines, top panels) and relative 
humidity (RH, thin solid line, bottom panels). 
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+ DISCUSSION & SIGNIFICANCE 

Our findings suggest although boreal toads risk 
reinfection by Bd when entering water sources at 
breeding sites in the Teton region (Figure 2), ample 
opportunities exist for them to reduce their level of 
infection by basking throughout the activity season 
(Figures 3-4). 

With respect to 'independent persistence' of the 
pathogen Bd, our findings argue that boreal toads are 
the primary source of Bd in the water of breeding sites, 
as zoospores were the most consistently detectable at 
this time (May, Fig. 2). However, even during breeding 
we were unable to detect Bd at 1 of 4 sites (SC). Post
breeding, the concentration of Bd zoospores in the 
water dropped to levels that were undetectable, or 
nearly so, by our method: ~9 of 10 samples after this 
time did not detect Bd. 

Our findings do not rule out the independent 
survival of Bd in water, yet they suggest that the 
pathogen does not proliferate in the absence of adult 
toads, and thus remains at low concentrations. We did 
not detect zoospore concentrations in water comparable 
to those typically used to induce deadly infection in 
boreal toads (2:104/liter). However, Carey et al. (2006) 
induced lethal chytridiomycosis in Colorado boreal 
toads at doses of ~ 10 zoospores per liter when toads 
were held in continuous contact with water for 42 days. 

The environmental envelope we described 
using boreal toad physical models (Fig. 3) suggests that 
toads have a substantial number of hours to raise their 
body temperature to thresholds which may protect them 
from lethal chytridiomycosis (Fig.4). Hence, although 
a lethal infection from exposure to low concentrations 
of Bd zoospores ( <1 0/liter) is possible, we suggest it is 
highly unlikely given the typical semi-aquatic behavior 
of boreal toads during the majority of the summer 
activity season. Toads using open basking sites face 
high evaporation rates (Fig 3, bottom panels) and hence 
must select sites near water to enable frequent 
rehydration. This is consistent with the behavior we 
have observed from telemetry conducted at SC and BR 
during summer 2008. 
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During summer 2008 one of us (PJM) 
conducted a telemetry study comparing two Wyoming 
populations of boreal toads (SC and BR) with two 
Colorado populations (Zirkel Mountains). By 
following individuals and their infection status over the 
course of 12 weeks, we hope to be able to ascertain how 
often boreal toad adults change Bd infection status and 
whether this change matches seasonal temperature 
patterns. Moreover, using both physical model arrays 
and repeated measurements of adult temperature in both 
regions, we hope to be able to ascertain whether the 
environmental conditions faced by boreal toads in 
Colorado differs substantially from that in Wyoming, 
pre-disposing them to greater likelihood of lethal 
chytridiomycosis. All of these efforts are enabling us to 
better understand the factors that determine the tipping 
point for outbreaks of lethal chytridiomycosis m 
amphibians, a subject of intensive research m 
amphibians worldwide (Rachowicz et al. 2005). 
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IDENTIFYING T WENTIETH CENTURY DUDE RANCHES IN 

THE TETON VALLEY REGION 

+ 
AMANDA REES + COLUMBUS STATE UNIVERSITY + COLUMBUS, GEORGIA 

+ INTRODUCTION 

The states of Wyoming, Montana, and to a 
lesser extent Colorado are commonly understood as the 
industrial heartland of U.S. dude ranching in the 
twentieth and twenty-first centuries (Borne 1983). 
Though there were earlier small scale efforts to host 
easterners on ranches in the West from the 1850s 
onwards, dude ranching is commonly understood to 
have begun in 1879 in Medora, North Dakota by the 
Eaton Brothers (Borne 1983, Rothman 1998). Dude 
ranching--when outsiders pay to stay on a ranch
usually demonstrates most/if not all of the following six 
characteristics: 1). it embraces of the West 's nineteenth 
century agricultural heritage; 2). it celebrates wild, 
preserved landscapes; 3). it provides an economic 
vehicle for ranchers to maintain their cultural heritage, 
and/or investors and managers to have a piece of the 
American West; 4). it demonstrates a distinct dude 
ranch aesthetic (architecture, clothing, food, music, 
stories, education and landscape); 5). it includes horse
related activities; and 6). it provides a safe and 
contained regional experience transforming the traveler 
from "mere' tourist status to that of a liminal space in
between outsider and insider. Since the late nineteenth 
century Wyoming has developed five centers of dude 
ranch activity located primarily near mountain ranges, 
within or close to public lands (National Park Service 
(NPS) or Forest Service (FS)): 1) Medicine Bow 
Mountain Range in southeastern Wyoming; 2) Big 
Hom Mountain Range (eastern and western slopes) in 
north-central Wyoming; 3) eastern gate region of 
Yellowstone National Park, northwest Wyoming; 4) 
Wind River Mountain Range (eastern and western 
slopes), northwestern Wyoming; and 5) Teton 
Mountain Range in northwestern Wyoming. My work 
seeks to establish the extent of dude ranching in Teton 
Valley. 

Jackson Hole dude ranching tourism began in a 
full-fledged manner in the first decade of the twentieth 
century. Since then the industry has had a complicated 
history in the region in particular due to the Grand Teton 
National Park (GTNP) extension that involved negotiating 
of the end of most dude ranches in the park. My work is 
focused on developing a broad sense of dude ranching 
activity in the Teton Valley that I define as the valley 
surrounded by the Tetons and Wyoming Range (south of 
Teton Pass) to west, Hobacks to south, Gros Ventre 
Range to east, and Absaroka Range to northeast. 

+ B ACKGROUND 

This assignment extends a previous project 
conducted several years ago with a grant from the 
University ofWyoming-National Park Service (UW-NPS) 
Research Center exploring dude ranch activity in Grand 
Teton National Park which revealed that in addition to the 
1 7 dude ranches identified by a park historian, there were 
approximately 13 additional dude ranches that also 
functioned in the park (Daugherty 1999). Did the park 
have a monopoly on dude ranching, or was it more broad 
and widespread throughout the valley? 

+ RESEARCH Q UESTION 

In an effort to establish a broader context of dude 
ranching in the Teton Valley, this project asked the simple 
question: How many dude ranches were operating outside 
Grand Teton National Park in the Teton Valley/Jackson 
Hole region during the twentieth century? 
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+ RESULTS 

I identified approximately 30 additional dude 
ranches in the Teton Valley region, outside the park 
boundaries, during the twentieth century. This figure 
together with the approximately 35 dude ranches 
identified within GTNP, indicates that there were 
approximately 75 dude ranches of various types that 
were at one time welcoming dudes to the Teton Valley. 
This phenomenally large number of dude ranch outfits 
suggests that the Teton Valley was not only a powerful 
center for dude ranching and it may be home to the 
greatest concentration of dude ranches not only in 
Wyoming but also in the Northern Rocky Mountains. 
This makes the Teton Valley a particular powerful and 
useful location to understand dude ranching's rich and 
complex history. 

This work, in combination with research I 
conducted in Idaho (summer 2008) funded by the 
Charles Redd Foundation, also suggests that we may 
need to re-frame thinking about the dude ranch the 
industry in the Northern Rockies. Traditionally it is the 
states of Wyoming and Montana that are commonly 
understood as the industrial heartland of dude ranching 
in the U.S. States are a central organizing principle in 
tourism as they have increasingly developed and 
invested in tourism promotion during the twentieth 
century. Even our histories are often framed in terms of 
what occurred within each discrete state. However, if 
we look at this particular sector of tourism, the logical 
scale of understanding the dude ranch industry goes 
beyond state boundaries. 

One of the primary magnets for dude ranching 
in the West has often been its location close or even 
within the boundaries of federally managed NPS and FS 
landscapes. Thus a broader context is required. In the 
particular case of the Teton Valley, this part of the dude 
ranch industry needs to embrace dude ranch tourism 
connected to the northern, western and eastern gates of 
Yellowstone National Park (YNP) as they were all 
reliant on this federally created space. This would 
create a region that includes northern Wyoming, eastern 
Idaho, and southwestern Montana: in other words, the 
Greater Yellowstone Ecosystem or Region. This region 
is both a powerful environmentally defined place as 
well as a culturally defined place in terms of dude ranch 
tourism in the twentieth century. This work points to a 
new focus of my research, to develop a cultural history 
of dude ranch tourism and an assessment of the 
economic impact of dude ranching to the Greater 
Yellowstone Ecosystem or Region. 
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+ INTRODUCTION 

Climate change has become a major concern 
for scientists and resource managers across the globe. 
Whilst there is much speculation about the pending 
magnitude of the changes and their ecological effects, 
there is an urgent and undeniable need to have sound 
ecological monitoring programs in place in sensitive 
areas. Montane meadows in the Greater Yellowstone 
Ecosystem (GYE) are inhabited by short-lived plants 
and highly mobile animal species that can exhibit quick 
changes in distribution patterns relative to 
environmental changes (Debinski et al. 2000, Debinski 
et al. 2002). Thus, they can provide an early warning 
system for other ecosystems across the globe. 
Currently, the extent and range of climatic changes that 
will occur in montane meadows are unknown. 

The biodiversity of plants, birds, and 
butterflies in montane meadows in the GYE have been 
studied annually in a long term monitoring project since 
1992 (Debinski et al. 2000; Debinski et al. 1999). In 
these studies, meadow types were classified along a 
moisture gradient (from hydric to mesic to xeric). Mesic 
meadows have the highest magnitude of seasonal and 
interannual variation in aboveground photosynthetically 
active biomass and support the highest species diversity 
of plants and butterflies (Debinski et al. 2000, Debinski 
et al. 2002). 

There is little literature on other invertebrates 
in montane meadow ecosystems. In this study we 
examine the responses of ants to the moisture gradient. 
Ants have been used in numerous other studies as 

biological indicators of environmental change (e.g. 
Nash et al. 1998, Agosti 2000). Furthermore because 
many Lycaenid butterflies can only complete their life 
cycle in association with particular ant species (Pierce 
et al. 2002, Thomas et al. 1998), it is of interest to 
investigate whether ant communities follow similar 
patterns to the plants and butterflies. Several Lycaenid 
butterflies specialize on these montane meadow species, 
including Plebejus saepiolus in the wetter meadows and 
Plebejus icariodes in the drier meadows (Caruthers 
2008). 

Ants have been described as ecosystem 
engineers (Jones et al. 1994) because in natural 
ecosystems they are important distributors of seeds 
(Andersen & Morrison 1998, Auld 1999, MacMahon et 
al. 2003), distributors of nutrients (Eldridge & Myers 
1998, Nkem et al. 2000, MacMahon et al. 2003), and 
movers of soil (Folgarait 1998, Lobry de Bruyn 1999). 
But ants are also important and sometimes essential in 
the survival of many other animals including scale 
insects and butterflies (e.g. Pierce 1984, Seufert and 
Fiedler 1996). Because of their importance to 
ecosystem functioning and suitability for monitoring 
ants may be ideal indicators for monitoring ecosystem 
change in montane meadows from global climate 
change. 

This first year of sampling provides a baseline 
for ant commumtles in meadows in Grand Teton 
National Park (GTNP). 
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+ METHODS 

Sites were selected to represent a moisture 
gradient from hydric to xeric. The methodology of 
selection of sampling sites is described by Debinski et 
al. (2000). Six meadow types were defined, ranging 
from extremely hydric sedge and willow (Ml) to 
extremely xeric (M6) sagebrush meadows. There were 
25 sites located in the Teton study area (5 of each 
meadow type except for M4 meadows, which are not 
found there) including GTNP and the adjacent Teton 
national forest. These sites were selected to represent 
low elevation meadows (2000-2500 m), and specifically 
to avoid introducing another environmental gradient 
(elevation) into our analysis. This project focused 
solely on the 25 Teton region meadows and ant surveys 
were conducted during 2007. 

Species Characterization in Sample Sites: 

At each site a center post is permanently 
marked (e.g., Debinski et al. 2000). This center post is 
one of the comers of a 50 x 50 m butterfly survey plot. 
The direction of the butterfly plot from the center post 
was randomly selected in 1997 and that location has 
been used annually since then. Centred in each 50 x 50 
m plot we set up a 3 x 5 grid of points with each point 
10m apart. At each point a pitfall trap (Urine vials, 30 
mm diameter, 11 Omm depth) was opened for 7 days. 
Each trap was partially filled with 50% ethylene-glycol 
preservative. 

After return to the lab the pitfall collections 
were sorted and all ants removed, identified and 
counted. Ants were initially identified to genus using 
Creighton (1950), then to species using Gregg (1963) 
and the ant collection in the Entomology museum at the 
University of Wyoming. A voucher collection is held 
by Robinson and a duplicate collection and all residuals 
are held at the University of Wyoming entomology 
museum. 

Time restricted the sorting to 1 0 traps per site, 
this was usually the 10 outside traps, but on occasions 
when one of these traps was lost or interfered with by 
wildlife one of the middle traps was included. In two of 
the sites a majority of traps were interfered with and the 
complete sample set was recollected after a 1 week 
break. All samples were collected between 12th June 
and 6th July 2007. Six sites were unable to be accessed 
because ofNPS restrictions on access to these areas in 
the sampling period. Subsequently there are only two 
replicate sites for Ml and M2 categories. 

Species richness and diversity: 

Raw counts of ants in pitfall traps can be 
notoriously skewed because of positioning of the trap 
near nest entrances. For these data we used number of 
traps per site as a measure of relative abundance of each 
taxa at each site. We then calculated ant species 
richness and diversity for each site and compared the 
means for each measure between the 5 moisture 
categories using analysis of variance. The ANOV A and 
Student-Newman-Keuls follow up analyses have 
reduced power because of small and unequal sample 
sizes so significant effects were also investigated 
visually using error bar charts. For these analyses only 
the second set of pitfall traps were used in the sites 
whose initial sampled may have been affected by 
wildlife interference. 

Community Analysis: 

To determine whether there were significant 
affinities of ant communities between groups we 
performed an analysis of similarities (ANOSIM, Clarke 
and Warwick 1992) based on the number of traps per 
site for each species. Only the second set of pitfall traps 
was used in the two sites with repeat samples. Because 
there are only 2 sites in some categories we repeated the 
ANOSIM using low (Ml +M2), medium (M3+M4) and 
high (M5+M6) categories for moisture. The larger 
samples in each category allowed pairwise follow up 
analyses between the categories. All ANOSIM's were 
based on 100,000 randomisations. 

We then performed a hierarchical 
classification ( unweighted, paired group mean average 
linkage strategy) of the sites using Bray-Curtis 
similarity. The sites were then ordinated using non
metric multi dimensional scaling and the ant species 
associated with the ordination space determined using 
principal axis correlations. As the multivariate analyses 
are exploratory and not statistical we included data 
from the initial and repeat samples of the two sites 
whose data may have been corrupted in the initial 
sampling run. 

+ RESULTS 

10,553 ants were identified and only nine 
discrete species of ant were found. The ant fauna were 
dominated by Myrmica americanus which were present 
in every site and Formica individuals (3 spp.) Lasius 
sp.1 and Tapinoma sessile were moderately common, 



whilst Camponotus (2 spp.) and Solenopsis were only 
rarely encountered (Figure 1 ). 

Species richness and Simspons Diversity were 
significantly lower in M1 (hydric) sites (Figure 2). The 
smaller sample sizes in M 1 and M2 categories resulted 
in greater variability which is likely to have reduced the 
statistical power of the analyses. However the graph 
(Figure 3) reveals ant species richness and Simpson's 
diversity were very similar between categories M3 to 
M6 (mesic to xeric), and further sampling may find M2 
sites intermediate in both variables. 
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Figure 1: Relative abundance (i .e., mean number of traps in which the species was observed) of ants in 10 pitfall traps in 19 
montane meadows in Grand Teton National Park and Forests. Meadows are classified from Hydric (Ml) to Xeric (M6). Note 
that the number of replicates was 5 for M3-M6 meadows and only 2 for Ml and M2 meadows. 
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Figure 2. Ant species richness and Simpson diversity indices (Mean +/- SE) in 19 sites across 5 moisture categories in GTNP in 
June 2007. Student-Neuman-Keul grouping is indicated by letter at top of graph.). Note that the number of replicates was 5 for 
M3-M6 meadows and only 2 for Ml and M2 meadows. 

The analysis of similarities between the initial 
5 moisture categories returned a global R statistic of 
0.48 with a significance level of 0.00003. When the 
data were converted to Low, Medium or High moisture 
categories the global R statistic was 0.46 with a 
significance level of 0.0018. The follow up pairwise 
comparison found the low category was significantly 
different to the other two categories (Table 1). In 
particular there were very strong affinities (R=0.81) 
between the low and high category communities (Table 
1). 

Medium High 

Low 0.51 * 0.81 ** 
Medium 0.15ns 

Table 1: Pairwise ANOSIM comparisons of ant communities 
in low medium and high soil moisture categories in GTNP in 
June 2007. Values are the R statistic,*=p < 0.005, ** = p < 
0.0005 .. 
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Figure 3. Classification of ground foraging ant communities found in sites from 5 moisture categories in GTNP in June 2007. 
Sites with labels ending in -2 are repeat samples from sites where wildlife appeared to disturb the initial samples. 



The classification shows the group ofM 1 sites 
( + an M2 site) that are distinct and have only about 
50% similarity to all the other sites (Figure 3). The M2 
and M3 sites are dispersed throughout the classification 
suggesting intermediate stages between the M 1 and M5 
+ M6 communities. The M6 and M5 communities are 
very similar with most sites showing 90% similarity 
between any two sites. The exceptions are site 5A and 
6A which show 70% similarity to the others (Figure 3). 

The ordination (Figure 4) reinforced the 
separation of sites as found by the classification. 
Campo notus herculeanus was only collected in 4 sites 
including two M 1, one M2 and one M3 sites (Figure 4 ). 
C. herculeanus was subsequently positioned in the 
space near the higher moisture sites. The M5 and M6 
all positioned low in MDS axis 1 and were associated 
strongly with Lasius alienus and Tapinoma sessile in 
particular. The three Formica species also tended to 
associate more with the xeric sites (Figure 4). The 
ubiquitous Myrmica americanus occurred in at least 4 
traps in every site and the rare Campo notus sp 1 (1 site) 
and Solenopsis molesta (2 sites) were not significantly 
correlated with the ordination space. 
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Figure 4. Ordination of ground foraging ant communities found 
in sites from 5 moisture categories in GTNP in June 2007 . 
Green numbers denote meadow types. Sites with labels ending 
in * are repeat samples from sites where wildlife appeared to 
disturb the initial samples. Disturbed initial samples end in -. 
Two dimensional stress= 0.11. Location of species significantly 
correlated with the ordination space is indicated by the blue 
line. 
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+ SUMMARY 

Overall the ant communities were able to 
discriminate between sites with different moisture 
gradients with Formica obtusopilosa and Tapinoma 
sessile less likely and Camponotus herculeanus more 
likely to occur in sites with wetter soils. Las ius alienus 
generally only occurred in very dry sites. 

The study provides a baseline data set which 
should be repeated (with the missing sites) after a 
wetter season within the next 5 years. 
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+ INTRODUCTION 

Wildfire and bark beetle epidemics are two 
ecologically important natural disturbances in the 
Intermountain West, yet we know very little about how 
these two phenomena interact. It is widely believed that 
beetle-killed trees increase the risk of severe fires; and 
trees that are weakened, but not killed by frre, are 
thought to be more susceptible to beetle invasion. 
However, few studies have rigorously tested these 
hypotheses. The GYE is currently experiencing an 
outbreak of unprecedented intensity and complexity, 
involving several species of bark beetles, including the 
mountain pine beetle. The outbreak is affecting 
multiple species of coniferous trees in and near recently 
burned areas, providing a timely opportunity to 
investigate these interactions at multiple scales. 

In addition to the basic ecological questions 
posed above, forest managers throughout the western 
US are grappling with how to deal with the most 
extensive bark beetle outbreaks ever recorded for the 
region. Following various kinds of natural disturbance, 
salvage harvest may be conducted to extract 
economically valuable timber and/or to reduce 
perceived risk of subsequent disturbance. However, the 
consequences of such post-disturbance management on 
stand structure and function in the context of the current 

bark beetle outbreaks are largely unknown. There has 
been some recent attention to salvage harvest in the 
literature, but empirical studies are relatively scarce. 
Therefore, as part of this study, we are quantifying the 
effects of post-beetle salvage logging on fuels, 
regeneration, and nitrogen cycling in lodgepole pine 
forests on the Bridger-Teton National Forest. 

By means of seven closely related projects 
(described below), we conducted field work in 2007 in 
Yellowstone and Grand Teton National Parks, as well 
as on the Bridger-Teton and Shoshone National Forests, 
to answer four fundamental questions: 

1. What are the current patterns of beetle outbreaks in 
the Greater Yellowstone Ecosystem, and what factors 
explain these patterns? [Projects #1 and #2] 

2. What are the consequences of bark beetle outbreaks 
and post-beetle salvage harvest on nitrogen dynamics? 
[Project #3] 

3. How do mountain pine beetle outbreaks influence the 
risk and severity of wildfire? [Projects #4 and #5] 

4. Does fire injury in lodgepole pine affect colonization 
rates, reproductive success, and potential for 
population increase of mountain pine beetle? [Projects 
#6 and #7] 
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Project #1: Remote Detection of Bark Beetle Damage 

The objective of this research is to map the 
magnitude, spatial patterns and temporal trend of 
several concurrent beetle outbreaks including mountain 
pine beetle, spruce beetle and Douglas-fir beetle. Field 
work for this project was completed in 2007, and data 
analysis was conducted in 2008. The project will be 
completed in 2009. 

Project #2: Explaining broad-scale infestation patterns 
of three bark beetle species 

The objective of this project is to determine 
what factors explain bark beetle infestation patterns 
being mapped at broad scales (project #1). Field work 
for this project was completed in 2007, and data 
analysis was conducted in 2008. The project will be 
completed in 2009. 

Project #3: Effects of bark beetle outbreaks and of 
post-beetle salvage logging on fuel dvnamics and 
nutrient cycling 

In 2008, working out of the UW-NPS 
Research Station, we conducted a second season of pre
salvage measurements in 10 pairs of mountain pine 
beetle-attacked lodgepole pine plots in the Green River 
Lakes area of Bridger Teton NF. Ion-exchange resin 
methods were used to measure available N in soils, and 
temperature/humidity probes were installed. Salvage 
logging in the treatment plot of each pair has been 
delayed until summer 2009. After salvage operations 
are complete, we will return to resample vegetation, 
fuels, soils, temperature, and humidity and then test for 
effects of salvage using a before-after-control-impact 
(BACI) statistical design. Approximately 60% of 
lodgepole pine basal area has been killed by the 
mountain pine beetle in these stands, with no significant 
differences in beetle activity between control and 
salvage plots (Fig 1 ). Soil texture, litter mass, soil N 
availability, and surface and canopy fuels also show no 
differences between control and treatment plots prior to 
salvage. Pre-salvage temperature and humidity data 
analyses are underway, and the project will continue 
through 2009. 
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Figure 1. Mountain pine beetle damage in the Green River 
Lakes area ofBTNF. There are no significant differences in 
beetle damage between control and salvage plots (paired t
test). Error bars are 2SE. 
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Figure 2. Soil N transformations following mountain 
pine beetle outbreak in lodgepole pine. Bars represent 
the mean of five replicates per class; error bars are 2SE. 

Project #4: Time-since-beetle chronosequence 

The objective of this project is to characterize 
long-term (0 to 30 years after outbreak) effects of 
mountain pine beetle outbreaks on forest structure and 
regeneration; surface and canopy fuels; and nitrogen 
dynamics. In 2008, working out of the UW-NPS 
Research Station, we completed measurements of soil N 
transformations along a chronosequence of lodgepole 
pine forests attacked by mountain pine beetle. The 
sequence consisted of undamaged, 2-, 4-, and 30-year 
old beetle outbreaks. Results show a 2.5 fold increase 
in net nitrogen mineralization 2 years after outbreak 
(ANOVA p=0.04), followed by a declining trend 
toward undamaged levels 30 years after outbreak (Fig 
2). Changes in net ammonification and net nitrification 
were marginally significant (ANOV A p=0.07, p=0.1 0 
respectively). The project will continue through 2009. 



Project #5: Landscape patterns and the risk of high
severity fire 

The objective of this project is to characterize 
stand structure, regeneration, and the quantity and 
distribution of surface and canopy fuels in lodgepole 
pine stands attacked by mountain pine beetle at 
different times in the past (2, 4, 25, and 35 years ago), 
as well as undamaged stands. Field sampling was 
completed in 2007. In 2008 we applied these field data 
to a suite of fire behavior models (e.g. , Behave and 
Nexus) to evaluate how changes in the fuel complex 
will likely influence fire behavior under a range of 
weather conditions. The project will be completed in 
2009. 

Project #6: Host preference ofMPB 

The objective of this project is to compare 
mountain pine beetle "performance" (success of attack, 
growth of larvae, and overall reproductive success) on 
its two major tree hosts in the Greater Yellowstone 
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Ecosystem: lodgepole pine and whitebark pine. In 
2008, working out of the UW-NPS Research Station, 
beetle survival and behavior were documented in 
lodgepole pine and white bark pine in Yellowstone and 
Grand Teton National Parks. Data analysis is still 
underway; the project will be continue through 2009. 

Project #7: Fire-injured lodgepole pine as a potential 
reservoir for mountain pine beetle 

The objective of this project is to determine if 
fire injury in lodgepole pine affects colonization rates, 
reproductive success, and potential for population 
increase of mountain beetle. In 2008, working out of 
the UW -NPS Research Station , lodgepole pine trees of 
various bum injury classes were sampled for mountain 
pine beetle and other insects. Background populations 
of mountain pine beetles were sampled using flight 
traps, and individual trees were tagged for long-term 
observation. The project will continue through 2009. 
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+ INTRODUCTION 

Our research group is interested in 
understanding the development of the dramatic relief of 
the Teton Range. In similar settings worldwide, relief 
has been examined as product of uplift and denudation. 
Therefore, we are combining tectonic and geomorphic 
studies to identify the progression of erosional 
processes from glacial to interglacial climates and also 
to refine the uplift history. By integrating these fields, 
we hope to gain a better understanding of the evolution 
of the Teton landscape. 

PROJECT 1 
+ B ACKGROUND AND OBJECTIVES 

The purpose of the first project is to quantify 
erosion rates of individual geomorphic processes to see 
how each contributes to the evolution of relief and 
topography in mountain ranges. During the last glacial 
maximum, significant volumes of material were 
removed from the base of canyons in the Teton Range, 
creating high relief and over steepened canyon walls. 
Although glaciers have disappeared from most canyons, 
features created by those glaciers still affect present 
erosional processes. We hypothesize that fluvial and 
mass wasting processes contribute to the high relief of 
these mountains since the last glacial maximum. To 
understand the effectiveness of each process, we are 
studying mass wasting, fluvial erosion, and weathering 
of bedrock surfaces with field observations, detrital (U
Th)/He thermochronometry and cosmogenic 
radionuclide surface ages. 

To understand how landscape evolves in 
response to climate change, we need to quantify how 

much erosion occurs by glacial, fluvial, and mass 
wasting processes in known climate conditions. Small et 
al. (1997) studied differential erosion of basins and 
summits in the Wind River and Beartooth Ranges and 
revealed that topographic relief increases because 
erosion is more efficient in basins than on summits. In 
contrast, Stock et al. (2006) concluded that streams 
erode uniformly within fluvial mountain catchments. In 
complex environments, there is still much work to be 
done to understand how individual processes interact 
with each other and tectonic processes. 

The Teton Range is a unique landscape with 
significant topographic relief and interesting tectonic 
and geomorphic history. Roberts and Burbank (1993) 
studied tectonic uplift in this range with apatite fission 
track dating. Their results indicate uplift on this range 
began with Laramide folding and continued with Basin 
and Range extension. Hampel et al. (2007) modeled 
uplift on the Teton Fault and found that uplift likely 
increased as a result of deglaciation of the Yellowstone 
ice cap. Foster et al. (2007) modeled characteristics of 
canyons within mountain ranges of the Northeastern 
Basin and Range. Comparing hypsometry and along
canyon profiles, they found that the landscape in the 
Teton Range differs from other ranges in the region. 
They suggested that this difference may reflect a 
response to climatic conditions. 

We are using field evidence of erosion in 
canyons to determine how climatic and uplift events 
influenced physical erosion of bedrock in canyons. This 
is an ideal location because previous tectonic and 
glacial histories have been well constrained. Several 
canyon streams drain into lakes trapped by end 
moraines in Jackson Hole. These lakes trap sediments 
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derived from the canyons, so it is ideal to study the 
erosional histories since the last glacial maximum -14 
ka (Licciardi et al, 2008). Determining the efficacy of 
each erosional process will help us understand climatic 
and tectonic influences on landscape found in previous 
studies. 

+ METHODS 

During July and August 2008 we surveyed 
talus fans in Avalanche Canyon and Glacier gulch to 
quantify denudation by rockfall in the Teton Range. We 
used a laser range finder to measure the width and 
length of fans and place them on geomorphic maps 
(Figure 1 ). We also measured the slope of the bedrock 

on the rock walls above the talus fans with the laser 
range finder to project the angle of the bedrock surface 
below the deposits. This allowed us to estimate 
thickness of material within the fan deposits. With the 
length, width, and thickness, we calculated volumes for 
each talus fan we surveyed in these two canyons. We 
digitized our data in ArcMap and used ArcMap to 
calculate the contributing bedrock surface area. The 
total amount of material eroded from the ridges was 
calculated by dividing the talus fan volume by the 
contributing bedrock surface area. That value was then 
divided by -14 ka to determine an erosion rate on the 
ridge based on the time when glacial retreat began as 
measured by Licciardi et al (200 1 ). 

Figure 1: Talus deposits were surveyed 
in Glacier Gulch, Garnet Canyon, and 
Avalanche Canyon. a) Locations ofthe 
three canyons mapped on an aerial 
photograph. b) Talus fans mapped in 
Glacier Gulch. c) Talus fans mapped in 
Gamet Canyon d) Talus fans mapped in 
the North Fork of Avalanche Canyon 
mapped on a digital elevation map. 



We also collected rock samples to measure the 
weathering rate on bedrock surfaces on ridges between 
the canyons. Bedrock surface weathering is measured 
with in situ cosmogenic radionuclides (CRN). Rocks 
exposed at the surface experience bombardment by 
cosmic rays from the sun, producing 10Be in quartz 
grains. CRN concentration increases with time if rock is 
continuously exposed to these rays. Measuring isotopes 
present in quartz grains approximates the exposure age 
of a rock (Nishiizumi et al. 1993). CRN exposure ages 
will be determined by extracting quartz grains from 
rock samples and measuring 10Be concentration. 
Nishiizurni et al. (1993) calculated an erosion rate of 
0.048 mm/yr in the Teton Range based on a single CRN 
exposure age. We collected a number of ridge samples 
to test if this rate is consistent across the range. 

Since talus deposits are prevalent in the 
canyons, it appears that rockfalls are common. We 
tested rock strength in several areas in the three canyons 
to see if certain rocks might be more susceptible to 
slope failures or surface weathering. We used a Schmidt 
hammer to determine rock mass strength. We also 
measured joint widths, spacing, and dips to characterize 
the rock surfaces and fractures. 

We collected sediment samples at the mouth of 
several canyon streams to determine fluvial erosion 
rates. These rates will be measured with CRN 
concentrations and detrital apatite grains in stream 
sediments. CRN in deposited quartz grains will be 
measured using the above methods. CRN ages are 
integrated to determine canyon-wide erosion rates 
(Binnie et al. 2006; Nishiizumi et al. 1993). Detrital 
apatite grains from sediment samples will be dated with 
(U-Th)/He thermochronometry (AHe) to identify the 
spatial distribution of erosion. AHe ages from rocks 
collected along vertical transects in our other project 
will be used to identify the distribution of ages in 
bedrock within the canyons. The age-elevation gradient 
combined with the elevation hypsometry of the drainage 
areas predicts the AHe age distribution expected from 
sediment grains if erosion is unifonn (Brewer et al. 
2003; Ruhl and Hodges 2005; Stock et al. 2006). 
Sediment ages from streams and glacial moraines 
compared to the predicted distribution will identify the 
concentration of erosion in the current system and 
during the last glacial maximum. 

PROJECT 2 
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+ BACKGROUND AND OBJECTIVES 

The purpose of the second project is to refine 
the temporal and spatial uplift history of the Teton 
Range by combining (U-Th)/He and fission-track dating 
of apatite. Currently, the low-temperature 
thermochronological history of the Teton Range is 
notably limited. Among the youngest of the Rocky 
Mountain ranges, the Tetons likely experienced the 
majority of their uplift in the past 5 to 10 million years 
(Love et al. 2003), resulting in the present rugged 
landscape. Although the range-front Teton fault plays 
an important role in the evolution of the Teton Range, 
the age and displacement are still controversial. 
Previous research utilized inverse ray-tracing and 
gravity models to derive a total throw of 2.5 - 3.5 km 
and a fault initiation at 2-3 Ma (Byrd et al., 1994). 
Other data suggests that the Teton fault actually became 
active between 5 and 13 Ma, resulting in a total 
displacement of 6-9 km. Consequently, disputes exist 
regarding the long-term vertical slip rate, ranging from 
0.5 to 1.2 mm/yr (Smith et al., 1993; Byrd et al., 1994). 

Roberts and Burbank (1993) analyzed apatite 
fission-tracks (AFT) in the Teton Range to determine 
the timing and pattern of exhumation and uplift. 
However, advances in the use of fission-track dating, 
and more specifically the concept of an exhumed partial 
annealing zone (PAZ) by Fitzgerald et al. (1995), in 
addition to the renaissance of apatite (U-Th)/He (AHe) 
techniques (e.g. Farley, 2000), have redefined the 
expectations of a comprehensive thermochronological 
study. For fission-track dating, apatite has a closure 
temperature of~ 11 0°C, implying that AFT ages from 
the previous transects do not clearly define the onset of 
Teton uplift because there is no record of cooling below 
~ 11 ooc. Since many important tectonic and erosional 
processes occur in the upper 5 km of the crust, it is 
necessary to incorporate other methods to bridge gaps 
left by previous low-temperature studies. Because of 
the current studies involving interaction between 
climate and tectonics, it is important to document the 
latest stages of exhumation and denundation. While 
(U-Th)/He dating is applicable in a series of different 
minerals (i.e. zircon, titanite), apatite is particularly 
useful because of its exceptionally low closure 
temperature of~ 75°C and He partial retention zone 
(conceptually analogous to the PAZ) between ~0-75°C 
(Zeitler, et al., 1987; Lippolt et al., 1994; Wolf et al., 
1998; Farley, 2000). Previously, AFT and AHe 
techniques have been successfully integrated to 
reconstruct exhumational histories (Crowley et al., 
2002) and to deduce timing, rate, and extent of motion 
on normal fault systems (Ehlers et al., 2003; Stockli et 
al., 2000; Armstrong et al., 2003) 
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Figure 2 - Simplified model showing the relationship between the Teton Range and the normal Teton fault. Red and blue points 
represent approximate sample transects collected during August of2008. Vertical exaggeration is 1.5. 

+ METHODS 

During August of 2008, approximately 20 
bedrock samples were collected in three vertical 
transects across the Teton Range (Figure 2). Excluding 
late faulting or intrusive events, samples collected from 
higher elevations retain older ages, and the data shows a 
gradual increasing trend. However, if an episode of 
rapid uplift occurs, the data exhibits a visible inflection 
point. Thus, the information obtained from a series of 
vertical transects will help determine the uplift history 
prior to initiation of the Teton fault, timing of onset of 
movement along the fault, and will establish an age
elevation gradient throughout the Teton Range. 

In addition, 16 bedrock samples were collected 
at low elevations parallel to the Teton fault. These 
samples will aid in identifying the age where inflection 
occurs at different locations along strike. This is 
important for determining if the progression of uplift 
along the Teton escarpment was along-strike growth or 
a constant-length increase in relief and offset, ideally 
leading to a greater understanding of the temporal and 
spatial evolution of normal fault blocks. Coupled with 
the exhumation history from the vertical transects, this 
data will provide essential insight into the creation of 
the Teton landscape. 
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