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INTRODUCTION 

2003 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. 
Karen Noland, 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). 

xi 
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SOAPSTONE RESEARCH 

IN MEMORY OF J. D. LOVE, 

GRAND TETON NATIONAL PARK, WYOMING 

+ 
RICHARD ADAMS + WYOMING STATE ARCHAEOLOGIST 

UNIVERSITY OF WYOMING + LARAMIE 

+ ABSTRACT 

Operating under a grant from the University of 
Wyoming-National Park Service Research Station, 
personnel from the Office of the Wyoming State 
Archaeologist and volunteers located andre-recorded two 
soapstone sources in Grand Teton National Park: 
48TE1255 B Slim Lawrence's Asbestos Mine B and 
48TE529. Over on the west side of the Tetons, in the 
Caribou-Targhee National Forest, we located and 
recorded a hi~1oric mine, three new prehistoric sites, and 
a previously unrecorded soapstone source: 48TE 1646 -
the Rammel Mountain talc mine. Among the six newly 
discovered sites is 48TE 164 7, which contains two broken 
soapstone bowl preforms and a broken vessel associated 
with other prehistoric artifacts. This is interpreted to be 
evidence of prehistoric manufacture of soapstone bowls 
in Wyoming. More work needs to be done at this site as 
well as other in the Tetons. 

+ INTRODUCTION 

Thanks to a grant from the University of 
Wyoming-National Park Service Research Station, 
personnel from the Office of the Wyoming State 
Archaeologist and three volunteers re-recorded two 
soapstone sources in Grand Teton National Park and 
located and recorded six new prehistoric sites in the 
Caribou-Targhee National Forest including an 
aboriginally utilized soapstone source. This work honors 
the late geologist John David Love, who mapped the 
geology of the Tetons and maintained an active interest in 

the prehistoric inhabitants of Wyoming. 

Environment Setting 

The project took place on both sides of the 
Teton Range (Figure 1). On the east side, we surveyed 
the Owl and Berry creek drainages in the northern 
backcountry of Grand Teton National Park. Terrain in 
this area is steep and rugged (Turner 2000). It is so steep 
that we had trouble surveying in the vicinity of 48TE529, 
where the talus moved underfoot with every step. 

In Grand Teton National Park we started on the 
western shore of Jackson Lake near the base of Harem 
Hill and followed the Berry Creek trail to the Upper 
Berry Creek Patrol Cabin, where we ascended a pass 
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west of Forellen Peak and then dropped into the Owl 
Creek drainage. We followed the Owl Creek trail down 
to Jackson Lake and then north back to Harem HilL 

Owl and Berry Creek Canyons have relatively 
flat valley floors, but there is an abrupt transition :from the 
valley floor to steep slopes that continue up to the 
summits ofForellen and Owl peaks. Soapstone sources 
occur on the heavily timbered north and northwest-facing 
slopes of these peaks. Springs and seeps are common in 
the numerous gullies and avalanche chut that dissect 
the north-facing slopes. Vegetation in the valley floors 
consists of willows along the creek Sage or mixed 
conifer -aspen forest grow on the terraces. The north 
facing slopes are covered with spruce and fir at lower 
elevations and limber-whitebark pines up to treeline. A 
band of scree and talus rings the base of nearly vertical 
rock outcrops that form the peaks at highest elevations. 

On the west side of the Tetons, our survey took 
place in the Jedediah Smith Wilderness in the Caribou
Targhee National Forest, in Wyoming. We surveyed a 
western spur of Rammel Mountain that forms a 
prominent ridge which can be followed all the way to a 
pass just south of Rammel Peak. East of the pass there is 
easy access to Bitch Creek South of the ridge, and 1300 
feet below, is the Badger Creek valley. To the north are 
the numerous gullies and streams coming off Rammel 
Mountain. Steep slopes and timber obscure visibility on 
either side of the ridge line. Dominant species are 
whitebark pine and Douglas fir. 

Commercial logging outside the wilderness 
boundary has created a mosaic of open ground and 
mature conifer forests. Both logging and mining 
preceded creation of the Jedediah Smith Wilderness. An 
historic mine and a ruined cabin are inside the wilderness 
area boundary. Also, numerous snowmobile parts were 
observed inside the wilderness boundary. It is likely that 
there was vehicular access to 48TE2646- the Rammel 
Tale Mine before the creation of the Jedediah Smith 
Wilderness. This is based on the presence of dozer cuts 
at the mine. 

Two of the six sites recorded on the west side of 
the Tetons were in the lower reaches of a cirque-like 
area. This bouldeny subalpine. area is characterized by 
long-lasting snowpack in the spring that gives way to 
alpine flowers :fringing numerous rocky rivulets running 
through wet meadows interrspersed with ribbon forests. 

+ ME11H0DS 

The locations of the project areas are shown in 
Table 1. These areas of inquiry were chosen because 
soapstone is a ultra-mafic metamorphic rock, a type of 
rock with limited distribution in the Tetons. Ultramafic 
bodies were mapped by the late geologist J David Love 
(Love et al. 1992). While other Precambrian rocks may 
contain soapstone elsewhere in the T etons, it is almost 
sure to be found in ultra-mafic rocks. 

Table L Project Area Summary. 

Place Name Geology Site Number Previously 
Recorded 
Cultural 
Resources? 

Owl Creek Layered gneiss 48TE529 Aboriginal 
soapstone 
quarry 

Upper Berry Ultramafic 48TE1255 Historic 
Creek asbestos mine) 

Rammel Augen gneiss 
Mountain 

Bitch Creek Ultramafic No 
Narrows 

Bitch Creek Ultramafic 

Columbine Ultramafic 
Cascade 

Moran Canyon Ultramafic 

Unofficial searches of the Cultural Records Office 
database in Laramie were performed for the project areas 
prior to beginning fieldwork A search of the CRO 
database (conducted 11/22/02) searching Teton County 
for the keyword "quarry" revealed that only one soapstone 
quarry has been recorded. Site 48TE529 was recorded 
by C.M. Love in 1971, who called it the "most important 
steatite quarry in the northern Teton Range" (C.M. Love 
1971 ). Unfortunately, neither site maps nor photographs 
accompany the sitefOIID, and narrative description is only 
two sentences long. 

The CRO file search also revealed that, other 
than 48TE529, no prehistoric cultural sites have been 
rea.orded in the vicinity of other soapstone sources whose 
geology was mapped by l D. Love (Love et al. 1992). 
SUm Lawrence's historic asbestos mine ( 48TE1255), is 
also a source of soapstone, but appears to lack a 
prehistoric component; it is discussed further in the 
SllTB.(VEY RESlUIL'IJS section. The Rammel Mountain 
soapstone source is shown on Love's geologic map of the 



Tetons, but was never recorded as a prehistoric or 
historic cultural resource. 

A total of 13 9 acres, surveyed at or near Class 
III standards (SHPO 2002), consists of99 acres oflinear 
survey both in G TNP and the Caribou-T arghee National 
Forest and about 40 acres ofblock survey in the Rammel 
Mountain area. The linear survey total is derived from 
multiplying the total number of miles walked (27 .25) by 
5280 ft/mile by a 30 foot wide survey corridor. The 
survey crew consisted of two professional archaeologists 
and three volunteers. 

Prehistoric cultural resources were recorded in 
compliance with current State Historic Preservation 
Office standards. Cultural resources encountered during 
pedestrian surveys were located with GPS receivers. 
Individual artifacts and features were located with GPS 
receivers, photographed, and described. 

Isolated finds were located on a USGS 7.5' 
topographic map with a handheld GPS receiver, 
photographed, and the environmental context was 
recorded on Wyoming SHPO isolated find forms. The 
presence of two or more artifacts or features within 30 m 
of their nearest neighbor was considered a site. A 
thorough ground survey covered the site area; colored pin 
flags were placed to mark the location of each artifact and 
feature in a site. The locations of artifacts and sites were 
recorded with a GPS receiver and plotted on the 
appropriate USGS 7.5' topographic map using iGage 
(1999) All Topo Maps: Wyoming software. All pin 
flagged artifacts were recorded as to material type and 
general morphology (i.e., primary flake, core, biface, etc.) 
based on criteria outlined in Table 2. Time period 
definitions are in the same table. 

A simplified Wyoming Cultural Properties Form 
was filled out for each site, and each site was plotted on 
the appropriate USGS 7.5' topographic map. The site 
setting, as well as tools, hafted bifaces, soapstone artifacts, 
and features were photographed. No subsurface testing 
was undertaken. 

Sites were evaluated for National Register of 
Historic Places (NRHP) eligibility as either unevaluated 
or eligible. The rationale is that, given the brief nature of 
the field work, we were unable to spend enough time at 
sites to determine ineligibility. Also, most of these sites 
were in or near the trees, and past experience has shown 
that timber can easily conceal cultural resources. 
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Table 2. Definitions 

CHIPPED CRYPTOCRYSTALLINE STONE 
PRIMARY A complete flake with a single ventral 
FLAKE surface, a point of applied force, (i.e., 

striking platform), and intact flake margins. 
Flake margins are considered intact if the 
distal end exhibits a hinge or feather 
termination and iflateral breaks or snaps (if 
present) do not interfere with accurate width. 
It retains cortex on 100 to 75% of its dorsal 

surface. 
SECONDARY Same as above, retaining between 75 and 
FLAKE 1% cortex on the dorsal surface. 
TERTIARY Same as above, but no cortex on the dorsal 
FLAKE surface. 
DEBRIS Debitage lacking a ventral surface, point of 

applied force, or intact flake margins. 
CORE 

Any nucleus of raw material which exhibits 
the removal of two or more flakes of 
sufficient size ( 2-3 em) to have been useful 
as flake tool blanks. 

TESTED A piece of raw material having a minimum 
COBBLE number of flakes removed. The flake scars 

are small ( 2 em) and the flakes removed are 
not judgmentally believed to have been 
useful as tools (Abler 1986:50). 

CHOPPER A cobble with at least one end exhibiting the 
removal of flakes. The modified edge 
usually has been dulled or blunted by 
battering and use (Sanders 1995:14). 

HAFTED Bifacially flaked implement with a pointed 
BIFACE distal end and basal modification (Chapman 

1977:413). Most hafted bifaces are 
probably projectile points; larger ones may 
have had other uses. 

BIFACE Chipped stone objects with flattened cross-
sections which exhibit bifacially directed 
flake removals (Abler 1986:54). 

DRILL Flakes or bifaces with narrow, elongated, 
bifacially retouched projections. Projections 
are generally at least 1 em long and have 
diamond-shaped cross-sections. 

RETOUCHED A flake with a modified edge where a series 
FLAKE of flakes were intentionally removed. The 

retouch may extend across the entire surface 
of one side of the flake. Includes items 
commonly known as gravers, scrapers, and 
unifaces. 

l.ITILIZED A flake showing a regular series of edge 
FLAKE modifications typically due only to use. The 

edge modifications is generally limited to the 
removal of microflakes less than 2 mm in 
length. 

GROUNDSTONE 
GROUNDSTONE Stone artifacts manufactured by pecking 

and abrading. They are used for refining 
raw materials from the environment into 
digestible or utilitarian products; i.e., 
manos and metates (Shepherd 1992). 

HAMMERSTONE A cobble with evidence of non-random 
battering generally located on one or more 
ends. 



6 

Table 2. (cont) Artifact defmitions 

SOAPSTONE (from Adams 1992) 
WORKED PIECE Any piece of soapstone with manufacturing 

marks such as pecks, grooves, hatchet 
marks. 

PREFORM Although recognizable in shape, a preform 
has not been carved out to the point of 
functionality. 

BOWL A completed piece that is generally 
flowerpot-shaped and holds between 1 and 2 
liters 

MANUF ACTIJRIN Pecks: small pits made by hitting soapstone 
GMARKS jwith pointy bone, antler or stone tools. Gouges: 

continuous application of pressure on a sharp 
ool results in long manufacturing marks.Metal 

ifools make regular, parallel and consistent 
~arks. Percussion produces pecks, gouges, and 
hatchet marks. Abrasion produces striae and 
P<>lish. 

TIME PERIODS 
Historic In Wyoming, generally after 1805. 

European trade goods begin to dominate 
aboriginal society. 

Protohistoric The short period between the arrival ofthe 
first trade goods and horses (ca 1650) and 
the arrival of Anglo explorers (ca 1805). 

Prehistoric The 12,000 or so years ofhuman occupation 
ofNorth America before ca 1492 AD. The 
prehistoric is further divided into the 
Paleoindian period ( ca 12000 to 7500 BP), 
the Archaic (7500 to 1500 BP) and the Late 
Prehistoric (1500 to ca 1650 AD). 

All field notes, photographs, maps, etc., are 
housed at the Office of the Wyoming State Archaeologist 
in Laramie, Wyoming. 

Copies of this report and completed site forms, 
maps and photographs were submitted to the SHPO Cultural 
Records Office, the National Park Service, and the 
Caribou-Targhee National Forest. 

SOAPSTONE GEOLOGY 

Soapstone is the common name for a rock 
composed chiefly of the mineral talc (Table 3). Talc is 
one of the softest of all the minerals; it defmes the low 
end of the 1 0-step Mohs hardness scale. You can scratch 
a piece of talc with your fingernail. In the field it is bluish 
or greenish or greyish; finished artifacts are often black. 
The powdered rock feels soapy when you rub it between 
your fingers. 

Table 3. Attributes of Soapstone. 

Rock Type Metamorphosed dolomite or ultramafic 
rock. 

AgeofRock Restricted to Precambrian rocks in 
Wyoming, >2.5 billion years old 

Mineral Talc 

Hardness Defines 1 on the Mohs scale. Can be 
scratched with a fmgemail. 

Texture Powdered rock feels soapy. 

Color Bluish, greyish, or greenish. 

Habitat Saddles, passes, valleys; does not form 
ridges or prominent outcrops. 

Chemistry M~[Si8020) (OH)4 i.e., a magnesium 
silicate 

Fall-off rate Sharp, does not survive long in fluvial 
or glacial environments. 

Also known as: Steatite. Soapstone and steatite are not 
Catlinite. 

Under the right temperature and pressure 
conditions, a magnesium silicate like dolomite 
metamorphoses into steatite or soapstone (Harris 1995b ). 
It occurs in small deposits in Wyoming's mountains in 
metamorphic Precambrian rock that is older than 2.5 
billion years. 

Soapstone does not occur in predictable places 
like chert and quartzite. For example, the Paleozoic and 
Mesozoic-aged formations that contain cherts and 
quartzites are almost invariably ridge-forming rocks. If 
you see a ridge ofDakota sandstone, you know that if you 
walk below the outcrop you will eventually find the 
Morrison Formation and good cherts and quartzites. 
Eocene cherts are found in desert basins around the 
margins of the extinct Lake Gosiute. With experience, it 
is easy to predict where chert will occur, even without 
formal geological training. 

On the other hand, knowing that soapstone 
occurs in Archean metamorphic rocks adds absolutely no 
predictability to its occurrence. Soapstone sources do not 
form ledges, do not form ridges, and do not occur above or 
below distinctive formations. However, many 
prehistorically utilized soapstone sources in Wyoming 
seem to be close to the contact between Precambrian and 
younger sedimentary rocks. 

When you carve soapstone the result is talcum 
powder. Big tools like choppers, picks, hatchets, and 
chisels produce some macroscopic "debitage", but in 



my experience it weathers so fast that it is almost 
impossible to see after a few years on the ground. 

PREVIOUS RESEARCH 

In the literature, the amount of consideration 
accorded to steatite artifacts by researchers is often 
overshadowed by chipped stone artifacts. Yet the 
distribution of prehistoric and historic steatite artifacts is 
nearly global. Steatite is found on all six inhabited 
continents and many of the continental islands. The 
following is condensed from Adams (1992). 

A Few Early Accounts in Western North America 

In their 1804-1806 journey, Lewis and Clark 
note that the Lemhi Shoshone's cookware "consist of pots 
in the form of a jar made either out of earth or a soft white 
stone which becomes black and very hard by burning" 
(Thwaites 1904:19). They write that the soft rock was 
found near the Three Forks of the Missouri at the 
confluence of the Madison and Gallatin rivers (Thwaites 
1904: 19). They were most likely referring to soapstone, 
which is commercially mined in this area today (Wells 
1974). 

In 1805, the trader Laroque noted a carved stone 
cooking vessel: 

I traded eight beavers with the Snake 
Indians in whose possessions I saw a 
Kettle or Pot hewn out of solid stone. 
It was about 1 1/2" thick and 
contained 6 or 8 quarts; it had been 
made with no other instrument but a 
piece of iron (Laroque in W ede1 
1954:407). 

This earliest reference contains the germs of 
three topics that continue to be of interest First, a 
chronological marker: the object was in use at the time of 
contact. Second, the probable method of manufacture: 
the vessel was carved with an iron tool. Third, the 
cultural identity of the users was noted. 

In an 1881 report, P.W. Norris, the 
superintendent of Yellowstone National Park, mentions 
high country steatite bowls found in the Park. Given that 
there are prehistorically utilized soapstone sources on the 
north, east, and south sides of the park, it is not smprising 
that prehistoric steatite artifacts have been found in this 
area. 
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+ RECENT RESEARCH 

J. David Love (Love and Christiansen 1985; 
Love et al. 1992) mapped the location of ultramafic rocks 
across Wyoming and in the T etons. When Love ( et al. 
1992) mapped the geology of the Teton Range, he located 
five areas of ultramafic rock (Table 1). At least two of 
these sources have signs of aboriginal utilization (J.D. 
Love, personal communication 2002). Dave Love's son 
Charlie visited one of the aboriginally utilized steatite 
source in 1971 . The locale was given a Smithsonian site 
number (48TE529; Table 1). 

Frison (1982) details the distribution of 
aboriginally-utilized quarries and the manufacture of 
artifacts and examines some of the finished vessels. The 
aboriginal quarrying and manufacturing that Frison 
(1982:279) describes involved both pecking and gouging 
out vessel preforms while the blank was part of the 
outcrop. After the preform was roughed out, it was 
sometimes transported to another area for more shaping. 
In one case, a preform weighing 52 kilograms was 
transported two kilometers away from the quarry (Frison 
1982:279). 

Vessels do not appear to be randomly 
distributed across Wyoming (Marceau 1982 n.d. :22-25). 
However, it is not clear whether the vessel distribution is 
determined by the distribution of the quarries (Love 
1972), or by patterns of human movement and 
subsistence strategies, or both. The greatest 
concentration of steatite vessels at a single site occurs at 
the Lawrence site on the shores of Jackson Lake (Wright 
1984:54). 

Little is known about the age of steatite vessels. 
Some vessels (or fragments), such as those from the 
River Bend Site (McKee 1988) or the Natural Corrals 
site (Larson 1965), were found in Protohistoric sites 
associated with Shoshone. The organic residue from the 
interior of a steatite bowl was dated to AD 1848 by 
accelerator mass spectroscopy (Adams 1992, Adams and 
Daniels 1995). The age of vessel manufacture is tied to 
questions about the ethnic affiliation of the vessel 
manufacturers. Wedel (1954) first raised the question of 
ethnic affiliation of steatite vessels and Shoshonean 
pottery, and concluded that the "ethnohistorical data 
indicate the steatite-working, like pottery making, was 
probably carried on by Shoshonean groups into the 19th 
century" (Wede11954: 407). Marceau (1982 n.d. : 81), 
citing numerous ethnographic and archaeological 
references to steatite artifacts and ceramics, disagreed: 
"neither ethnographic, ethnohistoric, nor archaeological 
data support an association between steatite and the 
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Shoshone." Frison (1982) concluded that steatite vessels 
are probably Late Prehistoric to Historic in age, and 
probably used by Shoshonean groups. 

The most recent research on steatite emphasizes 
the range of artifact variation and attempts to explain how 
these were made and distributed (Frison 1982; Marceau 
1982; Adams 2003b). Tools such as accelerator mass 
spectrometry dating, X-ray fluorescence (Adams 1992), 
X-ray diffraction (Adams 2002a), and gas 
chromatography mass spectroscopy (Malainey 2003) 
now permit research on questions of the use, transport, 
and dating of steatite artifacts. 

+ SURVEY RESULTS 

The :first two site descriptions are updates of 
previously recorded sites in Grand Teton National Park. 
The remaining six sites occur in the Caribou-T arghee 
National Forest and are described here for the first time. 
Three of these new sites are exclusively prehistoric and 
three have both historic and prehistoric artifacts. 

Grand Teton National Park Sites 

The two sites recorded in Grand Teton National 
Park are described below. 

SITE: 48TE1255 (Figure 2). 
DESCRIPTION: 48TE1255 is an asbestos mine on 
the northern flank ofForellen Peak, above Berry Creek in 
Grand Teton National Park. Site size is 90 m NBS by 40 
mE-W, for an area of about 2830 m5. The mine adit 
opening is at an altitude of 7940 feet above sea level. 

Mine opening at Slim Lawrence's asbestos mine 

Figure 2. Photographs of 48TE1255. 

This is what remains of Slim Lawrence's 
asbestos mine. Green clnysotile asbestos (Harris 1995a) 
was observed in small quantities in the talus below the 
mine opening, and there is an outcrop oflong-fiber (> Scm) 
white asbestos, about 15 em thick by 2 m tall in the 
exposed wall near the opening. 

The site was originally recorded in 1990 by 
Melissa Connor, who did not visit the site, but relied on a 
backcountry ranger's description. The NPS/OWSA team 
visited the site on 8/4/03 and the following description is 
based on that visit. The site consists of mine arlit (a 
horizontal shaft) and a talus cone at least 60 m long by 
>30m wide at the base. The site is on a steep slope ( 45° 
at the mine opening). The talus originates at the mine 
opening and tumbles down 25 vertical meters, almost 
reaching the valley floor. The talus cone was created by 
mining the outcrop and discarding the least desirable 
rocks down slope. The talus slope consists of dark grey 
ultramafic rocks including bowl sized and bigger chunks 
of soapstone. Numerous large pieces of high quality 
soapstone were observed. The mine represents a 
considerable amount of work. Many hundreds of tons of 
rock were moved by Lawrence and dumped down the 
slope. · 

Above the talus slope is a flat spot about 20 m 
N-S by 40 m E-W chiseled out of the solid rock slope. 
The back wall of the flat spot has a mine adit. The adit' s 
opening is about 2.5 m above the flat spot. The adit goes 
horizontally back (south) in to the hillside. The adit is 
about 20 m long and about 2 min diameter. During the 
site visit on 8/4/03, there was a steady trickle of water 
pouring out of the mine. The flat spot is now a thriving 
riparian zone. 

No historic features were observed below the 
mine, although experience suggests that there should be a 
camp/cabin in the valley below. There are faint traces of 
trails on either side of the mine opening, but neither could 
be followed to the valley floor. The only observed artifact 
was a twisted length of 2 inch pipe. Connor (1990:4), 
relying on a backcountry ranger's description, writes that 
"larger equipment associated with mining is scattered 
throughout the area." 

The mine dates to no later than the 1920s. 
Harris (1995a:7) states that "small amounts of asbestos 
were produced prior to 1921" in his report on the 
economic geology of asbestos and serpentine deposits in 
Wyoming. In their section on asbestos in Wyoming, 
Ladoo and Myers ( 1951 :4 7) note that asbestos is mined 
"near Berry Creek in Lincoln County [sic], on the north 
side ofF orellen Peak, 35 miles from the nearest shipping 
point at Ashton, Idaho." Given that Teton County was 



established by the Wyoming State Legislature in 1920 
(Larson 1965 :453), it seems that Ladoo and Myers were 
using old data. 

We found no traces of aboriginal soapstone 
quanying near the opening or on the talus slope below. 
We did not explore the steep terrain above the mine 
because rain had made the 45° slope too slippery for safe 
surveying. Traces of aboriginal quarrying are defin~ as 
peck marks or a series of axe/hatchet marks surrounding 
the place where bowl preforms were detached. Peck 
marks imply Prehistoric use of the soapstone source. 
Hatchet marks imply Protohistoric or Historic use by 
people seeking to detach large chunks for bowl 
manufacture (Table 2). I suspect that any trace of 
aboriginal use has been obliterated by mining. 

TESTING: No testing was performed. 
NATIONALREGISTERSTATUS: In 1990Connor 
wrote that there was insufficient data to evaluate the site's 
eligibility. Grand Teton National Park archeologi~ 
Jaquelin StClair (personal communication 8104/03), smd 
that the site should be considered eligible for nomination 
to the National Register of Historic places during a site 
visit. The site is a reasonably intact example of 1920s 
mining practices. It can be associated with a person 
important to local history. It is also a rich source of 
soapstone that may have been used prehistorically. 
Because of its location in a national park, it is reasonably 
well preserved with excellent feeling of association. For 
these reasons the site is considered to be eligible under 
Criteria B and D. 

IMP ACTS: Other than the threat of mineral sample 
collection, impacts are unknown. 
RECOMMENDATIONS: No further work is 
recommended. 

SITE: 48TE529 (Figure 3). 
DESCRIPTION: We confirmed that there is a large 
amount of soapstone on Owl Peak in Grand Teton 
National Park, but were unable to locate its bedrock 
source. The Owl Peak source occurs in a rugged canyon 
following the trace of the F orellen Fault (Love et al. 
1992). The west side of the canyon is steeply inclined 
Paleozoic sedimentary limestone, while the east side of 
the canyon is Precambrian gneiss. This is a steep, 
dynamic environment, and rocks were shifting underfoot 
with every step across boulders, talus and scree. 

Dave Love's son Charlie visited this aboriginal 
utilized steatite source in 1971 and filled out a site form 
and the locale was given a Smithsonian site number 
( 48TE529), but no maps accompany the site form and the 
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written site description is one sentence long: "Narrow 
ridge of steatite", with the qualifier that this is the "most 
important steatite quarry in the northern Teton Range" 
(Love 1971). 

Soapstone boulders in talus 

Figure 3. Photograph of 48TE529 

To further confound the matter, there are two 
contrasting legal locations for the site. One location is 
Charlie's, the other is from SHPO. We searched for the 
asbestos mine rather than the SHPO location because in 
my experience there is always soapstone at an asbestos 
outcrop, while the reverse is rarely true. 

We did not reach the primary soapstone source 
described by Charlie Love. The "narrow ledge of 
soapstone" that Charlie Love (1972) describes was not 
visible and may have occurred a couple hundred meters 
east and above us. 

Access to the asbestos mine on the upper spur 
of Owl Peak is best attained from some other approach 
than the one we took. Unstable talus slopes prevented us 
from climbing higher than 8800 feet, while the asbestos 
mine plots out a little below 9200 feet on Love's ( et al. 
1992) map. We did see tons of soapstone in the form of 
boulders up to 2 m on a side. The boulders occurred in a 
cirque-like area at the heads of two unnamed drainages 
that follow the trace of the F orellen Fault. We climbed 
up the cirque to about 9400 feet and saw soapstone, but 
no traces of aboriginal soapstone use. 

TESTING: No testing was performed. 
NATIONAL REGISTER STATUS: Unevaluated until 
C.M. Love's site is relocated and visited. More work 
needs to be done to resolve the discrepancy between the 
Love asbestos mine location and the SHPO site location. 
IMP ACTS: Impacts are unknown. 
RECOMMENDATIONS: More work is recommended 
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Caribou-Targhee National Forest Sites 

The following six sites are on the west side of 
the Teton Range on public land administered by the 
Caribou-Targhee National Forest. The sites occur in and 
near the Jedediah Smith Wilderness. They were located 
and recorded as a direct result of the UW-NPS grant. 

SITE: 48TE1643 B Rammel I (Figure 4). 
DESCIUPTION: Site size is 7 m in diameter for an 
area of 154 m5. The site is in the Jedediah Smith 
Wilderness of the Caribou .. T arghee National Forest on 
the west side of the Teton Range. The site occurs on both 
sides of a trail that climbs a flank of Rammel Mmmtain. 
This trail sees horse, pedestrian, and snowmobile use. 
The site is on an open ridge line, but there are scattered 
whitebark pines, sub-alpine fir, and Engelmann spruce 
within a few tens of meters on either side of the trail 
where the ground begins to drop steeply. 

48TE1643 site photo 

Figure4. 

The site consists of a small lithic scatter with a 
broken, Late Prehistoric, unnotched projectile point made 
from obsidian. The tip of the 14 by 13 by 2.5 mm thick 
projectile point broke off before it could be finished by 
notching the sides. The point was not collected, but left 
under a pile of four cobbles less than one meter from its 
:findspot. A dark grey basalt primary flake and three 
pieces of ignimbrite debitage (one each: secondary, 
tertiary, and debris) were also recorded. 

The only modern artifact was the ignition key to 
a Polaris snowmobile. 

TESTING: No testing was performed. 
NATIONAL REGISTER STATUS: This small lithic 
scatter contains only one diagnostic artifact. The site 
occurs where there is negligible Holocene deposition. 
Recording has exhausted the site's information potential. 

For these reasons, the site is considered to be ineligible 
for National Register nomination. 
IMPACTS: Other than the threat of collection by 
looters, impacts are unknown. 
RECOMMENDATIONS: No further work is 
recommended. 

SITE: 48TE1644 B Rammel2 (Figure 5). 
DESCRIPTION: The site is in the Jedediah Smith 
Wilderness of the Caribou-Targhee National Forest on 
the west side of the Teton Range. Site size is 15m N-S 
by 45 mE-W for an area of 565 m5. The site occurs on 
both sides of a trail that climbs a flank of Rammel 
Mountain. This trail sees horse, pedestrian and 
snowmobile use. The site is on the open ridge line, but 
there are scattered whitebark pines, sub-alpine fir, and 
Engelmann spruce within a few tens of meters on either 
side of the trail where the ground begins to drop steeply. 
The site is roughly 500 m east of 48TE 1643. 

. 48TE1644 site photo looking west 

Figure 5. 

The site consists of a light lithic scatter of 
obsidian, ignimbrite, chert, chalcedony, and two small 
pieces of soapstone debitage. Surface artifacts are 
summarized in Table 4. 

1 ao1e 4 . .sunace AltliaCt mvemory, 4lS11!.1b44. 

Material Primary Secondary Tertiary Debris Other 
Type 

Ignimbrite 1 1 5 

Obsidian 1 4 

Grey Chert 2 

Chalcedony 1 

Soapstone 2 small 
pieces 



The two small pieces of soapstone are less than 
10 em long and do not exhibit any manufacturing marks 
(Figure 6), yet experience suggests that they are not 
natmally occurring. They may be soapstone "debitage" 
left over from bowl manufacture. One piece was found 
within 20 em of a chert flake. Soapstone weathers 
rapidly, and on a windy ridge frequented by snowmobiles 
in the winter, horses and pedestrians in the summer, the 
combination of natural erosion and human impact may 
have removed the faint traces of manufacture on this 
softest of rocks. 

Soapstone artifacts from 48TE 1644 

Figure 6. Photograph of 48TE1644 

TESTING: No testing was performed. 
NATIONAL REGISTER STATUS: This site is 
unevaluated. Lithic scatters with soapstone "debitage" 
are extremely rare. I would like to re-examine this site 
and the surrounding country before considering it to be 
ineligible. 
IMPACTS: Other than the threat of collection by 
looters, impacts are unknown. 
RECOMMENDATIONS: Further work is 
recommended. 

SITE: 48TE1645 B Rammel3 (Figure 7). 
DESCRIPTION: The site is in the Jedediah Smith 
Wilderness of the Caribou-Targhee National Forest on 
the west side of the Teton Range. The site is 17 m in 
diameter for an areaof227 m5

. The site consists oflithic 
debitage, soapstone (probably related to the historic 
mine) and historic artifacts and features (Table 5). This 
site is about 7 5 m west of the Rammel Mountain 
soapstone quarry. 

The soapstone debris found at this site differs 
from that at the previous site ( 48TE 1644 ). Soapstone 
debris at this site consists of fist -size and larger rocks 
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with sharp edges, indicating recent mining, while the 
soapstone at 48TE1644 is much smaller, much thinner, 
and more likely to have resulted from bowl manufacture. 

Dozer track beading toward talc mine 

Figure 7. Photograph of 48TE1645 

Table 5. Surface Artifact Inventory, 48TE1645. 

Material Secondary Tertiary Debris Other 
Type 

Ignimbrite 2 3 3 

Obsidian 1 1 

Soapstone debris from 
historic 
mining 

The two historic features are linear scars left by 
a bulldozer that lead toward 4 9TE 1646 - the Rammel 
Mountain Soapstone Quarry. Both are over 30m long 
and up to 1 m deep. Two explanations for the dozer 
tracks are possible: First, miners were using the dozer to 
look for more soapstone; second, they were blading 
access to the soapstone body to facilitate its removal. 
Historic artifacts consist of post-1950s steel and glass 
fragments. 

TESTING: No testing was performed. 
NATIONAL REGISTER STATUS: This site is 
unevaluated. Lithic scatters with soapstone "debitage" 
are extremely rare. I would like to re-visit this before I 
say that it is ineligible. 
IMPACTS: Other than the threat of collection by 
looters, no impacts are known. 
RECOMMENDATIONS: Moreworkisrecommended. 

SITE: 48TE 1646 B Rammel Mountain Indian 
Soapstone Quarry (Figure 8). 
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DESCRIPTION: The site is in the Jedediah Smith 
Wilderness of the Caribou-Targhee National Forest on 
the west side of the Teton Range. The site is an 
aboriginal soapstone quarry that has been almost 
completely obliterated by historic talc mining. Site size is 
40 m NBS by 8 mE-W for an area of 250 mS. 

48TE1646 site photo 
Figure 8. 

The site was visited by J.D. Love, C.M. Love, 
and G.C. Frison in 1970; however, theydidnotformally 
record the site. The only record I could track down is 
what J.D. Love wrote in a precise hand, on the back of a 
photographic slide: "Rammel Mountain Indian soapstone 
quany on high ridge N. of Badger Creek, W. side of 
Teton Range, Teton Co., Wyo. Note lichen on pedestal. 
Rock is Precambrian talc. J.D. Love 9/ no." On the other 
side, in a different hand, in blue ink is : "Pedestal is at the 
base of a carved stone bowl after the vessel itself was 
removed." 

There are at least four modem mining pits that 
follow a 2-3 m wide soapstone vein at a 330-320 degree 
bearing. There is no asbestos at this mine, just talc and 
soapstone. Three of the mining pits have been dynamited 
and no traces of aboriginal quanying were observed. At 
the lowest pit, a few traces of aboriginal use remain. 
Evidence of aboriginal quanying is defined as peck 
marks (made by stone tools) or axe/hatchet marks. Peck 
marks imply Prehistoric use of the soapstone source. 
Hatchet marks imply Protohistoric or Historic use by 
people seeking to detach large chunks for bowl 
manufacture. 

Pit 1 is the lowest of the pits. It measures 10 by 
3 by 2 m deep. It contains traces of aboriginal use as 
well as historic mining. There are peck marks on a 
steatite outcrop near the original ground surface. There 
are hatchet scars where a bowl preform may have been 
detached (Figure 9). The historic mining traces consists 
of the pit itself, in addition to three 5 em diameter by as 

much as 60 em deep bore holes drilled into the steatite for 
shooting dynamite, and a number of historic graffiti. The 
Nichols family seems to have visited the site often. Janet 
Nichols, RMN, and MN signed in three times on 7 n n3, 
KN and AMN signed in on 7 /29n 4, and Bud carved his 
name in 1984. If the number of times they signed in is 
any indication of their interest, the Nichols family might 
be good folks to contact about the presence of soapstone 
bowls in the area. 

48TE1646 bowl detachment scar 

Figure9. 

The other pits are devoid of graffiti, bore holes, 
or aboriginal quanying marks. Pit 2 exposes a wall of 
iron-stained soapstone about 4 m long by 1.5 m high. 
The pit is oriented at a bearing of320 degrees. 

Pit 3 is the largest of the four pits. It is about 15 
m long by 4 m wide by 1.5 m deep. No traces of 
aboriginal or modem mining practices remain. The pit is 
oriented at a bearing of330 degrees. 

Pit 4 is almost contiguous with Pit #3. The 
soapstone in this pit is a little more schisty than the other 
pits. There is an obvious contact with a non-steatific rock 
on the west wall of the pit 

Below the mine, soapstone boulders, cobbles 
and detritus occur for a few hundred feet. No preforms, 
bowls, or other aboriginal artifacts were observed in a 
fairly intense survey. However, Frison states (personal 
communication 8/13/03) that a large block of soapstone 
with an attached bowl preform lies in the Badger Creek 
valley, many hundreds of vertical feet below the quany. 
This is the same preform shown in Love's 1970 slide. It 
was not relocated in 2003. 

INTERPRETATION: Given that there are prehistoric 
sites with soapstone and chipped stone artifacts nearby, 
and that peck marks are still visible in Pit #1, I think it is 
safe to say that this source was used by Native Americans 



in Prehistoric and Protohistoric times. EuroAmericans 
mined the talc vein in the Historic past. AB is common 
elsewhere with outcrops of high quality stone, such as 
chert, obsidian, ocher, and soapstone, that are known to 
have been important to prehistoric people, procurement 
and utilization continues into the present. 

Frison (personal communication 1991) said that 
soapstone was considered by old time miners to be an 
indicator of gold. In 1950, high grade steatite, already 
ground fine enough to pass through a #200 mesh screen, 
was selling for $10 a ton (Ladoo and Myers 1951: 541 ). 
At that price, the Rammel Mountain soapstone source 
would have returned a few hundred dollars at most. 

TESTING: No testing was performed. 
NATIONAL REGISTER STATUS: Although the 
aboriginal component of the soapstone quarry has been 
almost obliterated by more recent workings, there is still 
information potential in what remains. For this reason it 
is unevaluated. 
IMPACTS: Other than the threat of collection by 
looters, no impacts are known. 
RECOMMENDATIONS: More work: is recommended. 
Apparently, we did not descend the slope far enough to 
:fiiid the bowl preform attached to a soapstone slab that 
Love and Frison photographed. This p1ece needs to be 
examined to see if the manufacturing marks are 
prehistoric (peck marks) or historic (hatcliet cuts). 

SITE: 48TE1647 B Rammel Amble Ding Dong Site 
(Figure 1 0). 
DESCRIPTION: The site is in the Jedediah Smith 
Wilderness of the Caribou-Targhee National Forest on 
the west side of the Teton Range. It is located in an 
Engelmann spruce and sub-alpine fir forest immediately 
north of a small spring-fed creek. Monkeyflower, sedges, 
and sorrel hug both sides of the creek. Large granitic 
boulders dot the landscape. There is a large amount of 
barren ground in this drainage, suggesting a dynamic 
environment. The site is on ground that slopes west
southwest at 15°. It is a small site, only 9 min diameter. 

48TE1647 site photo, looking northeast 

Figure 10. 
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The site consists of two broken soapstone bowl 
preforms, a broken soapstone bowl, and seven pieces of 
obsidian. Surface artifacts are summarized in Table 6. 

Material 
Type 

Obsidian 

Soapstone 

Primary Secondary Tertiary Debris Other 

3 core 

2 broken 
bowl 
preforms 
and one 
broken 
bowl in 5 
pieces 

Both preforms and the fragmentary bowl were 
found in a 7 meter diameter area. All five pieces of the 
broken bowl were found within a 0. 7 5 m diameter area. 

Preform# 1 is a broken soapstone bowl preform 
(Figure 11 ). It is 20 em tall. The outside diameter is 19 
by roughly 16 em. The inside diameter is 15.5 by roughly 
11 .5 em. The maximum excavated depth is 8 em. It is a 
classic (Frison 1982; Adams 1992) flowerpot-shaped 
vessel with a flanged base. The base diameter is 14 by 
12 em, the flange is about 2 em high. All the 
manufacturing marks left on the bowl are consistent with 
manufacture by stone tools. The interior base has been 
pecked, while the interior walls were gouged and 
chopped by a tool with an irregular working edge. The 
exterior was chopped circumferentially rather than 
longitudinally. The manufacturing marks are about 1 em 
across by 0.7 em long. 

Figure 11. 
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Preform #2 is a broken soapstone bowl preform 
(Figure 12 ). It split vertically, but not into even halves. 
The piece that we found represents about 2/3 of the 
preform•s base. There are no obvious impurities where 
the bowl split The preform once had side walls, but only 
a small amount of wall remains attached to the base. The 
preform has a classic flanged shape. The flange is about 
1.5 em high. The wall remnants are about 2 em thick. Its 
height is 9.6 em. The outside diameter is 16.5 by 10 em 
at the top of the wall remnants, and 10 by 7 em at the 
base. All the manufacturing marks left on the bowl are 
consistent with manufactw'e by stone tools. Both the 
interior and exterior exhibit peck marks, but both 
surfaces are more weathered and smoother than preform 
#I. 

Preform #2, 48TE1647 

Figure 12. 

Five pieces of a nearly completed, but 
subsequently broken, soapstone bowl were found in a 7 5 
em diameter area that was in close proximity to the 
preforms. Three of the fragments fit together and the 
other two fit together, but assemblies of the three and two 
do not fit together in any combination. No part of the 
base is present, but part of an irregular lip is present. 
There is no evidence of a flange. All the manufacturing 
marks left on the bowl are consistent with manufactme by 
stone tools. The manufacturing marks on the interior 
surface suggest a tool with an irregular edge that was used 
by a right handed person, because the manufacturing 
marks go from top right to bottom left. The exterior is 
more weathered and was chopped with a different tool 
that had an irregular edge. The height is estimated to be 
15cm. 

INTERPRETATION: I suspect that the site was a 
cache rather than a camp or manufacturing area. The 
ground slopes too much for comfortable camping and the 
site lacks soapstone "debitage" found at workshops in the 
Wind River Mountains (Adams 2003a). 

This site and 48TE 1644 (above) make a good 
argument for a prehistoric origm of the soapstone bowl 
industry. Sites with soapstone bowls and debitage are 
rare (Adams 1992, 2003b ). About one-third of the 
vessels I have examined have metal tool marks. Usually 
there are historic artifacts superimposed over the 
prehistoric sign. In this case, the nearest historic artifacts 
are over 150 m south of the site. With the notable 
exception of 48NA580, where Frison (1982) recorded 
chipped stone tools and soapstone, few single component 
prehistoric soapstone sites have been recorded (Adams 
1992). 

TESTING: No testing was performed. 
COLLECTION: No artifacts were collected The 
soapstone artifacts were hidden under brush and rocks; 
the obsidian was not disturbed. 
NATIONAL REGISTER STATUS: Although small 
and lacking in diversity, this is an important site. It 
contains soapstone artifacts with manufacturing marks 
consistent with stone tools in an unequivocally prehistoric 
context. Further study can be expected to yield 
significant scientific information. For this reason, 
49TE1647 is considered eligible for nomination to the 
National Register of Historic Places. 
IMPACTS: Other than the threat of collection by 
looters, no impacts are known. 
RECOMMENDATIONS: Never in my 15-plus years 
as a professional archaeologist have I recommended 
collecting all the artifacts at a site, but in this case I think 
that it is important to collect the bowl fragments and both 
preforms as well as the obsidian debitage. Taken together, 
they are an important resource for further research. 

SITE: 48TE1648 B Historic Mining area (Figures 13, 
and 14). 
DESCRIPTION: This multi-component site consist of 
two mining test pits, one mine with a substantial adit and 
shaft, an old cabin, and prehistoric lithics. The site is in 
the Jedediah Smith Wilderness of the Caribou-T arghee 
National Forest on the west side of the Teton Range. Site 
size is 50 m NBS by 310 mE-W for an area of 12,17 5 
m5. The mine is at an altitude of 9120 feet above sea 
level, the cabin and lithics are at 9080 feet, the cairn is at 
9200 feet and the highest pit was at 93 90 feet. 

There is a mining test pit at the top of this site 
(Figure 13) in an iron-stained rock. Then there is another 
pit in gneiss (Figure 13). Neither pit exceeds 3 min 
depth. 

The mine represents a considerable amount of 
work. There is a horizontal adit, about 1.6 min diameter, 
that goes back at least 10m (Figure 14). A few meters 



into the mine a similarly sized vertical shaft drops down 
at least 3 m from the adit. There are greenish copper 
minerals in the mine tailings. It is not clear what was 
being mined, but there is no talc in any of the test pits or 
the mine. 

Test pil Wypt 75. 

Test pit Wypt 77. 

Figure 13. Photographs of 48TE1648 

By all indications the cabin is old. The timbers 
were cut with an axe, not a saw. The logs are V -notched 
and still fit tightly. Only five courses oflogs remain and 
they are warped and sunken. Other than a solder -dot can 
fragment, no identifiable historic artifacts were recorded 

Scattered about the flat spot near the cabin is a 
background noise of rust fragments that may have been 
from cans, but they are rusted beyond all archaeological 
utility. 
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The cairn looks to be ofEuro-American origin. 
The center is not filled in with rocks and it looks like a 4 
by 4 inch post, used to mark mining claims, would fit in 
this space. 

Mine opening. 
Figure 14. Photographof48TE1648 

In addition to the historic mining features, seven 
prehistoric artifacts were found within the mine site 
boundary. Four of the seven prehistoric artifacts were 
within 30 m of the cabin. FS-1 is a cobble quartzite 
utilized flake tool (Figure 15). It measures 75 by 50 by 
25 mm thick and there is about 65 mm of use along one 
edge. It was found within 30 m of three other pieces of 
debitage (grey obsidian debris, orthoquartzite secondary 
flake, and an ignimbrite secondary flake). It is unclear if 
the prehistoric artifacts were collected by the miners or if 
they predated the miners. Another three pieces of 
ignimbrite (two tertiary flakes and a biface thinning flake) 
were found about 40 m uphill of the cairn. 

FS-1 

Figurel5 Photograph of 48TE1648 
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TESTING: No testing was performed. 
NATIONAL REGISTER STATUS: Unevaluated. 
Since we were doing aboriginal archaeology under the 
grant, very little time was spent recording the historic 
site. 
IMPACTS: Other than the threat of collection by 
looters, no impacts are known. 
RECOMMENDATIONS: A combination of historic 
research and more archaeology is recommended. 

Isolated Finds 

Four isolated prehistoric finds were located and 
recorded. They are described below. 

IF -1 is the base of a Middle Archaic projectile 
point (Figure 16). It was found in the Caribou-Targhee 
National Forest on the west side of the Teton Range. It 
was found in the middle of the trail near Indian Meadows. 
The Indian Meadows trail passes through heavy 
whitebark pine timber. The point base was found about 
50 m south of a unmodified soapstone boulder also found 
in the trail. The point base is made :from high quality 
milky white chalcedony. It measures 17 by 20 by 5 mm 
thick. The base has not been ground. The base is most 
likely a Middle Archaic Hanna or Duncan projectile point 
(Frison 1991:91). The point ba~e was collected and 
turned over to the Caribou-Targhee National Forest 
archaeologist. 

Figure 16. Photograph ofiF-1. 

IF-2 is a cairn on the edge of a gneiss outcrop 
overlooking the Badger Creek drainage. It is located 
about 100 m east of the Rammel Mountain soapstone 
quarry in the Jedediah Smith Wilderness of the Caribou
Targhee National Forest on the west side of the Teton 
Range. The cairn is about 1 m high by 1.3 min diameter 
and consists of at least two dozen rocks and is six courses 
high (Figure 17). 

IF-2 

Figure 17. Photograph ofiF-2. 

IF-3 (Figure 18) consists of two chunks of 
ignimbrite debris found on an unnamed pass on the flank 
of Rammel Mountain between the Indian Meadows and 
Bitch Creek drainages. The pass is grassy and 
surrounded by Krumholz. Both pieces are angular 
chunks of glassy ignimbrite a few centimeters on a side. 
They were not collected. 

IF-3 
Figure 18. Photograph IF-3 

IF -4 is a quartzite secondary flake found in the 
valley below 48TE529 (Figure 19). It measures 7 by 5 
by 2 em. It was detached :from a rounded quartzite 
stream cobble. The flake was found in a meadow on the 
south side of Owl Creek in a pocket gopher mound. It 
was not collected. 

+ DISCUSSION 

Other archaeologists have made a case for 
northwestern Wyoming being the epicenter of the Rocky 
Mountain soapstone bowl industry (Marceau 1982; 



Wedel 1954), yet until this report, little fieldwork had 
been done to confirm this. Soapstone quarries and 
workshops in other Wyoming mountain ranges such as 
the Big Horns, the Winds, the Laramie Range are much 
better known and recorded (Adams 2003a; Frison 1982; 
Harris 1995b; Schoen and Vlcek 1991). 

IF-4 
Figure 19. Photograph ofiF-4. 

During the first year of fieldwork, OWSA 
archaeologists visited three of the six ultramafic rock 
outcrop locations mapped by Love ( et al. 1992). Traces 
of aboriginal use were found at one source on the west 
side of the Tetons (48TE1646). Historic mining at 
48TE1255 may have obliterated any possible traces of 
aboriginal use. 48TE529 is an important aboriginal quarry 
according to C.M. Love (1971 ); however, we were 
unable to relocate the primary source. 

The time depth of soapstone artifacts in 
Wyoming is great: A disc bead, found at the Hell Gap 
Paleoindian site, came from a level older than 9000years ( 
Adams n.d. ). Steatite beads were found at the Split Rock 
site in a feature dating to 5500 years ago (Eakin 1987). 
Soapstone pipes date to at least 4000 years ago (Frison 
and Walker 1984:38-39). 

However, the antiquity of soapstone vessels is 
hard to prove. One bowl was AMS dated to AD 1848 
(Adams 1992) and other bowl fragments were found at 
Protohistoric sites. At least one-third of the vessels I 
have examined have metal tool marks (Adams 1992). 
The discovery of soapstone bowls and chipped stone at 
48TE1647 B where two bowl preforms and a broken 
bowl exhibit manufacturing marks consistent with stone, 
not metal, tools B is considered to be unambiguous 
evidence of prehistoric bowl manufacture. Soapstone 
debris was also found associated with prehistoric artifacts 
at 48TE1644. 
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+ MANAGEMENT 
RECOMMENDATIONS 

In the first year of an expected three year 
project, archaeologists and volunteers surveyed more 
than 130 acres and recorded eight sites in Grand Teton 
National Park and Caribou-Targhee National Forest We 
visited and recorded sites in GTNP that lacked formal 
documentation and found six new sites in the Caribou
Targhee National Forest. 

More work is recommended at 48TE529 in 
Grand Teton National Park. While a secondary source of 
soapstone was located, the aboriginal quarry described by 
Charlie Love was not re-located. This is one of the 
closest sources to the Lawrence site, which had the 
highest concentration of soapstone artifacts of any known 
archaeological site in Wyoming. 

Site 48TE 164 7 has evidence of prehistoric 
manufacture of soapstone bowls. Complete collection of 
this site is recommended. Based on findings on the west 
side of the Tetons in the Caribou-Targhee National 
Forest, I believe that there is good potential for the 
discovery of aboriginally-utilized soapstone sources in 
the Bitch Creek area. More work is recommended in this 
area. 

If another year of fimding is obtained by the 
author, the team is committed to locating and recording 
additional soapstone sources in both Grand Teton 
National Park and in the Caribou-Targhee NF. 
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APPENDIX 

OBSERVATIONS ON SOAPSTONE GEOLOGY 
IN TilE TETON RANGE 

By 

Yvette A. Widman 

The T etons are the youngest mountains in the 
Rocky Mountain system. The Teton Range is a result of 
two major tectonic episodes. The first was during the 
Laramide Orogeny (80-65 million years ago). The 
second began nine million years ago, with most of the 
uplift taking place within the last five million years and 
the range has been rising since (Love et al 2003 : 1 ). 

The Teton system is comprised of two 
structures: the Teton Range is "an up-faulted block tilted 
to the west. And Jackson Hole, [which is] a narrow, 
down dropped fault block" (Harris 1995:558). Looking 
north, the western flank of the range is comprised of 
downward dipping Paleozoic rocks. The peaks are of 
Precambrian granite with intrusive dikes. Some, like Mt. 
Moran, are capped with Cambrian Period sedimentary 
deposits (Flathead Sandstone). These are bounded to the 
east by the steeply dipping Teton normal fault (Gilmer 
1986:42). 

Based on strontium-rubidium dates, the 
Precambrian rocks are approximately 2.5 billion years 
old (Harris et al 1995:558). They include layered 
granitic gneisses (a metamorphic rock that has foliations), 
granites, migmatites, diabase dikes, and small ultramafic 
pods of dark green serpentine. These pods are associated 
with the steatite deposits. 

Steatite or soapstone is a variant of talc. Tale 
(Mg3S4010(0H)2) is a phyllosilicate and whenitisfound 
in a compact and massive form it is referred to as steatite 
or soapstone (Hurlbut and Klein 1977). Soapstone has a 
dark grey or green color, is translucent, and characterized 
by its greasy feel and luster. The crystallography of talc 
is described as " .. . monoclinic; 2/m (one rotation axis 
with perpendicular mirror). Usually tabular with 
rhombic or hexagonal outline. Foliated and in radiating 
foliated groups" (Hurlbut and Klein 1977:403). It is a 
secondary mineral resulting from low-grade 
metamorphism of magnesium silicates such as olivine, 
pryoxenes, and amphiboles (Hurlbut and Klein 1977). 

Three steatite outcrops in the T etons were 
examined -- Slim's Asbestos Mine, Owl Peak, and the 
Rammel Mountain Quarry. 

48TE1255 B Slim's Asbestos Mine 
The mine is located in the Berry Creek drainage 

in the northern part of the range. It is in a 50 meter wide 
outcropping of Late Archean metamorphic rocks 
comprised of layered gneiss and ultramafic rocks. The 
outcrop is just east of the Forellen Peak Fault. These 
rocks were metamorphosed approximately 2,815 Ma 
(Love et a/ 1992). The gneiss is biotite rich B no 
feldspar crystals were observed. Veins of quartzite occur 
throughout the outcropping. The ultramafic rocks include 
lineations of long, brown asbestos fibers in the gneiss 
near the mine opening. Steatite cobbles can be found in 
the talus slope below the mine and there is a boulder near 
the mine opening which has a 15 em rind of steatite. 

48TE529 B Owl Peak 
The quarry was not located, however we found 

steatite cobbles on our approach from Owl Creek. The 
area surveyed was in Precambrian deposits --primarily 
gneiss. Madison Limestone outcrops to the west on Elk 
Mountain. Love's map (Love et al 1992) shows the 
quarry in the Precambrian layered gneiss and is about the 
same distance east of the Forellen Peak Fault as Slim's 
Mine in the next drainage north. The map does not show 
an outcropping of the ultramafic rocks as is associated 
with Slim's Mine and the Rammel Mountain Quarry. 

48TE1646 B Rammel Mountain Talc Quarry 
The quarry is geologically mapped as a pod of 

Precambrian ultramafic rocks which is surrounded 
similar aged gneiss and is immediately north of a 
Proterozoic diabase dike which was emplaced before 
1,450 Ma (Reed et al 1973, Love et al 1992). It is 
located on a small shelf below the Badger Creek Rim, 
near Rammel Mountain. The quarry consists of four pits 
excavated along a northerly trend. 

Three lithologic units were described. These 
units are labeled from top to bottom as Strata I, II, and III. 

The units consist of two bands of gneiss (Strata I and 
III) which are partitioned by a steatite vein (Stratum II). 

Stratum I is approximately 1.25 meters thick in 
pit 3. A shelf of this gneiss is slightly exposed above the 
pit itself. The gneiss is characterized by a slightly darker 
color than the gneiss in Stratum III. The mineralized 
laminae are thicker (up to two em), more convoluted than 
the lower gneiss, and are comprised of what looks like 
small crystals (0.1-0.2 mm) of quartzite, plagioclase, and 
an unidentified red crystal. The contact between this 
stratum and stratum II is not well defmed. 



Stratum II is the steatite vein. It is a relatively 
homogenous bed up to two meters thick in quarry pit 1, 
and tapers down to 1.25 meters thick in pit 3. There are 
subtle, gradational changes in the steatite vein near the 
contacts with Strata I and III. The upper part of the vein, 
near Stratum I, is harder and has a slight color change, 
possibly due to staining from the upper bed. The lower 
contact is also characterized by a change in hardness. In 
addition, there is a crystalline change. The lower portion 
of the bed is a laminated schist that grades into a hard, 
fibrous, steatite. This rind which is 20 em thick, with 
laminae no larger than 5 em thick, has a darker green hue 
to it and could be serpentine. The contact between Strata 
IT and III was beautifully exposed in quarry pit 2. 

Stratum III is a layered gneiss. There is a 
massive quartzite layer (15 em thick) immediately below 
Stratum IT. The main body is a biotite rich gneiss where 
the biotite is laminated and looks like crossbeds from a 
low velocity flow. There are veins of quartz and 
plagioclase crystals interspersed throughout the stratum. 
The average size of the crystals is slightly larger than 
quartz and plagioclase veins in Stratum I. 

+ DISCUSSION 

All three mines are located in Precambrian 
gneiss. Both Slim Lawrence's Asbestos Mine and the 
Rammel Mountain Indian soapstone quarry are directly 
associated with small pods of ultramafic rocks (Love eta! 
1992 and Reed et a! 1973). One other known talc 
outcropping, near Bitch Creek Narrows is also 
geologically mapped as pod of ultramafic rock 
surrounded by Precambrian gneiss. It would not be 
surprising to find the Owl Peak Mine directly associated 
with a small outcropping of ultramafic rocks. 

The ultamafic rocks seem to be regional, 
suggesting a localized tectonic event. All outcrops are 
located in the northern half of the Teton Range (Love et 
a/1992). In addition to the ultramafic outcrops found at 
Berry Creek and Rammel Mountain, there is a smattering 
of mapped ultamafic rocks in Waterfalls Canyon, 
southeast of Ranger Peak. Interestingly, some of these 
pods are east of the F orellen Peak Fault, as in the case of 
the both Slim's Mine and the Owl Peak Mine. The southern 
most outcrop of ultramafic rocks is in Moran Canyon, east 
of the confluence of the NorthFork and the South Fork of 
Moran Creek. All of these locales should be examined for 
possible sources for steatite. 
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+ INTRODUCTION 

The breeding densities of migrant birds are 
subject to a wide range of influences that may cause 
their variation, within a site from one year to another, 
within years but among habitats and sites from one 
location to another, and also among species with 
different migration strategies in terms of travel 
distances and wintering habitats. First measuring, 
and then understanding, this variation and its drivers 
is a substantial challenge for breeding bird monitors 
and population ecologists. Variation in breeding bird 
densities in Grand Teton National Park have been 
monitored since the early 1990's, following protocols 
instigated by M. Cody & S. Cain (1995 NPS Report). 
Of the thirty monitoring sites established by this 
report, one half to two-thirds have been censused 
yearly up to the present time, and a subset of the sites 
has been monitored yearly without discontinuities. 
Thus for many sites there is a census history of a 
decade or more, forming a data base that now 
approaches statistical adequacy for testing hypotheses 
about patterns of variation in breeding bird densities. 

This report presents preliminary data on the 
covariation of breeding densities, within and between 
species, over the various monitoring sites. Given that 
many of the breeding birds leave GTNP in the non
breeding season and overwinter elsewhere, early 
summer GTNP breeding densities are likely a 
consequence both of off-site conditions (winter 
survival and migration success) and on-site resources 
in the breeding habitat, likely in part weather-related. 
We ask questions such as: a) are there years when 
breeding densities are substantially higher than in 
other years? Are high-density years typical of many 

migrant species simultaneously, or do they occur 
independently over time among species? For a given 
species in a high-density year, are all 
breeding/monitoring sites occupied at higher density, 
with positive correlations among sites, or are some 
sites negatively correlated? Is the range of sites 
occupied by breeding birds greater in years when 
densities reach higher values in the most favored 
sites? 

+ METHODS AND CONCEPTS 

Breeding bird densities were assessed at 15 
monitoring sites in 2003, spanning a habitat range 
from grassland to forest. Sites are referenced 
numerically as in Fig. 1; a multi-dimensional scaling 
of the sites based on profiles of vegetation density 
(Fig. 2) produces a nearly one-dimensional array of sites 
corresponding to the ranking of Fig. I. 

Vegetation over Sites 
-Grassland 

---Sagebrush 

---Willows 

--Aspen 
Cottonwoods-

Lodgepole----

Spruce-fl....---~ 

5 10 15 20 25 
Monitoring Sites (ranked by vegetation type) 

Figure 1. Range of vegetation types covered by 
breeding bird monitoring sites 1-25, increasing in 
vegetation heightand density from left to right. 
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Figure 2. Multidimensional scaling (MDS) of monitoring 
sites by vegetation height, density, and distribution of 
density over height. The sites rank largely in one 
dimension 01 , correlating to increasing vegetation 
height. 
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Most of the monitoring sites provide 2: 10 
years of census data and, as most species occupy 
several of the monitoring sites, density variations 
over time at one site can be compared to density 
variations at another site, over the same time interval. 
In Fig. 3 are two alternative scenarios for variation in 
on-site resource density and parallel variation in bird 
breeding density. It is clear that, under Model 1, sites 
will be positively correlated in breeding density over 
years as resources vary. Under Model 2 negative 
correlations are possible, such that some sites will 
record high density when others are at low density, and 
low density when these others are high. Note further 
that the quality of breeding habitats is a function not 
only of independent effects such as weather 
variations, but also of the species' individual 
ecologies. Thus a grass-sage habitat perceived by 
species A to be of exceptionally high quality one year 
may be only average or of poor quality for another 
species B with which it is shared. 
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Model 1 : All sites improve in 
resource abundance in good 
years proportionately 

Model 2: Resource density 
enhanced in different sites, 
habitats in different years 

Y2: good in 

Ranked habitats: low, open to tall, dense 

Figure 3. Alternative scenarios for variation in on-site 
resource abundance for breeding birds among years and 
across a vegetation gradient. 

+ SOME PRELIMINARY RESULTS 

Some species have specific habitat 
requirements and thus occupy a narrow range of 
GTNP sites during the breeding season. Vesper 
Sparrow (Pooecetes gramineus) is an example, 
breeding in sites 4-7, dry grassy sagebrush. Variation 
in breeding density among years is lowest at sites 
where the species maintains the highest average 
density, and is high in the more marginal sites (Fig. 4. 
here and below, only sites with 2: 10 years of census 
data are used in the computations). In this species, the 
extent to which density variations among years are 
synchronized between sites, measured by simple 
correlation coefficients, are strongly related to the 
differences in habitat structure between the sites, 
measured as the Euclidean distance between 
vegetation heights and vegetation profile areas, log 
scaled. That is, sites similar in habitat structure are 
positively correlated in Vesper Sparrow densities 
over years, reaching similarly high or low densities in 
the same years. On the other hand, dissimilar sites tend 
to be negatively correlated in density, each reaching 
their respective high and low densities in different 
years (see Fig. 5). These data appear to support 
Model 2 of Fig. 3, in which certain sites are more 
productive in certain years, and others more 
productive in different years, rather than years that 
are better or poorer across habitats GTNP-wide. 
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Figure 4. Mean breeding density {AVE) and its variation 
{CV) over years in a habitat specialist, Vesper Sparrow, 
in its narrow range of occupied habitats {abscissa). 
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Several emberizids are much more 
cosmopolitan in breeding habitat preference than the 
Vesper Sparrow. White-crowned Sparrow 
(Zonotrichia /eucophrys) breeds in GTNP monitoring 
sites from brushy fields to willow, aspen and 
cottonwood habitats to coniferous forest clearings. In 
Fig. 6 mean breeding densities are given for this 
species over monitoring sites, and the variation (CV) 
of these mean densities, over years, is also shown. 
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Figure 5. Breeding density variations in Vesper 
Sparrow, between paired sites among years, are 
similar (positive correlation) in structurally similar 
sites, but negatively correlated in structurally 
dissimilar sites. 
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Figure 6. Mean breeding density (left-hand ordinate) over 

monitoring sites of White-crowned sparrow, and its variation 
among years (CV: right-hand ordinate) . Breeding densities are 

least variable in high-density (preferred) habitat, most 

variable in marginal habitats. 
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In this widely-distributed species, there is no 
clear pattern to the covariance of densities between 
sites, and structurally similar sites are no more or less 
likely to covary in density in similar ways. Some 
closely-adjacent sites, such as 4: JLJ Grass-sage and 
II: Oxbow Willow-aspen, vary in White-crowned 
Sparrow density in significantly similar ways (r = 

0.776, p<0.05), but others nearby (e.g. IO: JLJ Wet 
Willows) show unrelated density variations (r = -0.096, 
-O.I 09 respectively, NS). Density variations over 
years at Site 4 are significantly negative correlated 
with those in Site I5: Spread Ck Cottonwoods (r = 

-0.754, p<0.05), but even those sites that regularly 
support the higher densities (Sites 7, 9, IO, I5) do so 
in generally different years from each other. 

A second widely distributed species, of 
woodland rather than scrub sites, is Chipping 
Sparrow (Spizella passerina). Fig. 7 shows its 
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distribution over sites, with the higher densities 
recorded in lodgepole pine woodland.( e.g. Site I8: 
Timbered Island pines). As before, CV's of breeding 
densities are generally low at sites with overall high 
breeding densities, high at marginal sites. Density 
variations among years are all positively correlated 
among the four coniferous forest sites (18, I9, 2I, 
25), significantly so between sites I8-2I (r = 0.763, 
p<0.05), indicating a potential for these habitats to 
vary in Chipping Sparrow resources in similar ways 
year to year. As a group, these coniferous forest sites 
show Chipping Sparrow densities that are negatively 
correlated with the species' density in aspens and 
cottonwoods (Sites I2, I4, I5, I6). These patterns 
again support the hypothesis that certain sorts of 
habitats are more productive in certain years, and 
different habitats are more productive in other years. 
With more data, an increased resolution of these 
patterns should be possible. 
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+ ABSTRACT 

The reintroduction of wolves into Grand 
Teton National Park has the potential of affecting 
species distribution patterns from the large ungulates 
down to the insect and plant communities. Trophic 
cascades, as these effects are called, epitomize the 
interconnectedness of ecological communities. My 
research team has been studying montane meadow 
biodiversity of plants, birds, and butterflies in the 
Grand Teton National Park since 1996. We have 
used satellite imagery to classify meadows along a 
moisture gradient into six categories (M1-M6). 
Hydric meadows are dominated by willows and 
sedges, mesic meadows have a diversity of grasses 
and flowering plants, and xeric meadows are 
dominated by sagebrush and grasses. These meadows 
are important reservoirs of biodiversity in the arid 
Rocky Mountain ecosystems. We have identified a 
suite of species in each taxonomic group that are 
tightly linked with each of the meadow types. We 
expect that as wolves move into Grand Teton 
National Park and the surrounding areas, there will be 
changes in herbivory and species distribution patterns 
that will cascade through the system. This research 
will focus on monitoring montane meadow 
communities to test for trophic cascades in the 
willow and bird communities. 

+ INTRODUCTION 

The first pack of wolves arrived in Grand 
Teton National Park in 1999. We expect the 
population to expand significantly as wolves breed in 

Grand Teton National Park and disperse south from 
Yellowstone National Park. In Yellowstone National 
Park's northern winter range, height release of 
willows and cottonwoods has allowed them to grow 
beyond the reach of large ungulates (Beschta 2003; 
Ripple and Beschta 2003; Singer et al. 2003). Wolves 
have the potential to affect the distribution and 
abundance of herbivores in Grand Teton National 
Park both directly (through predation) and indirectly 
(through behavioral modification). By reducing the 
numerical abundance of a competitively dominant 
prey species (or by changing its behavior), carnivores 
erect and enforce ecological boundaries that allow 
weaker competitors to persist. As a result, a new 
suite of prey species abundances (e.g., herbivores) 
may result. Because herbivores eat seeds and plants, 
predation on herbivores influences the structure of 
the plant community. The plant community, in tum, 
influences distribution, abundance, and competitive 
interactions within groups of birds, mammals, and 
insects. Thus, the impact of carnivores extends past 
the objects of their predation, and the reintroduction 
of wolves into Grand Teton National Park has the 
potential of affecting species distribution patterns 
from the large ungulates down to the insect and plant 
communities. Trophic cascades, as these effects are 
called, epitomize the interconnectedness of 
ecological communities. 

My research team has been studying 
montane meadow biodiversity of plants, birds, and 
butterflies in the Greater Yellowstone Ecosystem 
since 1996. This new dimension of research will 
focus on sites in Grand Teton National Park and 
Bridger Teton National Forest. We have 



used satellite imagery to classify meadows along a 
moisture gradient into six categories (M1-M6) 
ranging from hydric (M 1) to mesic (M3) to xeric 
(M6). Hydric meadows are dominated by willows 
and sedges, mesic meadows have a diversity of 
grasses and flowering plants, and xeric meadows are 
dominated by sagebrush and grasses. These meadows 
are important reservoirs of biodiversity in the arid 
Rocky Mountain ecosystems. Because montane 
meadows are dominated by grasses, forbs and shrubs, 
and because they are significantly affected by 
herbivory, they have the potential to exhibit changes 
much more quickly than forested ecosystems in the 
presence of wolves. 

Birds are an excellent taxon to examine as 
indicators of trophic cascades because they are 
speciouse (over 100 species are present in the 
ecosystem). Birds respond directly to vegetation 
structure. Thus, birds have the ability to measure the 
combined effects of herbivory changes from the 
perspective of both composition and structure. 
Berger et al. (200 1) have also examined the effects of 
trophic cascades on birds in Grand Teton National 
Park and found that reduced grazing on herbaceous 
vegetation and reduced browsing of willows resulted 
in increased abundance and diversity of avifauna. 
The total number of bird species (species richness) 
increased 28% and the total bird density increased in 
willow communities with 80% fewer moose/km2 in 
the Jackson Valley (Berger et al. 2001). Obligate 
riparian birds (e.g., gray catbirds and MacGillivray's 
warblers), disappeared in the most heavily-browsed 
willow patches, whereas open meadow bird species 
(e.g., meadowlarks) increased. 

Through our previous work we have 
identified the species of birds that show direct 
affmities to specific meadow types. We have also 
documented how the structure of willow 
communities can have significant effects on songbird 
distribution and abundance. We expect that many of 
the differences we have observed in abundance of the 
hydric-related species (e.g., Common Snipe, 
Common Yellowthroat, Lincoln's Sparrow, and 
Yellow Warbler) between the Gallatin and Teton 
region (Table 1) may be explained by willow height. 
We expect that the hydric to mesic meadows, which 
support willow, aspen, forbs and grasses will show 
the most dramatic changes but we are also interested 
in examining potential effects in the dryer sagebrush 
habitats. 

Four years ago, I began a collaborative 
research project with Drs. Brian Miller and Hank 
Harlow who are studying the distribution of wolves, 
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mesopredators, and small mammals in montane 
meadows. They began their mammal surveys using 
the Debinski et al. ( 1999) montane meadow 
classification within some of our sampling sites and 
in 1999 they added comparable sites of each of the three 
major meadow types (M1, M3 and M6) within the 
territory of the wolves. This work continues the 
collection of our long-term ecological data in 
collaboration with Drs. Miller and Harlow to 
document changes in ecological communities 
associated with the movement of wolves into the 
ecosystem. 

As ecologists study the reintroduction of this 
large carnivore, it is important to understand the 
effects of its presence from a variety of perspectives. 
Very few long-term data sets exist which will allow 
ecologists to document fine-scale changes in species 
distribution over time. Even fewer data sets exist 
which link data collected for multiple taxonomic 
groups across the same sites. Here we have an 
excellent opportunity to examine the composition of 
an ecological community before and after the 
reintroduction of wolves. 

Without long-term site-specific data, it will 
be virtually impossible to determine whether the 
reintroduction of wolves is having direct effects on 
ecological communities. Fine-scale shifts of species 
distribution patterns might remain undocumented 
until a threshold is reached and large-scale changes 
have occurred. We believe that the bird community 
can serve as an important indicator of environmental 
change and that our data will provide important 
documentation of the responses of the ecological 
community to wolf reintroduction. 

+ OBJECTIVES AND HYPOTHESES 

The overall objective of this research is to 
document the effects of wolves throughout the 
ecological community across a broad range of 
taxonomic groups. The central hypothesis is that the 
presence of wolves in the ecosystem will create a 
trophic cascade of effects changing the structure and 
composition of montane meadow communities. 
Although bears have been present throughout our 
sampling time, the presence of a new major predator 
should have dramatic effects on the ecosystem. We 
are in a position to measure these effects as the first 
pack of wolves recently set up residence in Grand 
Teton National Park. My research group has 7 years 
of data on biodiversity in montane meadows of 
Grand Teton National Park prior to the arrival of 
wolves. These data are the perfect baseline data sets 
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to use in comparison to effects manifested after 
wolves arrive. 

Table 1. Species abundances for 11 bird species across all meadow types in two regions of the Greater Yellowstone Ecosystem: Gallatin 
National Forest/Northwestern Yellowstone National Park (Gallatins) and Grand Teton National Park (Tetons). Abundances are summed 
across five spatial replicates per meadow type (M1-M3, M5-M6) and three temporal replicates per site (from Saveraid et al. 2001) 

Species 1997 
Gall at ins 

American Robin 14 
Brewer's Blackbird 14 
Chipping Sparrow 12 
Common Snipe 2 
Common Yellowthroat 3 
Dark-eyed Junco 11 
Lincoln's Sparrow 34 
Savannah Sparrow 10 
Vesper Sparrow 24 
White-crowned Sparrow 14 
Yellow Warbler 0 

Specific objectives of this research with the related 
working hypotheses are listed below: 

Objective 1: Document changes in the structure and 
composition of willow communities (M1 hydric 
meadows) as wolves expand throughout the 
ecosystem. 

HI: Willow habitats will increase in stature because 
of decreases in herbivore pressure. 

H2: Songbird species associated with willows 
(Yellow Warblers, Wilson's Warblers, Common 
Yellowthroats, Willow Flycatchers, Song Sparrows, 
Lincoln's Sparrows, and Fox Sparrows) will increase 
in abundance and density as willows increase in 
stature. 

Objective 2: Document changes in the composition 
of mesic meadow communities (M3 meadows) as 
wolves expand throughout the ecosystem. 

H3: Mesic meadow bird communities will not 
change significantly in composition because most of 
the changes in herbivory will be manifested in the 
more hydric meadows. 

Objective 3: Document changes in the composition 
of xeric meadow communities (M6 meadows) as 
wolves expand throughout the ecosystem. 

H4: Xeric meadow bird communities will not change 
significantly in composition because most of the 
changes in herbivory will be manifested in the more 
hydric meadows. 

Tetons 
18 
16 
7 
10 
29 
2 
35 
26 
58 
46 
53 

1998 
Gall at ins Tetons 
19 10 
7 18 
19 7 
8 9 
5 24 
19 3 
53 31 
10 17 
26 24 
13 21 
1 39 

+ APPROACH 

Habitat classification 

Landsat Thematic Mapper data were used to 
identify a moisture gradient in montane meadows of 
the Greater Yellowstone Ecosystem (Jakubauskas 
and Debinski, 1995). Six meadow types were 
defmed, ranging from extremely hydric (M 1) to 
extremely xeric (M6) meadows. Field investigations 
confirmed the moisture gradient predicted for the 
meadows (Debinski et al., 2000, Jakubauskas et al., 
1998; Kindscher et al. 1998). Ml and M2 meadows 
are sedge (Carex spp.) marshes with some standing 
water. M3 and M4 meadows are characterized by 
medium moisture with cinquefoil (Potentilla spp.) 
and mixed herbaceous vegetation, while M5 
meadows have a mixture of sagebrush (Artemesia 
tridentata) and herbaceous vegetation. M6 meadows 
are characteristically xeric, rocky, and dominated by 
sagebrush. Because there was not a high frequency 
of M4 habitat in the Teton region, we used only five 
habitats (Ml-M3, M5-M6). We established five 
replicates of each · meadow type for a total of 25 
sampling sites in the Tetons. These sites have had 
plant, bird, and butterfly species data collected 
annually from 1997-2001. They have had biomass 
data collected in 1997-1999 and vegetation structure 
data collected in 2000. The data collection methods 
outlined below are the same methods that have been 
used in the past. 



Vegetation sampling techniques 

Vegetation structure (height and obscurity) 
data were measured using three 1OOm transects at 
each M 1 site. These transects were labeled "west," 
"center," and "east" and run north-south at a distance 
of 30m from one another. The center transect ran 
through the center of the bird point count plot (see 
below). Five stops, placed 20m apart, were made 
along each transect. At each stop the following data 
were collected: vegetation type (grass, forb, shrub, 
etc), the max height of each vegetation type, and the 
percent obscurity of the vegetation pole by that 
vegetation. The pole used for the percent obscurity 
measurements was partitioned into 1 Ocm segments 
up to 125cm. Each segment was considered a "zone" 
and the percent obscurity was estimated as follows: 0% 
= 0; 1-20% = 1; 20-40% = 20; 40-60% = 40; etc. 

Bird sampling 

Abundance data was collected for birds in 
each of the sampling sites twice per year. Birds were 
surveyed between 0530-1030 hrs using point counts 
in 100 m diameter circular plots. Two observers 
were present for each 15 min survey. One point 
count was conducted at each site. Bird data were 
collected from early June to mid-July. 

+ RESULTS 

Vegetation and bird survey data have been 
entered into a database and we are currently in the 
process of assessing long-term trends. 

+ SUMMARY 

The goal of this research is to continue 
monitoring of long-term, well-established 
biodiversity inventory & monitoring sites in Grand 
Teton National Park in the context of analyzing 
effects of trophic cascades. We have previously 
identified bird species that are statistically correlated 
with spectrally-based meadow habitat types. We 
have developed models for predicting several of the 
most abundant bird species relative to meadow type 
(Saveraid et al., 2001 ). We have shown that low 
elevation mesic montane meadows (meadows in an 
intermediate portion along the moisture gradient) 
have the highest plant diversity and also the greatest 
seasonal and interannual variation in spectral 
signature (Debinski, et al, 2000). Very few research 
projects have the number of years of baseline data 
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that we now have and very few projects have the 
diversity of taxonomic groups surveyed concurrently 
at the same sites. We strongly believe that these 
montane meadows will be excellent indicators of 
environmental change due to trophic cascades. Our 
research team has some excellent preliminary data, a 
broad 1 evel of expertise to bring to the project, and 
the research proposed herein can only become more 
important as we enter an era where wolves re
colonize Grand Teton National Park. 
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+ INTRODUCTION 

Understanding abundance, distribution, 
habitat choice, and ecological interactions of 
mammalian species can promote management 
decisions that benefit overall ecosystem health. 
Monitoring programs that build an ecological model 
of the landscape, and assess the trends in relation to 
biotic and abiotic changes, are essential to adaptive 
management, yet are seldom a standard part of 
management activities (Sinclair 1991; Noss and 
Cooperrider 1994; Lancia et al. 1996; Noss et al. 
1996). Monitoring implies a repeated assessment of 
status. In other words, the single year is placed into a 
larger context (Thompson et al. 1998). Indeed, a 
conservation plan requires a long-term obligation to 
standardized ecological monitoring so that actions 
can be adjusted according to new information (Noss 
et al. 1996). 

Over the long term, this standardized 
monitoring plan will provide information on small 
and medium-sized mammals that will (1) assess 
species use of habitat, (2) monitor changes in species 
composition as a result of environmental change, and (3) 
analyze the impact of wolf (Canis lupus) colonization 
on the mammal (and plant) community. If data 
become tight enough, we could formulate a 
predictive model for mammal and habitat 
relationships. 

The abundance and diversity of mammals 
can be greatly affected by a number of factors. These 
include plant productivity (Hunter and Price 1994; 
Krebs et al. 1995; Polis and Strong 1996), climate 
(Pinter I996; Hoogland 1995; Post et al. 1999), 
natural disturbance (Pickett and White 1985), disease 
(Dobson and May I986), environmental change 
(Lancia et al. 1996; Thompson et al. 1998), and 
changes in numbers of large predators (McLaren and 
Peterson 1994; Terborgh et al. 1999; 200 I; Crooks 
and Soule 1999; Crete I999; Oksanen and Oksanen 
2000; Miller et al. 200 I). 

+ METHODS 

The Pacific Creek study area is a 100 km2 

rectangle. It is roughly bounded by Jackson Lake on 
the west (UTM boundary is E533000) and by Signal 
Mountain on the south (UTM boundary is 
N4855000). To the east, the study area is bounded 
by the west edge of the Buffalo Ranger District of the 
U.S. Forest Service (Grand Teton National Park 
boundary east of Pacific Creek Road-UTM is 
E542700). The northern border of the study area is 
the boundary between the Grand Teton National Park 
and the Buffalo Ranger District that lies north of Two 
Ocean Lake (UTM is N4864000). 

The south study area is roughly the same 
size, and it was added in 2002. This area is bounded 
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by Highway 26/287 on the north (about 4854000 N), 
the Snake River on the west, and the south ( 484 7000 
N) and east boundaries (547000 E) of the Grand 
Teton National Park. The south area surrounds the Elk 
Ranch Reservoir. 

The five vegetation types we sampled 
followed the maps and habitat designations created 
by Debinski et al. (1996). The habitats we sampled 
included mature stands of lodgepole pine (Pinus 
contorta) (Pl), dry sage (Artemisia tridentata) (M6), 
mixed grasses and forbs (M3), sedge/grass/willow 
damp meadow (M2), and sedge-grass swamp (Ml) 
(see Debinski et al. 1996). 

In the Pacific Creek area, we sampled one 
plot at each of these habitat types in 1999, but in 
2000 and 2001 we sampled the original plot from 
1999 plus one replicate in each habitat type. The 5 
initial plots analyzed in 1999 have been also analyzed 
every year from 1999 through 2003. These same 5 
locations in the Pacific Creek area will be trapped 
each year into the future. In 2002 and 2003, there 
were no second replicates in the Pacific Creek area 
because we expanded the trapping effort to include a 
second study area around the Elk Ranch Reservoir. 

In the Elk Ranch Reservoir area, we 
sampled plots of one hectare each in M6 habitat, M3 
habitat, M1 habitat and Pl habitat. There was not an 
M2 plot of sufficient size for a one hectare trapping 
grid. Each of these plots will be trapped each year 
into the future. 

We followed the standard capture-recapture 
techniques for small mammals (e.g. mice and voles, 
see Clark and Stromberg 1987) using folding 
Sherman traps that are 22.5 em long and 7.5 by 7.5 
em wide. Bait was rolled oats that were coated with 
molasses. Rodents were marked with ear tags 
purchased from National Band and Tag (size 1 Monel 
alloy tags). We tested this method in the Grand 
Teton National Park during 1999 and all tags were 
retained on captive mice and voles during a three
week trial. Trapping sessions typically last 7 to 10 days. 
From 2000 to 2003, eight individuals have been 
recaptured a year after marking and they retained the 
ear tag from the previous year. Three individuals of 
Tamias have been recaptured and retained their tag 
for two consecutive years (marked in 2001 and 
recaptured in 2002 and 2003). · 

In 1999 - 200 1, we trapped a site 
continuously until recaptures roughly equal new 
captures. After 2002, we stopped the trapping after 
we reached 1,000 trap-nights. For this reason, the 

sampled area was considered a closed population 
(Caughley 1977; Lancia et al. 1996; Thompson et al. 
1998). Low sample size on some plots precluded the 
use of program CAPTURE (White et al. 1982), so we 
estimated abundance using the Peterson estimate with 
the Chapman adjustment (Peterson 1896; Chapman 
1951; Caughley 1977; Lancia et al. 1996; Thompson 
et al. 1998). 

In addition, we used regression formulas to 
convert total unique capture numbers over the total 
number of trap nights at a plot into unique captures 
per 1,000 trap-nights (Caughley 1977). The 
dependent variable was number of unique captures. 
The independent variable was number of trap-nights 
(effort). Number of trap-nights was adjusted for 
sprung traps via the technique of Beauvais and 
Buskirk (1999). 

We compared the number of unique captures 
per 1,000 trap-nights to estimates of abundance in 
each habitat type using simple linear correlation and 
the Spearman correlation index (Zar 1984). We used 
Chi-squared tests to see if species numbers varied 
across years on the same plot (Zar 1984). 

The grid size for each of the five habitat 
types that are trapped every year (1 P 1, 1 M6, 1M3, 
1M2, 1M1) is 1 hectare. Traps within these grids 
were spaced every 10 meters ( 121 traps per 1 ha 
grid). The population size associated with a grid is a 
function of two known factors (grid area and 
perimeter) and two unknown factors (boundary strip
width and true animal density) (Otis et al. 1978; 
Lancia et al. 1996). So, in 2001, we analyzed unique 
captures for each of these five grids as a series of 
nested grids that are 0.2 ha, 0.4 ha, 0.67 ha, and 1 ha 
to provide a regression slope comparing number of 
captures to size of grid. This assesses the impact of 
the boundary strip and estimates the feasibility of 
trapping grids smaller than 1 ha (Otis et al. 1978; 
Lancia et al. 1996). The adjusted ~ for the five 
habitat types ranged from 0.85 to 0.96 (Table 1). 
Thus, the relationship between captures in relation to 
grid size is very tight (the scatter of points is a close 
fit to the theoretical slope of the equation). 

Table 1. Regression formulas when comparing .2 ha, .4 ha, 
.67 ha, and 1 ha to new captures for each of the 5 habitat 
types in year 2001. Abbreviations follow the pattern 
established in the text. All p values less than 0.0 1. 
Habitat Ad· . r Formula 
1M6 0.85 Y=0.0895062 X+ 5.32407 
lPl 0.90 Y=0.0470679 X+ 4.50231 
1M3 0.96 Y=0.0509259 X+ 2.48611 
1M2 0.94 Y=0.3086420 X- 7.79630 
lMl 0.93 Y=0.3202160 X+ 7.15509 

I 

I 

I 
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Species not easily seen or trapped were 
estimated via an index thought to be correlated with 
abundance (Caughley I977; Lancia et al. I996). For 
example, we counted fresh mounds of northern 
pocket gopher (Thomomys talpoides) and badgers 
(Taxidae taxus) within the I ha grid. We determined 
fresh digs by presence of soil on the mound that had 
not yet hardened in the sun. In addition, we counted 
all animal sign by walking transects that were 1 00 m 
long and 5 meters wide until the entire one hectare grid 
was surveyed. This information can be used as a 
measure of presence/absence. 

We are estimating numbers of some small 
and medium-sized carnivores by collecting and 
genotyping feces, following the two techniques used 
by Kohn et al. (I999) to estimate coyote (Canis 
/atrans) population numbers. Genetic analysis 
involves molecular typing with microsatellite 
markers (see Kohn et al. I999). Genetic work is 
being done at Aurora College in Denver, where Dr. Anna 
Goebel has a working laboratory and is presently 
extracting microsatellite markers from scat. 
Estimating population numbers is a very non
intrusive method of collecting reliable data (Kohn et 
al. I999). 

To collect the scat, we divided the study 
areas into II different cells that are 9 km2 each. The 
smallest published coyote home range in Wyoming is 
10 km2 (Clark and Stromberg 1987). Each cell had at 
least two trails running through it, and there is 
nowhere inside a map of our northern study area that 
we could place a cut-out square equaling 3.I7 km X 
3.17 km or a 5 km X 2 km rectangular cut-out 
without crossing at least two trails. In the area 
around Elk Ranch Reservoir, we avoided the area 
around the wolf den. That area could contain the cut
out square without crossing a trail. 

During 200 I-2003, we walked a distance of 
95.5 km on trails in late June and collected all fresh 
scat that we saw. Four weeks later, we walked the 
same trails to again collect all fresh scat. We 
recorded the distances of habitat types M6, PI, M3, 
and M2 along each transect, and we recorded the 
habitat type where each fresh scat was located. 
Because MI habitats are swampy, there are very few 
trails through that habitat type. During 2002 and 
2003, we also walked 47.5 km of trails around the 
Elk Ranch Reservoir to collect fresh scat. Again, we 
recorded the distance each trail passed through the 
habitat types and the habitat type where we located 
each fresh scat. Fresh scats were determined 
subjectively but by the same people each year. A 
scat was fresh if its color was black and the mucosal 
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lining shined. We used Chi-square tests for analysis 
of scat numbers and locations (Zar I984). 

Through DNA analysis, populations for 
coyotes may be analyzed with the Peterson technique 
(Peterson 1896; Chapman 1951). Smaller carnivores 
have smaller home ranges, so we may not use the 
Peterson analyses to estimate their population 
numbers, but because we walk the same trails each 
year such data provide an index of trends in 
populations. 

We collected scat from trails to ensure a 
higher capture probability, thereby strengthening the 
estimates (Karanth and Nichols 2000). While random 
sampling is best for estimating rodents that are 
evenly distributed in a homogeneous vegetation type, 
the situation is different for carnivores covering 
heterogenous habitats and not using those habitats 
equally. Sampling from areas not likely frequented by 
the animal will lower the number of "captures" and 
therefore lower precision. In the comparisons we 
seek, precision is of utmost importance (Karanth and 
Nichols 2000). 

Over time, the impact of wolf colonization 
on small and medium-sized mammals may be 
analyzed with a time-series analysis, linear 
regression, a non-parametric Mann-Kendall test of 
trends (Mann 1945; Kendall and Gibbons 1990), and 
appropriate univariate and multivariate techniques 
(Zar 1984). Results are accepted as statistically 
significant when p values are 0.05 or less unless 
otherwise indicated. Caughley (1977), Zar (1984), 
and Thompson et al. (1998) were the reference texts 
for statistics, and we used the program Systat 7.0. 
All regression formulas present the adjusted r2

, which 
is more conservative than r 2

• 

+ RESULTS AND DISCUSSION 

Table 2 shows a comparison of unique 
captures per 1,000 trap nights within the same 1 ha 
site among the years 1999-2003. The linear 
regression nearly always describes captures as a 
function of trap nights within the range of observed 
values for trap nights. If there is good reason to 
believe that the described function holds for values of 
X outside the range of those observed, then 
extrapolation can be done cautiously (Zar 1984). In 
four cases ( 1 in 2000 and 3 in 2001, we extended the 
relationship of captures to trap nights by I5 to 30%, 
but the adjusted r2 was very high (0.83, 0.92, 0.95, and 
0.97). 
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Table 3 uses the formulas in Table 2 to 
compare number of unique captures per 1000 trap
nights within the same plots (e.g. 1M6 to 2M6) 
among years. Table 4 uses the formulas of Table 2 to 
compare unique captures per 1,000 trap-nights in two 
replicates of the same habitat type during 2002 and 2003. 
One of those replicates for each habitat type is in the 
Pacific Creek study site and the other in the Elk 
Ranch Reservoir site. 

Table 2. Regression formulas used to calculate unique animals 
captured per number of trap-nights of effort The formulas allow 
comparison to other data sets calculated with varying trap-nights of 
effort (within the range of values bracketing the regression). 
Abbreviations for species are: P. man. (Peromyscous maniculatus); 
C. gapp. (Clethrionomys gapperi); Tamias (Tamius amoenus and 
minimus); Microtis (Microtis montanus and pennsylvanicus); z. 
prin. (Zapus princips). Allp values less than 0.01. 

Year 1999 
Habitat Species Trap/night Adj . ,-2 Formula 
1M6 P. man. 1369 0.85 Y=0.007 X+ 3.44 
1Pl C. gapp. 1179 0.98 Y=0.011 X+ 1.08 
1Pl Tamias 1179 0.84 Y=0.008 X + 1.27 
1M3 Micro tis 2100 0.97 Y=0.012 X - 1.99 
1M3 P. man. 2100 0.89 Y=0.012 X - 5.50 
1M2 Microtis 1076 0.97 Y=0.065 X- 9.04 
IMI Microtis 1070 0.99 Y=0.048 X - 3.65 
Year 2000 
1M6 P. man. 1554 0.63 Y=0.005 X+ 1.60 
1Pl Tamias 1407 0.87 Y=0.005 X+ 1.78 
1P1 C. gapp. 1407 0.36 Y=O.OOI X - 0.63 
1M3 Microtis 1511 0.90 Y=0.002 X+ 1.07 
1M3 P. man. 1511 0.97 Y=O.Ol3 X - 0.57 
1M2 Microtis 1190 0.99 Y=0.040 X- 1.87 
1M1 Micro tis 836 0.97 Y=0.106 X+ 3.14 
Year 2001 
1M6 P. man. 706 0.95 Y=0.018 X+ 2.61 
1P1 Tamias 718 0.83 Y=0.014 X - 1.38 
1P1 P.man. 718 0.92 Y=0.007 X- 0.98 
1M3 Micro tis 1005 0.66 Y=0.003 X+ 1.89 
1M3 P. man. 1005 0.88 Y=0.005 X+ 1.41 
1M2 Micro tis 1073 0.96 Y=0.037 X - 6.71 
1M1 Microtis 941 0.99 Y=0.050 X - 0.61 
Year 2002 
1M6 P. man. 1063 0.92 Y=0.008 X+ 2.83 
2M6 P.man. 959 0.97 Y=0.017 X - 0.13 
2M6 Tamias 959 0.92 Y=0.006 X - 0.36 
1P1 Tamias 961 0.83 Y=0.007 X+ 3.64 
2P1 Tamias 963 0.67 Y=0.001 X+ 0.82 
2P1 C. gap. 963 0.50 Y=0.004 X+ 0.32 
1M3 1 P. man. 997 
2M3 P. man 959 0.92 Y=0.006 X- 0.91 
1M2 Microtis 1081 0.97 Y=0.025 X - 3.95 
1M1 2 968 
2M1 Microtis 904 0.99 Y=0.070 X - 10.19 
Year 2003 
1M6 P. man. 938 0.83 Y=0.009 X+ 1.03 
2M6 P.man. 833 0.99 Y=0.040 X- 0.08 
2M6 Tamias 833 0.91 Y=0.014 X- 1.70 
1P1 Tamias 952 0.95 Y=0.005 X+ 1.88 
1P1 C. gap. 952 0.89 Y=0.006 X - 1.41 
2Pl Tamias 953 0.92 Y=0.004 X+ 0.89 
2Pl C. gap. 953 0.93 Y=0.006 X- 0.36 
2P1 P.man. 953 0.94 Y=0.021 X - 2.06 
1M3 P.man. 895 0.99 Y=0.024 X - 2.88 

2M3 P. man 950 0.82 Y=0.005 X+ 2.70 
2M3 Tamias 950 0.99 Y=0.011 X+ 0.25 

1M2 Microtis 959 
1M2 Sorex 959 
1Ml Microtis 955 
2Ml Microtis 949 
2Ml Sorex 949 

10nly one animal captured 
2 No animals captured 

0.92 
0.94 
0.92 
0.99 
0.86 

Y=O.OlO X - 2.16 
Y=0.023 X - 3.79 
Y=0.010 X-1.57 
Y=0.099 X+ 6.58 
Y=O.Ol6 X + 0.53 

Table 3. A comparison of captures per 1,000 trap-nights within the 
same plots among years. The range of values for trap nights is 
given in Table 2. 

P. man. C. gapp. Tamias Microtis Z. prin . 
1M6 
1999 10.8 0.0 0.0 0.0 2.0 
2000 7.0 0.0 0.0 0.0 0.0 
2001 12.63 0.0 0.0 0.0 0.0 
2002 10.8 0.0 1.0 0.0 0.0 
2003 10.0 0.0 1.0 0.0 0.0 

1Pl 
1999 0.0 12.4 9.3 0.0 0.0 
2000 0.0 0.6 7.3 0.0 0.0 
2001 0.0 0.0 12.94 0.0 0.0 
2002 0.0 0.0 10.6 0.0 0.0 
2003 0.0 4.6 6.9 0.0 0.0 

1M3 
1999 6.6 0.0 0.0 10.0 0.0 
2000 12.4 0.0 0.0 3.1 0.0 
2001 6.4 0.0 0.0 4.5 0.0 
2002 1.0 0.0 0.0 0.0 0.0 
2003 21.1 0.0 0.0 0.0 0.0 

1M2 
1999 0.0 0.0 0.0 56.1 0.0 
2000 0.0 0.0 0.0 37.7 0.0 
2001 0.0 0.0 0.0 29.8 0.0 
2002 0.0 0.0 0.0 21.1 0.0 
2003 0.0 0.0 0.0 7.9 0.0 

1M1 
1999 0.0 0.0 0.0 43.9 0.0 
2000 0.0 0.0 0.0 109.0 0.0 
2001 0.0 0.0 0.0 48.6 0.0 
2002 0.0 0.0 0.0 0.0 0.0 
2003 0.0 0.0 0.0 8.4 0.0 

2M6 
2002 16.9 0.0 5.6 0.0 0.0 
2003 39.9 0.0 12.3 0.0 0.0 

2Pl 
2002 0.0 4.3 1.8 0.0 0.0 
2003 18.9 5.6 4.9 0.0 0.0 

2M3 
2002 5.3 0.0 0.0 0.0 0.0 
2003 7.7 0.0 11.2 0.0 0.0 

2M1 
2002 0.0 0.0 0.0 59.8 0.0 
2003 0.0 0.0 0.0 105.6 0.0 

3 This estimate is extended 39% beyond the range of the calculated 
regression, but the adjusted ? is 0.95. 
4 This estimate is extended 41% beyond the range of the calculated 
regression, but the adjusted? is 0.83. 
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Table 4. A comparis on of captures per 1,000 trap-nights within 
same habitat type for 2002 and 2003. The 

trap nights is given in Table 2. 
two replicates of the 
range of values for 

2002 P. man . C. gapp. Tamias Microtis Z. prin. 

1M6 10.8 0.0 1.0 0.0 0.0 
2M6 16.9 0.0 5.6 0.0 0.0 

1P1 0.0 0.0 10.6 0.0 0.0 
2Pl 0.0 4.3 1.8 0.0 0.0 

1M3 1.0 0.0 0.0 0.0 0.0 
2M3 5.3 0.0 0.0 0.0 0.0 

1M1 0.0 0.0 0.0 0.0 0.0 
2M1 0.0 0.0 0.0 59.8 0.0 

2003 

1M6 10.0 0.0 1.0 0.0 0.0 
2M6 39.9 0.0 12.3 0.0 0.0 

lPl 0.0 4.6 6.9 0.0 0.0 
2Pl 18.9 5.6 4.9 0.0 0.0 

1M3 21.1 0.0 0.0 0.0 0.0 
2M3 7.7 0.0 11.2 0.0 0.0 

1M1 0.0 0.0 0.0 8.4 0.0 
2M1 0.0 0.0 0.0 105.6 0.0 

We esti mated abundance for the sampled 
the Peterson technique with the habitats using 

Chapman adjus 
species by habit 

tment. Estimates of abundance for 
at type from the Pacific Creek area 
able 5. Table 6 shows data from 
cated in a given habitat type in the 
ea and data from the replicate of the 

are shown in T 
trapping grids lo 
Pacific Creek ar 
same habitat typ e in the Elk Ranch Reservoir study 
area during 2002. 

Table 5. Estimates 
habitat types during 

of species abundance on the replicate #1 
years 1999, 2000, 2001 , and 2002. These 
ce were calculated by the Peterson method 
the adjustment by Chapman (1951) ifthere is 

estimates of abundan 
(Peterson 1896) with 
a standard deviation. 
standard deviation, i 
trapped and was too 
also depicts rainfall 
compared small m 
through June. 

In cases where there is a number without a 
t represents the raw number of individuals 
small for calculating an estimate. The table 

through June for each year. We then 
ammal abundance against level of rainfall 
ave just four years to compare, so we report 

=0.25. 
Weh 

any p value less than 

Species Abundance + Std. Deviation 
1999 2000 2001 2002 2003 

1M6 P.man. 9± 1.4 13 ± 2.2 9 ± 0.7 7 ± 6.4 6 ± 1.7 
lPl C. gapp 18± 5.6 4 ± 6.0 0 0 4 
1Pl Tamias 5± 1.5 4 ± 1.3 5 ± 0.4 4 ± 1.7 4 ± 4.3 
1M3 Microtis 41 ± 14.3 11 ± 1.4 2 ± 0.8 0 0 
1M3 P. man. 19± 2.7 11 ± 0.9 7 ± 2.3 1 ll ± 2.2 
1M2 Microtis 110 + 25.4 49 ± 6.3 38 ± 7.6 21 ± 25.5 9 ± 12 
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1M1 Microtis 63 ±12.2 54±2.2 31±1.6 0 9 ± 12 

Rainfall 106.7cm 82.7 em 67.5 em 87.5 em 81.3 
through June 

Table 6. Estimates of species abundance on the replicate #2 
habitat types during 2002. These estimates of abundance are 
calculated by the Peterson method (Peterson 1896) with the 
adjustment by Chapman (1951 ). 

Habitat Species Abundance+ Std. Deviation 
2002 2003 

2M6 P. man. 10 ± 2.5 26 ± 44.3 
2P1 C. gapp. 2 4 
2P1 P. man. 0 15 ±8.8 
2P1 Tamias 1 4 
2M3 P. man. 5 7 
2M3 Tamias 0 6±7 
2M1 Micro tis 38 + 230 136 + 73 

Total unique captures per 1,000 trap nights 
for all species were correlated to estimates of 
abundance for all species (p = 0.01). We compared 
number of individuals per 1,000 trap-nights for each 
one-hectare plot of 1P1, 1M6, 1M3, 1M2, and 1Ml 
across years using a G test. There was no significant 
difference across years for deer mice on 1M6 or for 
Tamias on the 1Pl. There was a significant 
difference across years for red-backed voles on the 
1P1 plot (G = 16.4, df = 4, p < 0.001), for deer mice 
on the 1M3 plot (G = 25.9, df = 4, p < 0.001), for 
Microtis on the 1M3 plot (G= 14.8, df = 4, p < 
0.005), for Microtis on the 1M2 plot (G= 45.8 , df = 
4, p < 0.001), and for Microtis on the 1M1 plot (G= 
188.7, df = 4, p < 0.001). Comparing the two years 
of data on the Uhl hill area by G test, there were 
significant differences for deer mice on the 2M6 ( G = 
9.7, df = 1, p < 0.005) and deer mice in the 2P1 (G = 
20.96, df = 1, p < 0.001), and Microtis in the 2M1 
(G = 12.7, d.f = 1, p < 0.001). 

Level of precipitation at nearest weather 
station to our study area through June of each year in 
our study area was 106.7 em (1999), 82.7 em (2000), 
67.5 em (2001), 87.5 em (2002), and 81.3 (2003). 
There were no significant differences when we 
compared number trapped per 1,000 trap-nights to 
rainfall. When we compared the estimates of 
abundance across a given habitat type over the five years 
to level of precipitation, we found that abundance of 
Microtis in 1M3 (? = 0.69, p = 0.08) and red-backed 
voles in 1Pl (l= 0.74,p = 0.06)weresomewhat 
related to level of precipitation (Table 5). Precipitation 
data came from the U.S. Department of Agriculture 
precipitation station located Two Ocean Plateau from 
1999 to 2002. In 2003, there were no data from Two 
Ocean Plateau, so we used data from Cottonwood 
Creek. Interestingly, in the wettest habitat (IMI) we 
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between number of individual Microtis trapped in 
one year compared to the rainfall of the previous year 
and the estimate of abundance in one year compared 
to the rainfall in the previous year (/ = 0.75, p = 

0.13). The 2Ml plot, located near Elk Ranch 
Reservoir, maintained its swampy condition because 
it is fed by irrigation, and thus maintained a high 
number of Microtis. 

At this point genetic analyses of carnivore 
scat are still in progress. During 2001 - 2003, we 
walked 95.5 km of trails (twice) in the Pacific Creek 
area to collect scat; 23.5 km were in M6, 18.9 km 
were in M3, 7.7 km in M2, and 45.5 km were in PI 
habitats. In 200 1, we found 17 fresh coyote scats in 
M6 habitat, 18 in M3, 12 in M2, and 21 in Pl. In 
2002, we found 5 fresh coyote scats in M6, 4 in M3, 
1 in M2, and 12 in Pl. In 2003, there were 6 scats in 
M6, 15 in M3, 2 in M2, and 11 in Pl. In total for 
Pacific Creek over all the years, there were 28 scats 
in M6, 37 in M3, 15 in M2, and 44 in Pl. We would 
have expected 30.5 scats in M6, 24.6 scats in M3, 10 
scats in M2, and 58.9 scats in P 1. That represents a 
significant difference from numbers of scats expected 
per habitat type of the Pacific Creek area (X2 

= 12.7, 
d.f. = 3, p = .005). So, there were more than expected 
in M3 and M2 meadows, but fewer than expected in 
the forests. 

In 2002 and 2003, we also sampled 47.5 km 
of trails (twice) in the Elk Ranch Reservoir area. In 
this area, 31.7 km were in M6, 8.7 km were in M3, 
3.3 km were in M2, and 3. 7 km were in P 1. During 
2002, there were 5 in M6, 7 in M3, 1 in M2, and 1 in 
Pl. During 2003, there were 11 in M6, 3 in M3, 1 in 
M2, and 3 in P 1. In total, there were 16 in M6, 10 in 
M3, 2 in M2, and 4 in Pl. There was no significant 
difference in location of scats by habitat type across 
both years in the Elk Ranch Reservoir area. 

When combining the data from the Pacific 
Creek area and the Elk Ranch Reservoir area (by 
habitat type), we found no significant difference in 
location of coyote scats during the 2002 field season, 
but there was a significant difference during 2003 (X2 

= 7.99, d.f. = 3, p < 0.05). The habitat type 
contributing most to that difference was M3, with 
more observed than expected. 

We walked the same trails in the Pacific 
Creek area during 2001 - 2003, but we collected 68 
fresh coyote scats in 2001, 22 in 2002, and 34 in 
2003 (X2 

= 27.5, d.f. = 2, p < 0.001). Number of 
scats has declined significantly in 2002 and 2003. 
Those two years saw a fast expansion of wolves in the 
Teton Pack. There was no significant difference in the 

number of scat collected around the Elk Ranch when 
we compared 2002 and 2003. 

During 2002 and 2003, there were no 
significant differences in the number of scats located 
in the Pacific Creek area as opposed to the Elk Ranch 
Reservoir area (adjusted for differences in total 
transect length at each site). That could indicate that 
wolves are affecting coyotes evenly over both areas. 
Both areas are also subject to the same weather 
changes, but the 2Ml plot near Elk Ranch Reservoir 
maintained its swampy characteristics, probably 
because it is fed by irrigation run-off. 

At this point, we lack sample size in the X 2 

matrix to analyze bear and pine martin scat by habitat 
type, but pine martin scat is heavily weighted toward 
the P 1 habitat and bear scat is more common in the 
P 1 and M3 habitats. 

+ IMPACTS OF CARNIVORES ON 

PREY AND PLANTS 

It is difficult to predict how the presence of 
wolves will affect the members of the mammal 
community we are sampling, and the farther the 
indirect effects trickle through the food web, the 
more difficult the predictions become. Long-term 
monitoring data from the boreal forest of Isle Royale 
indicated that predation by wolves affects the number 
and behavior of moose (Alces alces) (McLaren and 
Peterson 1994). This, in turn, affected the balsam fir 
forest (and other woody plants) by regulating 
seedling establishment, sapling recruitment, sapling 
growth rates, litter production in the forest, and soil 
nutrient dynamics (Pastor et al. 1988; Post et al. 1999 
and references within). 

Crete and Manseau (1996) and Crete (1999) 
compared the biomass of ungulates to primary 
productivity along latitudinal gradients. For the same 
latitude, ungulate biomass was five to seven times 
higher in areas where wolves were absent compared 
to where wolves were present (Crete 1999). 
Overabundance of ungulates has been shown to 
reduce numbers of native rodent species, cause 
declines in understory nesting birds, obliterate 
understory vegetation in some forests, and even 
eliminate regeneration of the forest canopy (Alverson 
1988, 1994; McShea & Rappole 1992; McShea et al. 
1997; and Berger et al. 2001). Ripple and Larson 
(2000) reported that aspen (Populus tremuloides) 
overstory recruitment ceased when wolves 
disappeared from Yellowstone National Park. 



We stress that the subtleties of interactions can 
vary significantly under different environmental 
conditions. Abiotic factors (Connell 1978), climatic 
patterns (Ballard and Van Ballenberghe 1997; Post et 
al. 1999), and seasonality (Boyce et al. 1999) can 
change the relative strength of ecological 
interactions. Furthermore, the number of interactive 
links in a food web can influence how a community 
behaves with or without predators (for a recent 
review, see Miller et al. 2001 ). 

Thus, we expect that data from areas with 
wolves would show a lower abundance of coyotes 
(Crabtree and Sheldon 1999), and the 2002 and 2003 
scat data on coyotes from the Grand Tetons 
preliminarily support that idea. As one looks farther 
across the trophic levels, however, the impact 
becomes harder to predict. We speculate that lower 
numbers of coyotes should reduce predation pressure 
on some voles and mice, thus allowing their numbers 
to increase. Fewer coyotes, however, may also reduce 
predation pressure on smaller predators like foxes 
(Vulpes vulpes), badgers, and weasels (Mustela 
frenata) (sensu Henke and Bryant 1999), and higher 
mesopredator numbers may decrease numbers of 
other rodent species. Weasels alone can drive vole 
cycles. 

Wolves could also decrease the number of 
ungulates in the area (Crete and Manseau 1996; 
Boyce and Anderson 1999; Crete 1999), and 
ungulates compete with some rodents for forage 
(Keesing 2000). Fewer ungulates should allow those 
rodents access to more forage and thus promote 
growth of their numbers. 

With wolves present, rodent species strongly 
affected by coyote predation may be released 
(ecologically) when coyotes decline. With less top
down pressure from coyotes, and before smaller 
carnivore numbers begin to rise, these rodents may be 
strongly regulated by resource levels, showing a 
tighter relationship to rainfall than rodents regulated 
by predation. After a lag, fewer coyotes may increase 
numbers of badgers, weasels, and foxes. If those 
smaller predators choose different rodent prey than 
coyotes, those rodent species may show less of a 
relationship to rainfall and more of a relationship to 
mesopredator abundance. These rodents may show 
higher levels of reproduction as they would exist 
under heavy predation pressure. If predation by 
coyotes and mesopredators is redundant for some 
species of rodent, there may be little change in the 
numbers of those rodents (and in their reproductive 
rates) when wolves arrive. Rodent species strongly 
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regulated by competition with elk may increase in 
number with wolves (if wolves can reduce the high 
numbers of elk significantly). 

We hope to test these ideas over time. Our 
work will be conducted on the small and medium
sized mammal community, in collaboration with 
Debinski et al. analyzing the avian and plant 
communities at the same sites. Understanding how 
communities respond in the presence and absence of 
carnivores will be important to management decisions 
in areas that evolved with predation as a strong 
evolutionary factor. Such knowledge will also allow 
the creation of predictive models that show the 
potential for restoring a natural state to the Greater 
Yellowstone Ecosystem area. 
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+ OBJECTIVES 

A variety of hypotheses have been proposed 
to explain multiannual fluctuations in population 
density ("cycles") of small rodents (for reviews see 
Finerty I980, Taitt and Krebs I985). Doubtless, such 
cycles - known since antiquity (Elton I942) - result 
from an interaction of a multitude of factors. 
However, the inability of extant hypotheses, alone or 
in combination, to explain the causality of cycles 
rests in no small measure with the fact that long-term 
studies of the phenomenon are notoriously 
uncommon. 

The objectives of this project are to continue 
the long-term study of population dynamics of the 
montane vole, Microtus montanus, in Grand Teton 
National Park. Earlier observations (Pinter I986, 
I988) indicate that environmental variables might 
contribute to the population density cycles of these 
rodents, possibly by influencing their growth and 
various aspects of their reproduction. 

+ METHODS 

In 2003 Microtus montanus were livetrapped 
at two times of the year: the second half of May 
(spring study period) and mid-July to mid-August 
(summer study period). Animals were killed with an 
overdose of Metofane as soon as possible after 
capture. They were aged using weight, total length 
and pelage characteristics. Reproductive organs, the 
spleen and the adrenal glands were collected from all 

animals and preserved in Lillie's neutral buffered 
formalin for further histological study. Flat skins 
were prepared from all animals. 

Population density was estimated on the 
basis of trapping success in a permanent grid 
(established in I970). The grid consists of I2I 
stations placed in a square, 5 m apart, II stations (50 
m) on a side. Each station is marked with a stake. 
Trapping in this grid was performed only during the 
summer study period. One unbaited Sherman livetrap 
was set at each station. Additional trapping was 
carried out in nearby meadows away from the grid to 
obtain additional females for litter size determination. 

During the spring study period trapping was 
carried out at a number of sites, all of them well 
removed from the permanent grid. The purpose of 
this was to leave the grid site as undisturbed as 
possible since the grid was the major source of 
information on population density. The main 
objective of the spring study period was to determine 
(on the basis of embryo size) the onset of 
reproduction on a population-wide basis. This 
information is very important for two major reasons: 
(I) onset of reproduction in M montanus in Grand 
Teton National Park can vary by as much as 40 days 
among years, and (2) the time at which reproduction 
begins has significant repercussions on the 
productivity of the population for the year. 

Weather data were obtained from records at 
the Jackson Lake Dam. Although Moran 5WNW is not a 
Class A weather station, it is located less than 2 



km from the permanent grid. Data collected included 
temperature, precipitation, and the date of complete 
spring melt-off. 

+ RESULTS AND DISCUSSION 

In 2003 Microtus montanus in all study 
areas began breeding in early May, about a week 
earlier than in 2002. Furthermore, litter sizes were 
15% larger than those recorded during the spring 
study period of 2002. An early production of large 
litters has significant repercussions on population 
dynamics of Microtus mont anus. The first litter 
always matures at an early age and invariably breeds 
in the year of its birth. Consequently, large first litters 
add large numbers of breeders (as opposed to merely 
individuals - Pinter 1986, 1988) to the population, 
resulting in significant population growth throughout the 
breeding season. 

In 2003 the West continued to experience 
drought conditions that, paradoxically, were 
advantageous to the breeding success of Microtus 
mont anus in the spring of 2003. Snow had melted 
from all the study areas and all melt-water had 
drained completely, leaving the meadows remarkably 
dry for this time of the year. Wet springs have a 
deleterious effect on reproductive success of voles in 
the spring as flooding of burrows can lead to the 
demise ofthat all-important first litter. Consequently, 
the early onset of breeding, the increase in litter sizes 
observed during the spring study period of 2003, and 
the unusually dry spring all presaged an increase in the 
summer population density. 

It was clear at the onset of the summer study 
period in 2003 that there had, indeed, been a 
remarkable increase (above densities seen in the 
summer of 2002) in the population density of 
montane voles in all study areas. In marginal habitats 
there was an increase of two orders of magnitude, in 
optimal habitats it approached four orders of 
magnitude. 1bis difference was not surprising since in 
optimal habitats litter sizes were 25% higher than 
litter sizes in marginal habitats. 

Although there was a significant increase in 
the population density of Microtus montanus during 
the summer of 2003, it also became obvious toward 
the end of the summer study period that reproduction 
was being severely compromised by the continuing 
drought. Vegetation in all study areas was unusually 
short and dry. Only animals born after the first week 
in July appeared to be breeding; growth and sexual 
maturation in animals born after that time was 
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severely delayed. In fact, the dynamics of growth and 
maturation in montane voles were strongly 
reminiscent of the pattern observed in the summer of 
1988 (Negus, Berger and Pinter 1992), one of the 
driest summers on record in northwestern Wyoming. 

There was also a decrease in predation 
pressure on montane voles during the summer of 
2003. No weasels (Mustela spp) entered the live-traps 
during the entire 2003 study period. This was 
somewhat unusual since ordinarily at least a few 
weasels are trapped in the early part of August when 
the young of the year begin more extensive 
explorations. 

The summer study period of 2003 was also 
noteworthy for the exceptionally high incidence of 
parasitism by larval Cuterebra. Nine percent of all 
Microtus were parasitized, with several hosts 
carrying more than one larva. Equally noteworthy, 
however, was the apparently successful defense that 
had been mounted in virtually every case. As in 
previous years, parasitism was observed in some 
study areas while it was totally absent in others; 
furthermore, this was a consistent pattern - areas 
from which parasitism by Cuterebra had never been 
reported in other years were also devoid of such 
parasitism in the 2003 study period. 

+ CONCLUSIONS 

In 2003 there was a dramatic rise in 
population densities of Microtus montanus in Grand 
Teton National Park. This increase could be 
attributed to an early onset of breeding, large litter 
sizes, a dry spring and reduced predation pressure. As 
expected, the rise in animal numbers was most 
dramatic in optimal habitats. However, toward the 
end of the summer drought conditions apparently 
curtailed reproductive success of montane voles. 
Parasitism by Cuterebra did not appear to have 
affected montane voles as virtually all parasitized 
animals had mounted a successful defense. 
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+ ABSTRACT 

Male sagebrush crickets, Cyphoderris 
strepitans, offer an unusual nuptial food gift to 
females during mating: females chew on the ends of 
the males' fleshy hind wings and ingest hemolymph 
seeping from the wounds they inflict. Previous 
studies have shown that once a male had mated, his 
probability of obtaining an additional copulation is 
reduced relative to that of a virgin male seeking to 
secure his first mating, a pattern known as the virgin
male mating advantage. One hypothesis to account 
for the virgin-male mating advantage is that non
virgin males, having lost a substantial portion of their 
energy reserves at mating, may be unable to sustain 
the costly acoustical signaling activity required for 
the passive attraction of additional females. If the 
future mating prospects of non-virgin males are 
diminished because of sexual fatigue, this could stem 
either from the resources required to manufacture a 
new spermatophore or through the energy needed to 
replenish haemolymph lost through female wing
feeding. To distinguish between these two alternatives, 
we experimentally depleted virgin males of varying 
amounts haemolymph (0, 5 and I 0 J..Ll) in a way that 
mimicked hemolymph loss of non-virgin males, 

without the attendant costs of spermatophore 
production. After they had been treated, males were 
released in the field and recaptured over the course of 
the breeding season to monitor their mating success. 
Control males mated significantly sooner than did 
males depleted of 5 or 10 J..Ll of hemolymph. We 
conclude, therefore, that the depletion of hemolymph 
that occurs through female wing feeding is sufficient 
by itself to diminish a non-virgin male's ability to 
secure another mating, acting as a brake on the 
operation of sexual selection in this species. 

+ INTRODUCTION 

The sagebrush cricket, Cyphoderris 
strepitans, is one of only five extant species 
belonging to an obscure orthopteran family, the 
Haglidae, and occurs exclusively in mountainous 
areas of the western United States, where it is found 
primarily in high-altitude sagebrush meadow habitat 
(Morris and Gwynne, 1978). Adults become sexually 
active in late spring, shortly after the snow melts, and 
remain active for the next 4-6 weeks. The acoustic 
signals produced by males function to attract females 
(Snedden and Irazuzta, 1994), and appear to be the 
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principal means of pair formation (Snedden and 
Sakaluk, 1992; Sakaluk et al., 1995a). Copulation is 
initiated when a receptive female climbs onto the 
dorsum of a male, at which time he attempts to 
transfer a spermatophore. During copulation, the 
female feeds on the male's fleshy hind wings and 
bodily fluids (hemolymph) leaking from the wounds 
she inflicts (Dodson et al., 1983; Eggert and Sakaluk, 
I994; Sakaluk et al., I995b). 

An earlier study involving the mark
recapture of a large number of males showed that 
once a male had mated, his probability of obtaining 
an additional copulation was reduced relative to that 
of a virgin male securing his first mating (Morris et 
al., I989). This "virgin-male mating advantage" 
subsequently has been confirmed in field studies 
conducted over two consecutive breeding seasons 
and designed to measure lifetime male mating 
success (Snedden, I995, I996). 

One explanation for the virgin-male mating 
advantage is that non-virgin males, having lost a 
substantial portion of their energy reserves through 
sexual cannibalism by females and the transfer of a 
spermatophore, may be unable to sustain the costly 
acoustical signaling activity required for the passive 
attraction of additional females. In support of the 
"sexual fatigue" hypothesis, electronic assays of male 
signaling behavior have shown that virgin male C. 
strepitans call for significantly longer durations than 
recently mated males, at least in the short term 
(Sakaluk et al., I987; Sakaluk and Snedden, I990); to 
what extent differences in calling account for 
differential mating success, however, remains 
unknown. An alternative hypothesis to account for 
the virgin-male mating advantage is that females 
preferentially mate with virgin males, because these 
males potentially have greater material resources to 
offer females than do non-virgin males. If the 
acoustic structure of males' signals were 
systematically altered by the loss of hind-wing 
material underlying the sound-producing tegmina, 
then females could potentially discriminate against 
mated males through reduced phonotaxis to their 
calls. However, a field study in which the hind-wing 
material of virgin males was experimentally ablated 
(controlling for hemolymph loss) failed to reveal any 
effect of the treatment on male mating success, a 
result that is inconsistent with an acoustically
mediated mating preference (Sakaluk and Ivy, I999). 

If the future mating prospects of non-virgin 
males are diminished because of sexual fatigue, this 
could stem either from the resources required to 
manufacture a new spermatophore or through the 

energy needed to replenish haemolymph lost through 
female wing-feeding. The relative costs of producing 
new spermatophores versus hemolymph replenishment 
are unknown; in mating trials staged in the 
laboratory, males are capable of producing two 
spermatophores within a night even when held 
without food (Eggert and Sakaluk, I994; Sakaluk and 
Ivy, I999), which suggests that spermatophore 
production does not constitute a major constraint. 
One difficulty in distinguishing between these 
alternatives is that non-virgin males are invariably 
disadvantaged in both contexts. In the current study, 
we circumvented this problem by experimentally 
depleting virgin males of haemolymph in a way that 
mimics hemolymph loss of non-virgin males, without 
the attendant costs of spermatophore production. If 
the resources devoted to the replenishment of 
hemolymph come at the expense of energy devoted to 
calling, the experimental depletion of hemolymph in 
virgin males should lead to a reduction in their 
mating success relative to unmanipulated virgin 
males. 

+ METHODS 

A mark-recapture study was conducted from 
May 2I to June I5, 2003 in Grand Teton National 
Park, Wyoming. A rectangular study plot of 
approximately three ha was established in sagebrush 
meadow habitat adjacent to the Snake River at 
Deadman's Bar. During the early portion of the 
breeding season, we attempted to capture and mark 
all of the virgin males present in the study plot. 
Males were found at night by orienting to their calls 
and using head lamps to determine their exact 
location within a sagebrush bush. The mating status 
of males was determined by examining their hind 
wings for the wounds inflicted by females; only 
virgin males, as evidenced by intact wings, were used 
in experimental treatments. Each virgin male was 
placed in a collecting vial, numbered to correspond 
with a surveyor's flag placed at the capture location, 
and transported to the University of Wyoming
National Park Service Research Center, approximately 
30 km away, for processing. 

Captured males were randomly assigned to 
one of three treatments in which males were 
experimentally depleted of hemolymph to varying 
degrees: I) males from which 5 Jll of hemolymph 
were drawn, 2) males from which I 0 Jll of 
hemolymph were drawn, and 3) sham-operated 
control males. Hemolymph was extracted from males 
by making a small incision in the outside margin of 
one of the hind wings (usually the right), and drawing 



hemolymph from the wound using a micro
hematocrit capillary tube (Weddle and Sakaluk, 
2003). In sham-operated control males, a small 
incision was made in the hind wing of the male 
resulting in minimal or no hemolymph loss. This 
treatment was established as a control for any 
detrimental effects of handling/surgery experienced 
by males in the other two treatments. Each male was 
marked individually with a numbered plastic tag 
secured to the pronotum with cyanoacrylic glue, and 
his femora painted with fluorescent model paint 
(Testorsli) of a unique color that designated the 
treatment to which he had been assigned. Portable 
ultraviolet lanterns, the illumination of which caused 
the paint to fluoresce in the dark, were used to 
facilitate the capture of experimental individuals at 
night. The following evening at sunset, marked males 
were returned to their respective points of capture. 
We marked and released a total of 121 males (40 
sham-control, 40 five-J.Ll hemolymph-depleted males, 
41 ten-J.Ll hemolymph-depleted males) over the 
course of six nights (May 21-26). 

After experimental males had been released, 
males were recaptured and examined for evidence of 
mating activity regularly over the course of the 
breeding season, usually every second night, weather 
permitting. We recaptured, on the average, 30.0 ± 5.6 
males (±SE) on any given night (range = 8 - 61 , N = 
12 nights). 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). 

Data were analyzed using SAS (SAS 
Institute, 2000). 

+ RESULTS 

There was no difference between treatments 
in the initial mass of males following their capture 
(ANOVA: F2,118 = .97, p = .38) (Table 1). To 
compare the mass loss of males experiencing 
different levels of hemolymph depletion, we 
employed a Kruskal-Wallis nonparametric ANOV A 
because mass loss was non-normally distributed 
within treatments due to regurgitation of gut contents 
or defecation of some males during handling 
(Shapiro-Wilk test for normality, p < 0.05 for all 
treatments). Hemolymph depletion resulted in a 
significant weight loss of experimental males prior to 
their release in the field (Kruskal-Wallis i = 75.1, df 
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= 2, p < .0001) {Table 1). Post hoc pairwise 
comparisons using Mann-Whitney U tests revealed 
that both 10-J.Ll (Z = -7.48, p < .0001) and 5- J.Ll 
hemolymph-depleted males (Z = -7.03, p < .0001) 
lost more mass following treatment than did sham
control males, and that 1 0-J.Ll hemolymph-depleted 
males lost more mass than did 5-J.Ll hemolymph
depleted males (Z = -3.02, p = .0034). 

Table 1 Mean mass of males upon their initial c•pture and median mass loss fo llowing experi mental depletion of hemolymph 
M•ss • t initial capture (mg) Ma.ss lost after treatment (mg) 

SE runge median Q,Q, 

Sham-<:ontrol 40 847 IJ.J 689- 1,008 1.70 1.45, 2.25 

5-ul hemolymph depleted 40 827 9.9 723 - 984 I 0.60 8.05, 22.85 

I 0-u l hemolymph depleted 41 843 10.2 677 - 986 14.00 11.9, 29.9 

Eighty-four percent of marked males were 
recaptured at least once ( 102/121 ), and there was no 
significant difference between treatments in the 
proportion of males recaptured (sham-control males: 
82.5% (33/40); 5-J.Ll hemolymph-depleted males: 
87.5% (35/40); 10-J.Ll hemolymph-depleted males: 
82.9% (34/41 ); Likelihood ratio x2 = 0.48, p = 0.17). 
To compare the number of times that males were 
captured over the course of the study (excluding 
those that were never recovered), we employed a 
Kruskal-Wallis nonparametric ANOVA because 
recapture frequencies were non-normally distributed 
within treatments (Shapiro-Wilk test for normality, p 
< 0.05 for all treatments). There were no significant 
differences in the number of times that males were 
recaptured across treatments (median recapture 
frequency (range); control = 3 (1-8); 5-J.Ll = 3 (1-8); 
10-J.Ll = 3 (1-9); Kruskal-Wallisx2 = 2.13, df = 2,p = 
.34). 

Survival of experimental males was 
determined as the number of nights from the time a 
male was frrst captured to the night on which a male 
was last recaptured. We excluded from this 
calculation males that were never recovered 
following their initial release (see above) because 
these males may have lost their tags or immediately 
left the study area owing to the trauma of release. 
Males that were still alive on the last night of the 
study were treated as 'censored' observations. To 
compare survival across treatments, we employed 
failure time analysis (Fox, 1993). Failure-time 
analysis accommodates censored data, observations 
in which an event such as a male's death or mating 
may not have occurred by the end of the study, as 
was the case here. Omission of such data, as is 
frequently done in behavioral studies, may lead to a 
serious bias in comparisons across treatments (Fox, 
1993). There was no difference in male survival 
across treatments (Wilcoxon x2 = 0.16, p = 0.92) 
(Figure 1). 
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Figure 1. The proportion of male sagebrush crickets found alive as 
a function of the time elapsed since their initial capture. There was 
no difference in male survival across treatments (Wilcoxon x2 = 

0.16,p= 0.92). 

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 latest time they could 
have mated. Males that had still not mated by the 
time of their last capture were treated as 'censored' 
observations. We used failure time analysis to: 1) 
compare time to mating across all three treatments 
and 2) compare time to mating of control males with 
that of all hemolymph-depleted males combined. The 
first analysis showed no significant difference across 
treatments in the time taken by males to obtain their 
initial copulations (Wilcoxon x2 

= 5.18, p = 0.075), 
but inspection of the data in Figure 2 reveals that the 
lack of a difference can be attributed more to the 
similarity in the trajectories of the 5-).11 and I 0-).11 
hemolymph-treatments, than to the absence of an 
effect of hemolymph depletion per se. This was 
confirmed by the second analysis, which showed that 
sham-control males mated significantly sooner than 
hemolymph-depleted males (Wilcoxon I = 5.06, p = 

0.024). We might expect that as the study progressed, 
hemolymph-depleted males would have been able to 
require the resources required to replenish the 
hemolymph lost upon their initial treatment. In 
support of this possibility, the results shown in Figure 

c: 

2 shows the greatest divergence in mating success of 
control males and hemolymph-depleted males in the 
first five days following males' release (dotted line in 
Figure 2) (Wilcoxon I = 6.08, p = 0.0 13); indeed by 
this time 2/3 of control males had mated (22/~B), 
whereas less than half of the hemolymph-depleted 
males had mated by the fifth night following their 
release (31/69). 
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Figure 2. The proportion of male sagebrush crickets remaining 
unmated as a function of the time elapsed since their initial release. 
Sham-control males mated significantly sooner than hemolymph
depleted. males (pooled) (Wilcoxon x2 = 5.06, p = 0.024). The 
dotted Ime marks the five-day interval following the males' 
release, the period during which the mating trajectories showed the 
most rapid divergence in the mating success. 

+ DISCUSSION 

Experimental depletion of hemolymph had a 
significant effect on the subsequent mating success of 
virgin male sagebrush crickets: control males mated 
significantly sooner than males depleted of 5 or 10 ).11 
of hemolymph. Although the precise amount of 
hemolymph ingested by females at mating is 
unknown, the experimental volumes encompass the 
approximate range of hemolymph ingested based on 
previous work. We conclude, therefore, that the 
depletion of hemolymph that occurs through female 
wing feeding is sufficient by itself to diminish a non
virgin male's ability to secure another mating. When 
the costs of producing a new spermatophore are 
superimposed on the costs accrued via hemolymph 
lost at mating, it seems likely that sexual fatigue 
offers a better explanation for the virgin-male mating 
advantage documented in previous field studies 



(Morris et al., 1989; Snedden, 1995, 1996), than does 
any female preference for virgin males per se (see 
also Sakaluk and Ivy, 1999). 

Although control males enjoyed a 
significant mating advantage, there was no 
discernible difference in the mating trajectories of the 
5-J.ll and 1 0-J.ll hemolymph-depleted males. It may be 
that there is a threshold for hemolymph depletion 
beyond which male investment in sexual 
advertisement is compromised irrespective of the 
level of depletion. Even in that case, however, we 
might expect that those males that had been more 
severely depleted would recover more slowly than 
those males experiencing a lower degree of depletion, 
but this was not evidenced by the mating trajectories 
of the 5-J.ll and 1 0-J.ll hemolymph-depleted males. In 
any event, males do appear to recover from 
hemolymph depletion as there was no differences in 
survival across treatments. Moreover, the greatest 
difference in the decline of the proportion of males 
remaining virgin occurred in the first five days 
following treatment, whereas the slopes of the 
trajectories for all three treatments were fairly similar 
after this intervaL 

Partly as a consequence of the virgin-male 
mating advantage, the opportunity for sexual 
selection in males appears to be reduced relative to 
species in which males make no such mating 
investments (Snedden, 1996). Given the constraints 
placed on a male's future mating potential by the loss 
of hemolymph and passage of the spermatophore in 
an initial mating, we might expect that males would 
be selective of prospective mating partners as has 
been documented in certain orthopteran species that 
exhibit a sex-role reversal (e.g., Gwynne, 1981; 
Gwynne and Simmons, 1990). However, unlike these 
other species, male C. strepitans invariably court any 
female with which they have been placed (pers. obs.), 
and we have never witnessed males rejecting females 
that have mounted them, either in the field or the 
laboratory. This suggests that notwithstanding the 
limited number of matings that males can expect to 
secure over their lifetime (Snedden, 1996), the 
Bateman gradient (i.e., the effect that mating success 
has on reproductive success; Arnold, 1994) is steeper 
in males than it is in females. 
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+ INTRODUCTION 

The purpose of this study was to tentatively 
classify the trophic level for selected lakes, except 
Yellowstone Lake, in Yellowstone National Park. 
This paper also documents the monitoring methods 
and perspectives used in this study as meeting current 
acceptable practice. 

For selected lakes in Yellowstone National 
Park, phosphorus, nitrogen, chlorophyll-a, and other 
lake characteristics were studied to identify short
term lake behavior and to classify the annual average 
trophic state of the lakes. By studying short-term lake 
behavior, there may be a greater understanding of 
how the trophic state of a lake can be averaged 
annually. Both the annual average trophic state and 
short-term lake behavior may help to understand the 
longer term trophic state of a lake. 

There is concern that natural processes and 
human activity on and around the lakes are causing 
the water quality to decline. We were unable to find 
any previous studies that defined the trophic state of 
the lakes. Therefore, an objective of this study is to 
evaluate the current trophic state of the lakes and 
develop a preliminary baseline to which future 
evaluations can be compared. 

This study has provided a benchmark 
trophic state survey not only for comparison to future 
evaluations, but to identify possible areas of concern. 
The greater the trophic state, the greater the level of 
eutrophication that has taken place. As lakes advance 
in the eutrophication process, water quality generally 
decreases. 

+ MANAGEMENT AND USE 
IMPLICATIONS AND RECOMMENDATIONS 

A program was formulated for lake 
monitoring and management. For this project, the 
program has been written with the intent to document 
the methods, perspectives, and results of monitoring 
lakes in Yellowstone National Park. The key 
components of this program are goals, focuses of 
study, sampling parameters, sampling techniques, 
modeling, methods of presenting results, and human 
use implications and recommendations. This program 
included procedures that are somewhat new and that 
may be helpful to standardize and perform future 
work more effectively. 

The major goal of this program is to 
determine if human activity is causing accelerated 
eutrophication in selected Yellowstone lakes. Other 
goals are monitoring of trends, documentation of 
current trophic conditions, and education of 
interested professionals as well as interested public. 

For this project a focus of study was the 
correlation of trophic state and algae growth. Algae 
concentrations are a common monitoring focus 
because they are one of the most publicly observed (and 
undesired) lake quality features. Summer is the 
season of most tourism and is crucial in terms of 
public concern and impacts. Data and information on 
algae growth can help to explain short-term 
variations in lake water nutrient levels and hence 
fertility. Documentation of variations in nutrients and 
algae are important for long-term studies of 
eutrophication. 
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Comparing the management of this project 
with other similar quality programs is important. 
There are programs at other universities and agencies 
that are similar to this project. Also, there is a 
"volunteer movement" in recent lake monitoring 
history that has been instructive in this project (RISG, 
2002). 

There have been significant efforts made to 
monitor lakes in this country. In addition to local, 
state and federal agencies and universities, 
involvement from private organizations and citizens 
has increased over the past two decades. The 
objectives of these organizations are educational, 
regulatory and planning. 

The task of monitoring lakes is so large that 
citizen volunteers are needed. The U.S. 
Environmental Protection Agency (EPA) supports the 
use of volunteers from the general public to observe 
national lake water quality. To assist them, the EPA 
has produced standardized lake monitoring guidelines 
and techniques. These factors are relevant to our 
program because this project is somewhat similar to a 
volunteer monitoring program. 

The document "Volunteer Lake Monitoring" 
produced by the EPA (1991), is a convenient 
reference for quality control. Another guidance 
publication is directed towards concerned citizens, 
and encourages program developments that utilize 
citizen volunteers and others organized into lake 
associations. The North American Lake Management 
Society (NALMS) has prepared "Managing Lakes 
and Reservoirs" (200 1 ). This text and "Volunteer 
Lake Monitoring" are comparable in many principles. 

The costs and benefits of our project are 
appropriate for this preliminary effort on important 
and highly visible lakes where concerns are justified 
and where problems may be unnoticed. This is 
certainly the case of the low to moderate 
eutrophication of lakes in Yellowstone National Park. 
Our study is intended to determine if human activity 
in the areas around the lakes has a negative 
environmental effect relative to eutrophication. The 
results generally showed that the trophic states 
ranged widely between oligotrophic and strongly 
mesotrophic for all lakes. A few lakes were classified 
as strongly mesotrophic and are therefore of higher 
priority for future study. 

+ EUTROPHICATION 

Eutrophication is the natural aging process 
of a lake as it progresses from clear and pristine deep 
water, that does not support much plant or animal 
life, to more shallow, turbid, and nutrient rich water 
where plant life and algae is abundant. This process 
occurs in all lakes happening over a period of 
thousands of years, the eventual end being the filling 
of the lake with sediment and the formation of a 
meadow (Chapra, 1997). Human interaction tends to 
speed up the eutrophication process by introducing 
accelerated loadings of nitrogen and phosphorus into 
aquatic systems. 

The trophic state of a lake is a measurement 
of where the lake is along the eutrophication process. 
The four main states are explained below 
(Tchobanoglous, 1985). 

+ TROPHIC STATES 

Oligotrophic: The water is clear and devoid of most 
plants and algae because there are not many nutrients 
such as nitrogen and phosphorus found in the water. 
Nevertheless, life is present but in very small 
numbers. 

Mesotrophic: Plant and animal life is abundant and 
diverse in all forms and in all levels of the food 
chain. 

Eutrophic: The water quality is poor but there still 
exists an abundance of life. However, there are fewer 
species and these species are usually of lower quality 
such as carp rather than trout. Also, there are more algal 
blooms and slime as well as algal turbidity. 

Hyper-eutrophic: The water quality is exceptio~ally 
poor with an overabundance of algae and shme. 
Animal life is similar to the eutrophic state in that 
there are fewer species. 

+ NUTRIENTS AND ALGAE 

Nutrients found in the water are the fuel of 
the eutrophication process. Phosphorus and nitrogen 
in the form of nitrate and ammonia are particularly 
important since they stimulate plant and algae 
growth. 



Phosphorus and nitrogen enter a wilderness 
area lake in various ways. One is by leaching from the 
subsurface bedrock into groundwater that eventually 
flows into the lake. Another is by tributaries eroding 
soil and carrying the sediment as well as material 
from the forest floor into the lake. Animal waste in or 
around the lake can contribute to the inflow of 
phosphorus and nitrogen as can human activity. 
Trash or other waste can enter the lake directly, while 
hiking or other activities can cause more erosion of 
the soil which enters the tributaries and ultimately the 
lake. The human acceleration of the eutrophication 
process is commonly called cultural eutrophication 
(Chapra, 1997). 

Phosphorus concentrations and algae levels 
in a lake can fluctuate markedly over time. 
Comparison of short-term results to annual averages 
may give insight as to a lake's response to nutrients 
and how longer-term eutrophication may be 
progressing. 

During the growing season or summer, 
growth is nurtured by a rise in water temperature. 
Phosphorus is used by algae and is typically depleted 
significantly during summer months. Depletion of 
phosphorus throughout the summer occurs in 
shallow, mixed lakes. Phosphorus concentrations and 
algae may increase as a result of storms, which can 
cause mixing and/or contribute phosphorus loads 
from eroded soils in the watershed. Some of this 
phosphorus and nitrogen become available to algae in 
the photic zone and trigger algae growth (NALMS, 
2001). 

For this study, one focus was the correlation 
of trophic state and algae growth. Algae in lakes can 
be seen and therefore is often of concern by lake 
users. A national survey in 1998 showed that 44% of 
all U.S. lakes contained excessive nutrients that 
contribute to aquatic growth, especially algae. Data 
and information on algae growth can help to explain 
short-term variations in lake water nutrient levels and 
hence trophic state (NALMS, 2001). 

+ TROPHIC STATE INDICATORS 

Four widely used trophic state indicators are 
the secchi disk transparency, chlorophyll-a levels, 
total phosphorus and nitrogen. Typically these 
parameters are all measured and compared to provide 
valuable information about the relationship between 
water nutrients and algal growth. The parameters 
together provide a more complete picture, than if one 
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or more is not included. Guidelines encourage using 
all four of these indicators (EPA, 1991 ). 

Transparency 

Secchi disk transparency measures water 
clarity. Water clarity reduces as algal populations 
grow. Water clarity is important to the public and 
secchi disk is the most commonly used parameter in 
citizen monitoring programs. Microorganisms other 
than algae, suspended sediments, and other dissolved 
materials that color the water can effect secchi disk 
measurements. The secchi disk can be misread due to 
varied lighting and water surface conditions. In some 
shallow lakes, a secchi disk reading will be 
inaccurate if the disk reaches the bottom before 
disappearing from sight (EPA, 1991 ). 

Chlorophyll 

Chlorophyll-a, contained in most algae, is a 
photosynthetic pigment in the algal cells. Different 
algal species produce differing amounts of 
chlorophyll-a. Two lakes can have the same amount 
of chlorophyll-a, but one have more algae because of 
a difference in algae species. Chlorophyll-a also 
varies with light conditions. It increases during the 
day and decreases at night, and is changed 
significantly by seasons. The exact amount of algae 
cannot be determined from the amount of 
chlorophyll-a. But it is still one of the best "simple" 
indicators of algal biomass (EPA, 1991 ). 

Phosphorus 

Phosphorus is a measurement of water 
fertility. Orthophosphate is rapidly used by algae, and 
hence is often found in low concentrations. Other 
forms of phosphorus are more dynamic and convert 
over time to orthophosphate. For these reasons, lakes 
are tested for total phosphorus (EPA, 1991). For 
eutrophication analysis, total phosphorus is generally 
the single most important nutrient to determine when 
lakes are phosphorus limited (NA~MS, 2001 ). 

The initial source of phosphorus is 
weathering of phosphate-containing rocks. Because 
phosphorus tends to remain bound to soil particles, 
drainage from eroded soils carries higher amounts of 
phosphorus than from vegetated soils. Similarly, 
surface runoff, with its relatively large content of soil 
particles, yields higher concentrations of total 
phosphorus than infiltration water (Harper, 1992). 
Phosphorus enters lakes as a mixture of dissolved and 
particulate inputs primarily from streams and rivers. 
Particulate phosphorus may be deposited in the 
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bottom sediments, where much of it is acted upon by 
micro-bacteria and ultimately converted into 
dissolved orthophosphate (Correll, 1996). 

Nitrogen 

Nitrogen is a common cellular element of 
living matter and essential to the growth of algae and 
other forms of aquatic life. It is one of the most 
important nutrients effecting eutrophication. 
Although most of the nitrogen in aquatic ecosystems 
is present as the gas N2, the in-lake nitrogen 
measured in this study is in the form of nitrate 
(N03), nitrite (N02), or ammonia (NH4+). 
Nitrogen levels were calculated by adding nitrate, 
nitrite, and ammonia together. Nitrogen in lakes is 
used by algae for growth and later deposited in the 
sediments. Nitrogen in algae eaten by zooplankton 
and insect larvae is excreted as ammonia (Home, 
1994). 

The major source of nitrogen for lakes is the 
nitrate in rainfall which passes directly from the rain 
in the watershed to the lake via streams or falls 
directly on the lake. When rain soaks into the ground, 
nitrate moves freely through soils to the lake. Lakes 
can have considerable nitrate input from 
groundwater, especially if the water is contaminated 
with agricultural nitrate (Home, 1994). 

+ SAMPLING METHODS 

Samples were taken in 0.5 liter nalgene 
bottles and fixed with 2 ml 1 :7 sulfuric acid. Inlet 
stream grab samples were taken with care so as to not 
disturb bottom sediments. Inlet and in-lake samples 
were analyzed for total phosphorus (TP), while the 
in-lake samples were also analyzed for chlorophyll-a 
and nitrogen as nitrate, nitrite, and ammonia. 
Phosphorus analyses were conducted using the 
standard EPA No. 365.2 automated ascorbic acid 
colormetric method. Spectrophotometric chlorophyll 
analyses were conducted using standard methods No. 
1 0200H. Nitrogen analyses were likewise made with 
standard methods. 

Samples were taken at one or more locations 
in each lake and in the inlets and outlets. Sampling 
locations were consistent from lake to lake so that the 
lakes can be reasonably compared. Samples were 
taken from the photic zone for chlorophyll-a, total 
phosphorus, and nitrogen, and were taken at elbow 
(~0.5m) depth. Sampling occurred every one or two 
months over the spring to fall seasons when the lakes 
were open and accessible. The information on each 

field form included monitor's name, name of lake, 
date, time, weather conditions including cloud cover, 
air temperature, and human and animal activity in the 
watershed, map of sampling location, measurement 
of the secchi disk, and stream flow rate. 

+ TROPHIC MODELS 

Four models were used in this study to 
classify the trophic state of the lakes; the Carlson 
Trophic State Index Model, the Vollenweider Model, 
the Larsen-Mercier Model, and the Nitrogen
Phosphorus Ratio Model. Simple models are 
commonly used where steady-state conditions and 
lake homogeneity are assumed. Furthermore, the 
models are spatially and temporally averaged. These 
assumptions are reasonable for the lakes in this study 
because these lakes are generally small and likely 
well mixed. Models based on these assumptions are 
commonly used because, though simple, they still 
make useful predictions (NALMS, 2001 ). 

Carlson Trophic State Index 

The Carlson Model utilizes the 
measurements of three water quality characteristics to 
graphically estimate an average trophic state. See 
Figure 1 as an example. The three measurements are 
transparency, chlorophyll-a, and the total phosphorus 
concentration in the lake. Each measured value is 
plotted on a separate logarithmic scale specific to the 
measured parameter. Then, based upon the value's 
location in relation to the other measurements on 
their respective scales, an average can be found that 
describes the trophic state (Carlson, 1977). 

Carlson's Trophic State Index 

0 June 1997 

v July 1997 

~Aug. l997 

• Avg. 

CHLOIIOI't!YIJ,A~djjj~~- "-------' (l'tll) ~ 

Figure 1: Example of Carlson's Model 

In this study, the transparency depths of the 
lakes are not included in the Carlson Model. This is 
because the depths were not measured but only 
estimated, or the lakes were too shallow. Therefore, 
the trophic state is based upon the graphical average 
of the chlorophyll-a and the phosphorus concentrations. 



The Carlson's Trophic State Index (TSI) is 
the most widely used trophic state indicator and may 
be used in the process of lake protection and 
restoration (NALMS, 2001 ). The measurements 
found from sampling the characteristics are applied to 
TSI equations to determine TSI values. The TSI 
values are classified according to trophic state. 

The equations for TSI values are (NALMS, 
2001): 

TSI (Secchi disk) = 60 - 14.41 *In 
(depth in meters) 

TSI (Chlorophyll-a) = 30.6 + 
9.81 *In (concentration in ug!L) 

TSI (Total Phosphorus) = 4.15 + 
14.42*ln (concentration in ug!L) 

The TSI equation for nitrogen is (NALMS, 
2001): 

TSI (Nitrogen) = 4.45 + 14.43*ln 
(concentration in ug!L) 

Usually TSI values are classified as follows: 
Mesotrophic for 40 <= TSI <=50, Eutrophic for TSI 
>50 and Oligotrophic for TSI < 40 (EPA, 1991). For 
this study, the TSI values were also classified as: 
Strongly Oligotrophic, Oligotrophic, Slightly 
Oligotrophic, Slightly Mesotrophic, Mesotrophic, 
Strongly Mesotrophic, Slightly Eutrophic, Eutrophic, 
Strongly Eutrophic, and Hyper-Eutrophic (see Table 
1 ). These subdivisions are a means of creating a finer 
classification of the trophic state of the lake to give 
an idea of how close it is to the next trophic state. 

The Carlson phosphorus TSI is generally 
valid for lakes that are phosphorus limited. This 
index is expected to not work as well in lakes that are 
nitrogen-limited, or turbid due to suspended 
sediments, or when excessive macrophytes 
(macroscopic plants) are present. 

The TSI values can be plotted in order to 
understand seasonal patterns, to compare the three 
TSI parameters, and to classify the trophic state of 
the lakes. The TSI results for the individual 
parameters (phosphorus, chlorophyll-a, clarity) may 
not compare well, or may not be close to the same 
values because unique conditions may exist. For 
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example, a large growth of zooplankton may 
suppress the algae, thus lowering the chlorophyll-a, 
while the TSI for phosphorus remains high. Another 
example is a secchi disk TSI that is extremely high due 
to sediment turbidity. 

+ VOLLENWEIDER MODEL 

The Vollenweider Model is based upon the 
phosphorus availability to the lake. It utilizes 
measurements of the total inflowing phosphorus 
concentration plotted against the hydraulic residence 
time of the lake. The hydraulic residence time is the 
average outflow divided into the volume of the lake. 
The location of the values on the graph determines 
the trophic state of the lake (Vollenweider, 1968). 
See Figure 2 as an example. 

VOLLENWEIDER'S MODEL 
Phosphorus Loading Diagram 

~~~----------------------------~, 

u 8 100 

0.01 

~ April 2001 A October 2001 

• June 2001 

.., July 2001 

0.1 I 10 
Hydraulic residence time (years) 

Figure 2: Example of Vollenweider's Model 

100 

The volumes of Shoshone, Lewis, and Heart 
Lakes, the largest lakes, were determined using lake 
bottom contour maps provided by Yellowstone 

. National Park. The volumes of all other smaller lakes 
were estimated. 

+ LARSEN-MERCIER MODEL 

The Larsen-Mercier Model uses the 
measurements of the total inflowing phosphorus 
concentration plotted against the phosphorus 
retention coefficient (Larsen and Mercier, 1975). See 
Figure 3 as an example. This retention coefficient is 
calculated by the following equation. 

Phosphorus Retention Coefficient= PINQIN-PoUT QoUT 

where: 
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PIN= phosphorus concentration in the inflow 
Qm = flow rate of incoming water 
Pour= phosphorus concentration in the outflow 
Qour = flow rate of outflowing water 

LARSEN MERCIER MODEL 
Phosphorus Loading Diagram 
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e April 2001 0 Annual Mean 
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Figure 3: Example of Larsen-Mercier's Model 

In this model, sometimes the average 
phosphorus concentration in the lake water was used 
to estimate the outflow phosphorus concentration. 
This is a safe assumption for small lakes that 
typically have small hydraulic residence times, but 
may not work as well for larger lakes with longer 
residence times. 

The Vollenweider's Model and the Larsen
Mercier Model used for this study utilize the 
following fundamental variables: inflowing and 
outflowing phosphorus concentrations, lake volumes, 
and the flows of water into and out of the lakes. 
These models utilize variables typical to simple lake 
models. These models also appear to have potential to 
be used to study forecasts. Internally loaded 
phosphorus is generally considered moderate in using 
the Vollenweider and the Larsen-Mercier Models. 

The Nitrogen-Phosphorus Ratio 

While there are many nutrients necessary for 
algae growth, nitrogen and/or phosphorus tend to be 
present in the most limiting amounts. The assessment 
of the limiting nutrient is important, because control 
of the limiting nutrient can inhibit algal growth. 

The nitrogen-phosphorus (N:P) ratio is 
commonly used to determine whether nitrogen or 
phosphorus is the limiting nutrient. In theory, an N :P 
ratio less than 7 implies that nitrogen is more likely 
to be limiting. Conversely, an N:P ratio greater than 7 
implies that phosphorus is more likely to be limiting. 

The value of 7 should not be applied too strictly, 
however. In practice, phosphorus is considered 
limiting if the N:P ratio is greater than 10, nitrogen is 
considered limiting if the N:P ratio is less than 5, and 
both phosphorus and nitrogen are considered limiting 
if the N:P ratio is between 5 and 10 (Li, 1995). 

The nitrogen-phosphorus (N:P) ratios were 
calculated for each lake. Some of these lakes were 
determined to be more nitrogen-limited than 
phosphorus-limited. Nitrogen was measured at less 
than 0.15 mg/L for almost all the lakes. This result came 
from: N02 + N03, N < 0.1 mg/1 and ammonia, N < 
0.05 mg/1. Therefore, the given N:P ratio for each 
lake is the highest possible value, while the actual 
ratio is likely to be some value lower. Because the 
value of 0.15 mg/L was used for nitrogen in 
measuring the N :P ratio for almost all lakes, changes 
in the calculated N :P ratios are mainly due to changes 
in phosphorus levels. 

+ LARGE LAKES IN SOUTH 
YELLOWSTONE PARK 

This paper will first present the results for large 
lakes (except Yellowstone Lake) in south 
Yellowstone Park which were studied in 1999. 

Shoshone Lake 

Shoshone Lake is located approximately six 
miles to the southwest of the West Thumb of 
Yellowstone Lake and approximately eight miles 
southeast of Old Faithful (see Figure 4). It sits at an 
elevation of 7791 feet above sea level and is a 
naturally pristine lake with clear water that can reach 
down to 200 feet in depth. The surface area is 
approximately 8100 acres and the approximate 
volume is 778,000 acre-ft. 

Figure 4. Map of large lakes in South Yellowstone Park 



Shoshone Lake has several inflowing creeks 
around its perimeter but the three main tributaries are 
Moose Creek, DeLacy Creek, and Shoshone Creek. 
These three contribute over 90% of the water flowing 
into the lake. Measurements were taken on DeLacy 
Creek and Shoshone Creek while flow in Moose 
Creek was estimated based upon watershed area. 
Lewis River is the only outlet of the lake and it flows 
all year long. During the spring and summer months 
it typically flows at or above 250 cfs and during the 
winter months, while frozen over, it flows at about 
flows at about 90 cfs. 

Water samples were taken from the lake at 
three different locations. The first was on the 
northeast side of the lake near DeLacy Creek, the 
second was on the west side of the lake near 
Shoshone Creek, and the third was on the southeast 
side of the lake near the Lewis River outlet. The 
results of the model analysis over the summer months 
show that Shoshone Lake on the average is 
mesotrophic at DeLacy Creek, while it is slightly 
oligotrophic at Shoshone Creek. On the southeast 
side near the outlet, the lake is also slightly 
oligotrophic. The lake as a whole is classified as 
slightly mesotrophic with the exception of near 
DeLacy Creek (see Table 2). DeLacy Creek and the 
lake near DeLacy Creek are a cause for concern 
because of their higher phosphorus input and trophic 
state, respectively. They should be monitored in the 
future. 

Table 2: Lar2e Lakes Trophic States According to eac hfhTh Mdl o t e ree o e s 

Model Classification 

Shoshone Lake 
Carlson Slightly Mesotrophic 

Vollenweider Slightly Mesotrophic 

Larsen-Mercier Mesotrophic 

Shoshone Lake Avera~e S/i~htly Mesotrophic 

Lewis Lake 
Carlson Slightly Mesotrophic 

Vollenweider Slightly Mesotrophic 

Larsen-Mercier Slightly Mesotrophic 

Lewis Lake Average Slif!ht/y Mesotrophic 

Heart Lake 
Carlson Slightly Oligotrophic · 

Vollenweider Slightly Oligotrophic) 

Larsen-Mercier Mesotrophic 

Heart Lake Averaf!e Slightly Mesotrophic 

The nitrogen-phosphorus ratio at Shoshone 
Lake locations show the lake as phosphorus limited 
except for the August sample near DeLacy Creek 
which is nitrogen limited (see Table 3). 

Lewis Lake 

Lewis Lake sits at an elevation of 7, 779 feet 
above sea level and is about three miles to the 
southeast of Shoshone Lake (see Figure 4). It has a 
surface area of 2, 700 acres and an approximate 
volume of 121,000 acre-ft. The depth is 100 feet at 
the center, but in the western quarter of the lake the 
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depth is no more than ten feet. The main inlets to the 
lake are Lewis River which flows from Shoshone 
Lake, Dogshead Creek, and some seasonal 
tributaries. Lewis River flows at an average of about 
250 cfs during the spring and summer months, and at 
an average of about 90 cfs during the winter. 

Flow measurements and sampling of Lewis 
River and Dogshead Creek were made near the inlets 
in June, July, and August. Other seasonal tributary 
flows were estimated based upon their watersheds. 
The only outlet from Lewis Lake is the Lewis River 
at the south point of the lake. Lake samples were 
taken off the boat dock near the outlet. Other lake 
samples were taken from the northeast side and the 
middle north side. 

The results of sampling over the summer 
show that on average the lake at Dogshead Creek is 
mesotrophic. The lake on the middle north side near 
the Lewis River inlet is slightly mesotrophic and the 
sampling off the boat dock also shows the lake 
slightly mesotrophic. The lake as a whole is classified 
as slightly mesotrophic (see Table 2). Attention 
should be paid to the Dogshead Creek area since the 
highest trophic state in the lake is found there. 

The nitrogen-phosphorus ratio for all 
samples taken from Lewis Lake show the lake as 
phosphorus limited with the exception of the July 
sample taken from the middle north side (see Table 
3). Therefore, the lake is generally phosphorus 
limited. 

T bl 3 N P a e : : Ratios for Laf"l!e Lakes Samples 
Location Date Ratio 

Shoshone Lake 
DeLacy Creek (Northeast Side) June 10.00 

August 0.31 
Shoshone Creek (West Side) July 19.33 
Near Outlet (Southeast Side) July 16.67 

August 8.33 
Shoshone Lake Average 10.9 

Lewis Lake 
Dogshead Creek (Northeast Side) June 9.38 

August 12.50 
Lewis River (Middle North Side) July 4.17 

August 12.50 
Boat Dock Near Outlet (South Side) June 10.71 

August 13.64 
Lewis Lake Averaf!e 10.5 

Heart Lake 
Witch Creek (Northwest Side) July 13 .64 

August 11.54 
Witch Creek (Southwest Side) July 10.00 

August 10.71 
Heart Lake Average 11.5 

Heart Lake 

Heart Lake is located about six miles to the 
southeast of Lewis Lake and about seven miles south 
of Yellowstone Lake (see Figure 4). The lake sits at 
an elevation of 7,450 feet above sea level. It has a 
surface area of approximately 2,500 acres with an 
approximate volume of 125,000 acre-ft and a 
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maximum depth of 180 feet. Heart Lake's eastern bay 
is very shallow with depths less than 10 feet and no 
deeper than 20 feet. 

The major inflowing streams are Witch 
Creek, Beaver Creek, and some seasonal tributaries. 
The only outlet is the Heart River which flows at an 
annual average flow of 100 cfs. During the spring 
and summer, Heart River flows at an average of 
about 250 cfs but during the winter the river is frozen 
over and only flows at about 50 cfs. 

The results of the summer sampling near 
Witch Creek show that Heart Lake on the average is 
slightly mesotrophic. Results on the northwest wide of 
the lake are slightly oligotrophic while on the 
southwest side they are slightly mesotrophic. 
Although we classified the lake as a whole as slightly 
mesotrophic, samples were not taken on the east side 
of the lake, which might yield a somewhat different 
classification (see Table 2). 

All samples taken from Heart Lake show 
algae production as phosphorus limited because of 
nitrogen-phosphorus ratios that are greater than 7 (see 
Table 3). 

Riddle Lake 

Riddle Lake is located about 2 miles south of 
the West Thumb of Yellowstone Lake (see Figure 4). 
It has a surface area of approximately 240 acres and a 
volume of approximately 4,800 acre-ft. The 
inflowing streams are seasonal. They have an 
estimated total flow of approximately 10-15 cfs 
during the spring but dry up by August. The 
outflowing stream, Solution Creek, flows into 
Yellowstone Lake at approximately the same flow 
rate as the inflows. 

Based on the results of one lake sample, 
Riddle Lake is classified as mesotrophic. The 
nitrogen-phosphorus ratio is 10.7, which means that 
the algae is phosphorus limited. 

+ SUMMARY 

In this study, four large lakes in south 
Yellowstone National Park were evaluated: Shoshone 
Lake, Lewis Lake, Heart Lake, and Riddle Lake. The 
Carlson Trophic State Index, the Vollenweider 

Model, the Larsen-Mercier Model, and the Nitrogen
Phosphorus Ratio Model were used to evaluate the 
trophic states. The trophic states established in this 
study will be useful as a preliminary evaluation to 
which future studies can be compared. 

Shoshone Lake is slightly oligotrophic 
except the bay area near DeLacy Creek which is 
mesotrophic. Lewis Lake is generally slightly 
mesotrophic except near Dogshead Creek. Heart 
Lake is slightly mesotrophic and Riddle Lake is 
mesotrophic. Nitrogen-phosphorus ratio results show 
that generally the lakes are phosphorus limited. 

It is recommended that future studies sample 
all lake tributaries and outlets and measure their 
flowrates. Also, samples should be taken from farther 
off shore in the lake where any contamination with 
bottom sediments can be avoided and transparency 
depths can be measured. Winter and late fall 
sampling should be done when there is less usage of 
the park so as to more fully understand how much of 
an impact human activity has on the trophic states of 
the lakes. 

Mid-sized Lakes in Central Yellowstone Park 

This paper will next present the results for 
selected mid-sized lakes in Yellowstone National 
Park. Water samples were also taken from four lakes 
in the Canyon-Norris area of Yellowstone National 
Park, namely: Cascade Lake, Grebe Lake, Ice Lake, 
and Wolf Lake. These lakes are shown on Figure 5. 
The water samples were taken during the months of 
June, July, August, and October of2000. 

The results of the water sample analyses 
were plotted on the models. Evaluation of the models 
led to the classification or the trophic state of each 
lake. These trophic results are given in Table 4. The 
determinations for the classifications are given in the 
following paragraphs. 

Cascade Lake 

Cascade Lake is strongly mesotrophic 
according to the Carlson Model. According to the 
Vollenweider Model, the lake is mesotrophic and is 
strongly mesotrophic according to the Larsen
Mercier Model. Overall, Cascade Lake is classified 
as strongly mesotrophic. 



Figure 5. Map ofMid-sized Lakes in Central Yellowstone Park, 

Table 4: Mid-sized Lakes Trophic States Accord I~ to each of the Three Models 
Model Classification 

Cascade Lake 
Carlson Strongly Mesotrophic 
Vollenweider Mesotropbic 
Larsen-Mercier Strongly Mesotrophic 

Cascade Lake Average Stro1JE!JI_ Mesotrf!P_hic 
Grebe Lake 

Carlson Meso trophic 
Vollenweider Slightly Mesotrophic 
Larsen-Mercier Strongly Mesotropbic 

Grebe Lake Aver'!E! Mesotrop_hic 
Ice Lake 

Carlson Slightly Mesotrophic 
Vollenweider (Mesotrophic) 
Larsen-Mercier (Slightly Eutrophic) 

Ice Lake Average Mesotrophic 
WolfLake 

Carlson Mesotrophic 
Vollenweider Mesotrophic 
Larsen-Mercier Slightly Eutrophic 

Wolf_ Lake Averllg_e Strongly Mesotrophic 

Grebe Lake 

Grebe Lake is mesotrophic according to the 
Carlson Model. It is slightly mesotrophic in July, but 
strongly mesotrophic in August. According to the 
Vollenweider Model, the lake is strongly oligotrophic 
in July but mesotrophic in August, with an average of 
slightly mesotrophic. Based on the Larsen-Mercier 
Model, Grebe Lake is mesotrophic in July but 
slightly eutrophic in August. The overall 
classification for Grebe Lake is mesotrophic (see 
Table 4). 

Ice Lake 

Ice Lake is slightly mesotrophic on 
Carlson's Model. The Vollenweider model shows 
that the lake is slightly mesotrophic in June and 
October, and mesotrophic in August. On the other 
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hand, the Larsen-Mercier Model shows that Ice Lake 
is slightly eutrophic in June, eutrophic in August, and 
strongly mesotrophic in October. These two models do 
not agree very well. This is apparently because the 
inflow phosphorus concentrations for the 
Vollenweider and Larsen-Mercier came from very 
small inlets flows. Consequently, more emphasis is 
given to the Carlson Model. Therefore, the average 
overall classification for Ice Lake is considered to be 
mesotrophic (see Table 4). 

WolfLake 

On the Carlson Model, Wolf Lake ranges 
between slightly mesotrophic and slightly eutrophic, 
in July and August respectively. Meanwhile, the 
Vollenweider Model suggests that the lake is 
mesotrophic and the Larsen-Mercier Model suggests 
it is strongly mesotrophic to slightly eutrophic. The 
overall classification for Wolf Lake is strongly 
mesotrophic (Table 4). 

+ SUMMARY 

The N :P ratios for Cascade, Ice, Grebe, and 
Wolf Lakes indicate that none of the lakes is strictly 
phosphorus limited. Grebe and Wolf Lakes are 
considered nitrogen limited. Cascade and Ice Lakes 
may be nitrogen limited, if actual nitrogen levels are 
significantly below the detection limit of 0.15 mg!L 
(see Table 5). 
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Table 5: N:P Ratios for Mid-sized Lakes Samoles 
Location Date Ratio 

Cascade Lake 
East Side June 5.4 

August 9.6 
October 7.7 

East Side Average 7.5 

WestSide June 6.1 
August 5.3 
October 10.1 

West Side Average 7.2 
Cascade Lake Avera2'e 7.3 

Ice Lake 
4.3 North Side June 

August 4.7 
October 12.0 

North Side Average 7.0 

South Side June 7.1 
August 8.0 
October 9.3 

South Side Average 8.1 
Ice Lake Average 7.6 

Grebe Lake 
6.6 EastSide August 

WestSide August 4.6 
Grebe lAke Avera2'e 5.6 

WolfLake 
SouthSide August 4.2 

NorthSide August 6.1 
Wolf Lake Average 5.1 

Grebe Lake, as mesotrophic, appears to be 
in good trophic condition, although the August 
phosphorus is quite high. Ice Lake also appears to be 
in good trophic condition based mainly on the 
Carlson Model and discounting the Larsen-Mercier 
results. There is some concern for Cascade and Wolf 
Lakes as strongly mesotrophic. Wolf Lake in August, 
as slightly eutrophic, was in the worst condition and 
should be studied further. 

While trophic state determination varied 
from month to month and from lake to lake, the water 
quality of the lakes is generally mesotrophic. This 
means that while the lakes have experienced some 
eutrophication, water quality as measured by trophic 
state is fairly good. It will be useful to compare these 
results with past and future studies in order to 
determine the effects of human interaction on these 
lakes. 

Small Lakes in Western Yellowstone Park 

Finally, this paper presents the results for 
other smaller selected lakes in Yellowstone National 
Park, namely: South Nymph Lake, Nymph Lake, 
South Twin Lake, North Twin Lake, Beaver Lake, 
Swan Lake, Harlequin Lake, Goose Lake, Blacktail 
Pond, and Lake of the Woods (see Figures 6 and 7). 
The water samples were taken during the months of 
April, June, July, August and October of 2001 and 
were generally only taken at one location at each 
lake. 

The average annual trophic state is 
determined for each lake. The Carlson TSI, 
Vollenweider's Model, and the Larsen-Mercier 

Model are weighted equally and averaged together 
resulting in a final overall trophic state. First, the 
parameters of the Carlson TSI are weighted equally 
and averaged, resulting in a trophic state for each 
month sampled. Then these monthly results are 
averaged to an annual average. Next, the monthly 
outcomes of the Vollenweider's Model are averaged. 
Lastly, the annual averages of these three models are 
averaged to one overall annual trophic state of the 
lake. 

Figure 6. Map of Small Lakes in Northwest Yellowstone Parle. 

Figure 7. Map of small Lakes in Southwest Yellowstone Park. 



South Nymph Lake 

For South Nymph Lake, the Carlson TSI 
indicates that the lake was slightly mesotrophic. The 
Vollenweider's Model and the Larsen-Mercier Model 
show that the lake was slightly eutrophic. The overall 
trophic state of the lake was therefore determined to 
be mesotrophic (see Table 6). The lake is shallow 
with an average depth of estimated at 3 ft. 

T 6 S able : mall Lakes Trophic States According to each of the Three Models 
Model Classification 

South Nymph Lake 
Carlson Slightly Mesotrophic 
Vollenweider Slightly Eutrophic 
Larsen-Mercier Slightly Eutrophic 

South Nymph Lake Average Mesotrophic 
Nymph Lake 

Carlson Slightly Eutrophic 
Vollenweider Mesotrophic 
Larsen-Mercier Strongly Mesotrophic 

Nymph Lake Average Strongly Mesotrophic 
South Twin Lake 

Carlson Slightly Oligotrophic 
Vollenweider Slightly Oligotrophic) 
Larsen-Mercier Slightly Mesotrophic 

South Twin Lake Average Slightly Mesotrop/ric 
North Twin Lake 

Carlson Slightly Mesotrophic 
Vollenweider Strongly Eutrophic 
Larsen-Mercier Slightly Mesotrophic 

North Twin Lake Average Mesotrophic 
Beaver Lake 

Carlson Slightly Mesotrophic 
Vollenweider Eutrophic 
Larsen-Mercier Eutrophic 

Beaver Lake Average Strongly Mesotrophic 
Swan Lake 

Carlson Mesotrophic 
Swan Lake Average Mesotrophic 
Harlequin Lake 

Carlson Slightly Mesotrophic 
Harlequin Lake Average Slightly Mesotrophic 
Goose Lake 

Carlson Oligotrophic 
Vollenweider Strongly Mesotrophic 
Larsen-Mercier Strongly Mesotrophic 

Goose Lake Average Slightly Mesotrophic 
Blaektail Pond 

Carlson Slightly Mesotrophic 
Vollenweider Strongly Mesotrophic 
Larsen-Mercier Slightly Eutrophic 

Blacktail Pond Average Mesotroplric 

Nymph Lake 

The Carlson TSI indicates that Nymph Lake 
was slightly eutrophic. The Vollenweider's Model 
shows that the lake was mesotrophic. The Larsen
Mercier Model shows that the lake was strongly 
mesotrophic. The overall trophic state of the lake was 
therefore determined to be strongly mesotrophic (see 
Table 6). 

For Nymph lake it is not clear why there is 
high phosphorus in the lake in August and October 
samples. The average depth of Nymph Lake was 
estimated at 4ft. Perhaps this high loading is the 
result of run-off from late summer and fall storms. A 
trophic state of strongly mesotrophic seems high for 
this lake. The inflowing phosphorus samples appear 
to show that the watershed generally contributes a 
lesser load for this lake than others. 
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South Twin Lake 

The Carlson TSI and Vollenweider Model 
indicate that South Twin Lake was slightly 
oligotrophic. The Larsen-Mercier Model shows that 
the lake was strongly mesotrophic. The overall 
trophic state of the lake was determined to be slightly 
mesotrophic (see Table 6). 

North Twin Lake 

For North Twin Lake, the Carlson TSI and 
Larsen-Mercier indicate that the lake was slightly 
mesotrophic. The Vollenweider's Model shows that 
the lake was strongly eutrophic. The overall trophic state 
of the lake was therefore determined to be 
mesotrophic despite the hyper-eutrophic Vollenweider 
values (see Table 6). 

Beaver Lake 

The Carlson TSI indicates that Beaver Lake 
was slightly mesotrophic. The Vollenweider's Model 
and the Larsen-Mercier Model both show that the 
lake was eutrophic. The overall trophic state of the 
lake was determined to be strongly mesotrophic (see 
Table 6). 

SwanLake 

The Carlson TSI indicates that Swan Lake 
was mesotrophic. There is no inlet stream to Swan 
lake, so the Vollenweider's and Larsen-Mercier 
models were not applied. The lake was too low to be 
able to take an October sample. The overall trophic 
state of the lake was determined to be mesotrophic 
(see Table 6). 

Harlequin Lake 

The Carlson TSI indicates that Harlequin 
Lake (see Figure 7) was slightly mesotrophic. There 
is also no inlet steam to Harlequin Lake, so the 
Vollenweider's and Larsen-Mercier models were not 
applied. No April or October samples were taken. 
The overall trophic state of the lake was determined 
to be slightly mesotrophic (see Table 6). 

Goose Lake 

The Carlson TSI indicates that Goose Lake 
was oligotrophic. The Vollenweider's Model and the 
Larsen-Mercier Model both show that the lake was 
strongly mesotrophic. Only one water sample was 
taken, in July. Based on this limited data the overall 
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Blacktail Pond 

The Carlson TSI indicates that Blacktail 
Pond (see Figure 6) was slightly mesotrophic. 
Blacktail Pond does not have an inlet stream, but in 
July an "inlet seep" was sampled. The 
Vollenweider's Model shows that the lake was 
strongly mesotrophic. The Larsen-Mercier Model 
shows that the lake was slightly eutrophic. No June 
sample was taken because of bird protection. The 
overall trophic state of the pond was therefore 
determined to be mesotrophic (see Table 6). 

Lake of the Woods 

For Lake of the Woods, only one water 
sample was taken, in June. The Carlson TSI indicates 
that the lake was strongly mesotrophic. There is no inlet 
stream to Lake of the Woods, so the Vollenweider's 
and Larsen-Mercier models were not applied. Based on 
this very limited data the trophic state of the lake was 
determined to be strongly mesotrophic. 

Table 7: N:P Ratios for Small Lakes Samples 
Location Date Ratio 

South Nymph Lake- East Side April 5.77 
June 6.25 
July 12.50 

August 10.00 
South Nymph Lake Avera~e 8.6 

Nymph Lake - Northeast Side June 2.38 
July 3.95 

August 0.74 
Nymph Lake Avual!e 2.4 

Soutll Twin Lake- East Side June 5.36 
July 13.64 

August 12.50 
South Twill Lake Averal!e 10.5 

North Twin Lake - East Side April 9.38 
June 5.56 
July 12.50 

North Twin Lake Avera.f!e 9.1 
Beaver Lake -!'iortheast Side April 5.00 

June 3.85 
July 5.36 

August 5.17 
Beaver Lake Averaee 1/.8 

Swan Lake- East Side April 2.78 
June 3.06 
July 6.25 

August 2.78 
Swan Lake Average 3.7 

Harlequin Lake- South Side June 7.89 
July 10.00 

August 10.00 
Harlequin Lake Averaee 9.3 

Goose Lake- West Side July 10.00 
Goose Lake Average 10.0 

Blacktall Pond - South Side April 7.50 
July 9.38 

August 11.54 
Blacktail Po11d A veraj!e 9.5 

Lake of the Woods- Southwest Side June 5.58 
Lake of_tlte Woods Average 5.6 

+ SUMMARY 

The nitrogen-phosphorus (N:P) ratios were 
calculated for each lake (see Table 7). The following 
is an example calculation of the N:P ratio for Nymph 
Lake for June: 

0.1 mg/1 (N02 + N03, N) + 0.05 mg/1 
(ammonia, N) = 0.15 mg/1 

0.15 mg/1 I 0.063 mg/1 (phosphorus)= 2.38 

Nymph Lake's ratios were always below 5. 
Ratios of Beaver Lake and Swan Lake were both 
below 5 and between 5 and 10, and seemed to lean 
towards nitrogen-limited conditions. Ratios of South 
Nymph Lake, North Twin Lake, Harlequin Lake, and 
Blacktail Pond appear to indicate that they could 
equally be either nitrogen-limited or phosphorus
limited. The ratios of South Twin Lake appear to lean 
toward phosphorus-limited conditions. 

The previous tables showed the lakes' 
trophic state results. Nymph Lake was classified 
strongly mesotrophic because of the high in-lake total 
phosphorus, and should be of concern. Beaver Lake 
was also classified strongly mesotrophic and should 
be of concern. There is still a possibility that due to 
nitrogen-limited conditions, the eutrophication of 
these two lakes is less severe. The strongly 
mesotrophic state of Lake of the Woods was 
determined from only one sample. Therefore, this 
lake needs further study in order to determine if it is 
of concern. Data is also scarce for Goose Lake. The 
trophic states of the remainder of the lakes are based 
on several samples and are not of concern. 
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Appendix: Yellowstone Lakes Lab & Field Results 

Estimated 
Total N02+N03 Ammonia Chlorophylla Secchi Approximate 

Phosphorus Nitrogen Nitrogen a Depth Flow Rate 
Location Date (mg/L) (mg/L) (mg/L) (ppb) (m) (cfs) 
Large Lakes 

Shoshone Lake 
Northeast Side 09/06/98 0.036 1.1 -{) 

06/22/99 0.015 < 0.1 <0.05 1.0 -{) 

08/16/99 0.478 < 0.1 <0.05 1.3 6-8 
West Side 07/17/99 0.015 <0.1 0.19 0.5 6 - 8 
Southeast Side 07/30/99 0.009 <0.1 <0.05 1.7 6 - 8 

08/19/99 0.018 <0.1 <0.05 1.4 6 - 8 
De Lacy 06/22/99 0.026 200 
Creek (Inlet) 08/16/99 0 .074 8 
Shoshone 07/17/99 0.013 65 
Creek (Inlet) 
Lewis River 07/30/99 0.011 200 
(Outlet) 08/19/99 0.018 < 0.1 <0.05 1.4 200 

Lewis Lake 
Southeast Side 09/08/98 0.020 1.3 -{) 

06/22/99 0.014 <0.1 < 0.05 1.9 ~6 

08/19/99 0.011 <0.1 <0.05 1.1 6-8 
Northeast Side 06/22/99 0.016 <0.1 <0.05 0.7 -{) 

08/19/99 0.012 < 0.1 <0.05 2.9 6-8 
North Side 07/30/99 0.036 < 0.1 <0.05 0.9 6 - 8 

08/19/99 0.012 < 0.1 <0.05 1.7 6-8 
Lewis River 07/30/99 0.010 250 
(Inlet) 08/19/99 0.017 220 
Dogs head 06/20/99 0.016 5 
Creek (Inlet) 08/19/99 0.041 1 

Heart Lake 
Northwest 07/18/99 0.011 <0.1 <0.05 <0.5 6 - 8 
Side 08/19/99 0.013 < 0.1 <0.05 1.5 6-8 
Southwest 07/18/99 0.015 < 0.1 <0.05 1.5 6-8 
Side 08/19/99 0.014 < 0.1 <0.05 4.4 6 - 8 
Witch Creek 07/18/99 0.013 40 
(Inlet) 08/19/99 0.024 25 

Riddle Lake 
North Side 08/17/99 0.014 <0.1 <0.05 4.1 6 - 8 

Mid-sized Lakes 
Cascade Lake 

East Side 06/17/00 0.028 <0.1 <0.05 7.2 1 - 2 
08/20/00 0.016 <0.1 <0.05 3.8 2 - 3 
10/06/00 0.020 0.1 <0.05 9.3 ~5 

West Side 06/17/00 0.025 0.1 <0.05 4.1 2-3 
08/20/00 0.028 <0.1 <0.05 3.2 2-3 
10/06/00 0.015 0.1 <0.05 3.1 ~5 

Cascade 06/17/00 0.023 2 
Creek (Inlet) 08/20/00 0 .030 1 

10/06/00 0.015 2 
Cascade 06/17/00 0.040 2 
Creek (Outlet) 10/06/00 0.029 2 

Grebe Lake 
East Side 07/29/00 3.6 

08/20/00 0.023 <0.1 <0.05 4.7 2 - 3 
West Side 07/29/00 1.9 

08/20/00 0.033 <0.1 <0.05 6.7 2-3 
Gibbon River 07/29/00 0.016 10 
(Inlet) 08/20/00 0.042 1 

lee Lake 06/17/00 0.035 <0.1 <0.05 1.7 2 - 3 
North Side 08/20/00 0.032 <0.1 <0.05 2.4 ~5 

10/06/00 0.013 0.1 <0.05 2.4 ~5 

South Side 06/17/00 0.021 <0.1 <0.05 1.2 2 - 3 
08/20/00 0.019 <0.1 <0.05 1.8 ~5 

10/06/00 0.016 0.1 <0.05 2.2 ~5 
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Seeps (Inlet) 06/17/00 0.025 0.01 
08/20/00 0.035 0.01 
10/06/00 0.023 0.01 

WolfLake 
South Side 07/29/00 2.0 

08/20/00 0.036 <0.1 <0.05 3.9 2 - 3 
North Side 07/29/00 2.0 

08/20/00 0.025 <0.1 <0.05 20.7 2 - 3 
Gibbon River 07/29/00 0.019 10 
(Inlet) 08/20/00 0.026 3 

Small Lakes 
South Nymph 
Lake 

South Side 04/29/01 0.026 0.1 0.05 2 - 3 
06/21/01 0.024 0.1 0.05 1.8 2 - 3 
07/15/01 0.012 0.1 0.05 0.2 2 - 3 
08/23/01 0.015 0.1 0.05 1.9 - 2 
10/07/01 0.016 0.1 1 - 2 

Seeps (Inlet) 04/29/01 0.026 2 
06/21/01 0.028 1 
07/15/01 0.042 I 
08/23/01 0.017 0.5 
10/07/01 0.022 0.2 

Nymph Lake 
East Side 04/30/01 1.2 - 3 

06/21/01 0.065 2 - 3 
07/15/01 0.038 0.1 0.05 2.4 - 1 
08/23/01 0.203 0.1 0.05 4.7 -o.2 
10/07/01 0.130 0.1 -o.2 

Nymph Creek 04/30/01 0.020 5 
(Inlet) 06/21/01 0.016 3 

07/15/01 0.022 2 
08/23/01 0.010 1.5 
10/07/01 0.016 1 

South Twin 
Lake 

East Side 04/30/01 - 3 
06/21/01 0.028 0.1 0.05 2.5 2 - 3 
07/15/01 0.011 0.1 0.05 0.8 3 - 4 
08/23/01 0.012 0.1 0.05 2 - 3 
10/07/01 0.016 0.1 2 - 3 

North Twin 
Lake 

East Side 04/29/01 0.016 0.1 0.05 3.1 3 - 4 
06/21 /01 0.027 <0.1 <0.05 1.1 2 - 3 
07/15/01 0.012 <0.1 <0.05 2 - 3 
08/23/01 0.010 <0.1 <0.05 2 - 3 
10/07/01 0.016 <0.1 2 - 3 

Creek (Inlet) 04/29/01 0.071 2 
06/21/01 0.113 0.5 
08/23/01 0.070 0.4 
10/07/01 0.070 0.3 

Beaver Lake 
East Side 04/30/01 0.030 <0.1 <0.05 3.4 2 - 3 

06/21/01 0.039 <0.1 <0.05 0.5 - 1 
07/15/01 0.028 <0.1 <0.05 1.2 - 2 
08/23/01 0.029 0.1 0.05 0.2 - 2 
10/07/01 0.020 <0.1 - 1 

Obsidian 04/30/01 0.050 3 
Creek (Inlet) 06/21/01 0.043 0.3 

07/15/01 0.075 0.2 
08/23/01 0.001 2 
10/07/01 0.012 1 
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Swan Lake 
East Side 04/29/01 0.054 <0.1 <0.05 4.3 2 - 3 

06/21/01 0.049 <0.1 <0.05 2.4 2-3 
07/15/01 0.024 <0.1 <0.05 0.5 3-4 
08/23/01 0 .054 <0.1 <0.05 0.3 -2 

Harlequin Lake 
South Side 06/23/01 0.019 <0.1 <0.05 7.3 2-3 

07/15/01 0.015 <0.1 <0.05 1.4 2-3 
08/23/01 0.015 <0.1 <0.05 0.4 -2 

Goose Lake 
West Side 07/14/01 0.015 <0.1 <0.05 3-4 
Creek (Inlet) 07/14/01 0.024 2 

Blacktail Pond 
South Side 04/29/01 0.020 <0.1 <0.05 2.8 3-4 

07115/01 0.016 <0.1 <0.05 0.7 3-4 
08/23/01 0.013 <0.1 <0.05 -2 
10/07/01 0.014 <0.1 2 - 3 

Seeps (Inlet) 07115/01 0.026 0.01 
Duck Lake 

East Side 06/23/99 0.015 <0.1 <0.05 0.5 -5 
08/21/99 0.013 <0.1 <0.05 1.9 -5 
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+ INTRODUCTION 

Recently an unauthorized introduction of 
lake trout (Salvelinus namaycush) to Yellowstone 
Lake was documented. Recent investigation at the 
University of Wyoming indicated that in-lake 
predation by lake trout on juvenile and sub-adult 
native Yellowstone cutthroat trout (Oncorhynchus 
clarki bouvieri) could negatively influence 
recruitment of cutthroat trout (Stapp and Hayward 
2002). This may lead to significant reductions in 
numbers of spawning adult cutthroat if current 
management actions are ineffective or if they are not 
continuously pursued (Stapp and Hayward 2002). 
While lake trout invasion in Yellowstone Lake will 
likely have detrimental effects on in-lake 
communities and processes, a reduction in the native 
cutthroat trout population could potentially impact 
other aquatic and terrestrial ecosystems outside of 
Yellowstone Lake. 

Cutthroat trout in Yellowstone Lake 
annually migrate into tributary streams and rivers to 
spawn (Varley and Gresswell 1988), with runs up to 
60,000 trout per season into small streams such as 
Clear Creek (Gresswell and Varley 1988). This 
spawning migration may significantly affect in
stream communities (cf. Power 1990) and alter 
nutrient cycling within tributary streams (Peterson et 
al. 1993) and in the adjacent riparian forests (Ben
David et al. 1998; Hilderbrand et al. 1999). 

Therefore, spawning cutthroat trout not only have 
trophic effects on their ecosystem but also act as 
"ecosystem engineers" (i.e., species that influence 
structure and function of ecosystems through non
trophic processes) because of their role in 
transporting large amounts of nutrients between 
ecosystems (Jones et al. 1994). Reductions in 
spawning adult cutthroat trout will likely alter in
stream processes. In addition, for piscivorous (fish
eating) predators, a significant decline in the number 
of adult spawning cutthroat trout may reduce 
recruitment and survival, and it could threaten 
viability of predator populations. 

In this project we are investigating the 
importance of cutthroat trout to a representative fish
predator - the river otter (Lontra canadensis), and 
possible effects on terrestrial plants through nutrient 
transport by otters to latrine sites (Ben-David et al. 
1998; Hilderbrand et al. 1999). We hypothesized that 
the spawning migration of cutthroat trout will result 
in transport of nutrients from lake to streams, and 
from streams to terrestrial forests, through the 
activity of river otters. Documentation of such 
transport will enable us to predict how trout predators 
and the terrestrial landscape will be affected 
following cutthroat trout declines. Specifically, we 
predicted that: 1. Spawning cutthroat trout will be 
seasonally a major food resource to river otters. 2. 
Spawning migrations of cutthroat trout and the 
resulting predation by river otters will create a flux of 
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nitrogen (N) to riparian forests. 3. Tree-ring widths 
and stable nitrogen isotope values of tree-rings from 
river otter latrine sites will reflect temporal changes in 
cutthroat trout and otter abundance. 4. Future 
reductions in spawning cutthroat trout will lead to 
declines in number of otters. 

+ METHODS 

Sampling design 

Surveys for river otter signs were conducted 
from June 11 to August 7, 2002 and from May 23 to 
August 15, 2003. Areas surveyed included: 
Yellowstone River inlet, Yellowstone River from the 
outlet to the Lower Falls; Pelican, Sedge, Cub, Clear, 
Columbine, Bridge, and Arnica Creeks, and the 
perimeter of Yellowstone Lake excluding non
motorized zones (Figure 1 ). This time period 
coincided with the beginning, peak, and end of the 
spawning season of cutthroat trout. Nonetheless, 
because our permit allowed only limited access to 
bear management areas (BMAs ), Bridge, Arnica, 
Sedge, and Columbine Creeks were only surveyed at 
the post-spawning period. This resulted in 
incomplete sampling (i.e., missing of pre and peak 
spawning) on those streams. Heavily braided 
channels and marshy conditions prevented a thorough 
sampling of the Yellowstone River inlet area. In 
addition, because of temporal differences in the 
initiation of spawning migrations in streams, our 
surveys did not capture the early May spawning 
conditions on Cub and Clear Creeks. 

Surveys were conducted from a small boat 
along the lake shoreline and on foot along tributary 
streams. A survey team included at least 3 people 
equipped with bear repellent, survival gear, and a 
handheld marine radio. Surveys conducted in BMAs 
were coordinated with NPS staff. Total stream length 
surveyed was 43.3 km in 2002 and 52.8 km in 2003. 
Total length of lake shoreline surveyed was 175 km 
in 2002 and 203 km in 2003. River otter latrine sites 
were identified by trails leading from water, presence 
of feces, and tracks. Random sites were 
systematically selected at the location of the survey group 
every hour on the hour. This systematic sampling 
began at the start of each survey period. We resorted 
to this sampling scheme because it was impossible to 
a priori select sites randomly because of error 
associated with converting GIS points to GPS 
locations (i.e., pre-chosen sites would often be 
located away from a stream). 

Figure I. Locations of otter latrines and random site along the shore of Yellowstone 
Lake and tributary streams between June II and August 7, 2002, and between May 23 
and August 15,2003. 

Data collection 

Activity sites of otters were identified, and 
the location of each site was determined using a 
handheld GPS unit. Each site was then characterized 
with respect to topography, composition of terrestrial 
vegetation, composition of river substrate, and 
presence of feces. Vegetation and river substrate 
were assessed for a 10-m arc with its pivotal point at 
the highest concentration of otter sign. We estimated 
relative cover of vegetation visually. Cover was 
estimated for both the overstory and understory. 
Classes for the overstory included spruce, 
poplar/aspen, alder, pine, and other. The understory 
was classified into brush, ferns and forbs, moss, and 
other. Vegetation types were assigned ranks of cover 
from 1 to 5 (1 = 0-20%, 2 = 20-40%, 3 = 40-60%,4 = 
60-80% 5 = 80-1 00% ). We used the same method to 
categorize river substrates into the classes: sand, 
gravel, cobbles, small rocks, and large rocks. Stream 
shading was also estimated in the same 10-m arc. 
We measured vegetated slopes to the nearest 5° with 
a hand-held compass, and aspect of the site was 
recorded in eight compass directions. The distance of 
each site to water was measured to the nearest 0.5-m, 
and water temperature at the entrance to the site was 
measured to the nearest 0.1 oc with a digital 
thermometer. At each site the number of old 



(deposited more than 24 hours before the survey), 
and fresh feces were recorded. Fresh feces were 
collected individually in 100% ethanol for DNA 
analysis. Random sites were characterized using 
identical methods. 

Latrine sites were revisited between 2 and 5 
times through the survey period to determine changes 
in activity in relation to the spawning schedule of 
cutthroat trout. At each visit we recorded the number 
of old and fresh feces, and collected fresh feces. At 
each site we also recorded changes in water level and 
temperature, and in the stream sites, counted the 
number of visible cutthroat trout. At two sites, Cub 
Creek and near Terrace Point in the SE Arm, we 
deployed Trailmaster00 remote camera systems. 

At each latrine and random site, we 
collected samples of vegetation for stable isotope 
analysis. New growth was collected from 
Engelmann spruce (Picea engelmannil), subalpine fir 
(Abies lasiocarpa), lodgepole pine (Pinus contorta), 
alder (Alnus sp.), currant (Ribes sp.), Vaccinium sp., 
willow (Salix sp.), sagebrush (Artemisia sp.), and 
grass (Table 1 ). We obtained digital pictures of each 
site as a means to identify individual plants for 
repeated samples. Small rock-cairns were placed to 
assist in relocation of sites. 
Table I. Vegetation samples collected at river otter latrine sites and random sites on 
Yellowstone Lake and tributaries, summer 2002 and 2003. Samples from 2003 are 
currently being prepared for stable isotope analysis. 

Species Scientific name Number Number 
collected at collected at 

latrines random sites 
Alder Alnus sp. 14 12 
Aspen Populus 4 2 . 

tremuloides 
Currant Ribes sp. 44 26 
Douglas-fir Pseudotsuga 4 1 

menziesii 
Engelmann Picea engelmannii 66 48 
spruce 
Grass 102 88 
Lodgepole pine Pinus contorta 52 66 
Sagebrush Artemisia sp. 8 44 
Subalpine fir Abies lasiocarpa 12 6 
Vaccinium Vaccinium sp. 26 16 
Willow Salix sp. 4 4 

We identified all plants and measured new 
growth for currants on latrine and random sites. In 
addition, on 8 random sites and 10 latrine sites, 
increment cores of lodgepole pine were obtained. On 
1 0 random and 15 latrine sites increment cores of 
Engelmann spruce were collected. Tree cores were 
sanded and individual ring widths were measured to 
the nearest 0.001 mm. Cross-dating of cores was 
performed with program COFECHA (Holmes 1983) 
and ring widths were standardized into a five-year 
smoothing curve with program ARSTAN (Cook 
1985). Vegetation and core samples are currently 
being analyzed for values of 815N. 
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GIS analysis 

Locations of otter activity sites were plotted 
on a digital map of Yellowstone Lake obtained from 
the Wyoming Geographical Information Science 
Center (WYGISC). ArcView 3.2 was used to map 
latrine and random sites (Figure 1 ). Length of stream 
and lakeshore surveyed were calculated by measuring 
distances between all sample locations, using 
Arc View. 

Statistical analysis 

We employed step-wise logistic regression 
(SPSS for Windows 11.5, Hosmer and Lemeshow 
1989) to develop a model that could be used to 
describe habitat selection by otters. We controlled 
for multicollinearity by eliminating one of any pair of 
variables with!> 10.31. We ensured that the data did 
not depart from a logistic regression model with a 
Hosmer-Lemeshow goodness-of-fit test. The best 
model was selected based on AIC scores, model 
goodness-of-fit, and significant contributions of 
variables. To determine selection for (use > 
availability) or against (use < availability) habitat 
variables, we tested those variables that entered the 
model using contingency tables (Pearson's x2 test) for 
the categorical variables and Mann-Whitney tests for 
continuous variables (Hosmer and Lemeshow 1989). 

Kruskal-Wallis and Mann-Whitney tests 
(Zar 1999) were employed to test for differences in 
average fecal deposition rate for the three survey 
periods of early, middle, and late summer on 
Yellowstone Lake and tributary streams. We used t
tests to test for significant difference in levels of 815N 
and percent nitrogen for plant tissues on latrines and 
random sites. Additionally, we employed linear 
regression to explore relationships between fecal 
deposition rate at latrine sites and levels of 815N and 
percent nitrogen in plants. 

+ RESULTS AND DISCUSSION 

Otter activity and distribution of latrine sites 

During the 2002 and 2003 surveys we found 
a total of 87 river otter latrine sites along streams and 
lakeshore and characterized 102 random sites (Figure 
1 ). A total of 206 fresh feces were collected for 
DNA analysis and 989 old feces for diet analysis. In 
2002, density of latrines along streams was 0.35 
sites/km of waterway, and 0.13 sites/km along the 
lakeshore. For the 2003 survey, latrine site density was 
0.68 sites/km on steams and 0.15 sites/km on the lake 
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(Figure 2). In addition, the average number of feces 
per site on streams was 4.78 in 2002 and 7.29 in 
2003. Fecal deposition rate on Yellowstone Lake 
was 8.13 feces/site and 6.86 feces/site in 2002 and 
2003 respectively (Figure 3). The density of latrines 
we found for both streams and lake was relatively 
low. In comparison, similar surveys conducted in 
Rocky Mountain National Park (RMNP) and through 
the Seedskadee National Wildlife Refuge (SNWR) 
and Browns Park National Wildlife Refuge 
(BPNWR) in summer 2002 recorded densities of 2.3 
sites/km stream (RMNP; Herreman and Ben-David, 
2002) and 1.2 activity siteslkm (SNWR; Boyd and 
Ben-David, 2002; BPNWR; DePue 2002). In 
contrast, the number of feces per site we recorded 
was similar to that reported in those surveys, with an 
average of 6.1 feces per site in RMNP and 16.05 
feces per site in SNWR (Boyd and Ben-David, 2002; 
Herreman and Ben-David, 2002). These 
comparisons suggest that while activity levels of river 
otters in Yellowstone Lake and tributaries are similar 
to other systems in the intermountain west, the actual 
abundance of otters in our study may be lower. 

Because otter densities appeared lower than 
expected we conducted interviews with several Park 
employees and volunteers as well as with W. 
Wengeler (UC Davis) and R. Landis (filmmaker of 
"Yellowstone Otters"). Almost every person we 
interviewed said they had noticed a real decline in 
otter sightings in the last few years. Although these 
interviews were not conducted under rigorous 
scientific protocols, they provided support to our 
conclusion that otter numbers around Yellowstone 
Lake have declined in recent years. 

Figure 2. Latrine site densities from 3 different spring and summer river otter surveys in 
the Rocky Mountain region. Only 2002 data are available for the Colorado and Green 
rivers. 
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Fecal deposition rate at otter latrine sites did 
seem to vary with cutthroat trout spawning activity, 
indicating changes in otter activity in relation to prey 

movement. There was a general trend towards 
increased otter use of spawning streams and 
decreased use of Yellowstone Lake during the height 
of spawning season, with a return to elevated otter 
activity on the lake after spawning had ended. 
However, for Yellowstone Lake, late summer 2003 
was the only statistically significantly different 
period of otter activity (Figure 4). The 2002 results 
(Figure 4) should be viewed with caution because we 
did not have a boat available to survey the lake until 
mid-July. No single tributary stream had statistically 
significant differences in otter activity for the three 
study periods. When data for all streams were 
combined, fecal deposition rate in late summer was 
significantly lower than for the early and middle 
survey periods, both in 2002 and 2003 (Mann
Whitney; P < 0.05). This further suggests that otters 
seasonally switch their activity back to Yellowstone 
Lake in response to decreased availability of 
cutthroat trout in streams. Additional NPS spawning 
run data for our study years will allow us to further 
examine this relationship. 

Figure 3. Fecal deposition rate from 3 different spring and summer river otter surveys in 
the Rocky Mountain region. Only 2002 data are available for the Colorado and Green 
rivers. 
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Figure 4. Fecal deposition rate at latrine sites on Yellowstone Lake, summer 2002 and 
2003. The widths of the bars correspond to dates encompassed in the three different 
survey periods of early, middle, and late summer. 
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Our attempt at installing Trailmaster® 
remote camera systems to monitor otter activity at 
latrines met with limited success. In 2003, we were 
able to capture use of a latrine site on Cub Creek by 
two male otters. These otters showed a height of 
activity from June 11 to June 14 and again visited the 
site on June 27. The camera placed in the SE Arm 
failed to capture otter activity even though there was 
evidence that otters had been there while the camera 
was running. Similar problems with the camera 
system occurred on Cub Creek. Other authors have 
reported difficulties with Trailmaster® camera 
systems (Rice et al. 1995). Our lack of success with 
these remote camera systems was likely due to a 
combination of camera sensitivity and low otter 
densities. 

Although our results suggest that otters 
show a seasonal change in activity patterns, the 
importance of cutthroat trout in meeting their 
energetic demands awaits further investigation. 
While trout constitute a high-quality, energy-dense 
food source (Anthony et al. 2000) it is possible that 
otters feed heavily on alternative prey items, such as 
longnose suckers (Catostomus catostomus). The 
possibility of lake trout as a replacement food source 
for otters must also be evaluated. A comprehensive 
diet analysis of otter scats is currently being 
performed. 

Habitat selection 

For the 2002 and 2003 field seasons, the 
best logistic regression model identified shading, lack 
of understory, sand substrate, and large rock substrate 
as the variables most significant in discriminating 
latrine and random sites on streams (Table 2). This 
model correctly identified 77.4% of all locations to 
their correct affiliation. Otters selected for high 
presence of shade and large rocks with shallower, 
accessible stream banks. These results agree with 
those of other studies, which found high reliance of 
otters on old-growth forests and large rocks as 
aquatic substrate (Ben-David et al. 1996; Bowyer et 
al. 1995; 2003; Herreman and Ben-David 2001). 

Table 2. Logistic regression and model used to predict occurrence 
of river otter latrine sites on tributaries of Yellowstone Lake, 
summer 2002 and 2003. 

Variable 
Shading 
Other Understory 
Forbs 
Brush 
Sand Substrate 
Large Rock 
Substrate 

Coefficient 
0.017 
-0.508 
-0.641 
-0.430 
0.466 
0.391 

SE 
0.008 
0.209 
0.219 
0.214 
0.151 
0.249 

Significance 
0.027 
0.015 
0.003 
0.045 
0 .002 
0.117 
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For lake sites the best model identified 
spruce overstory, alder, grasses, and presence of 
lagoons, tributary streams, and large rocks as the 
variables best separating latrine and random sites 
(Table 3). This model correctly identified 86.7% of 
all locations to their correct affiliation. Random sites 
were characterized by higher presence of forbs and 
other vegetation, and latrines were characterized by 
higher amounts of shading (Table 3). These results 
may indicate that river otters select for sites with 
higher overall vegetative cover that produces 
extensive shading. 

Table 3. Logistic regression model used to predict occurrence of 
river otter latrine sites on Yellowstone Lake, summer 2002 and 
2003. 

Variable Coefficient SE Significance 
Spruce 0.516 0.233 0.027 
Overstory 
Alder 0.891 0.368 0.016 
Grasses 0.623 0.224 0.005 
Rock 3.815 1.116 0.001 
Formation 
Lagoon 5.316 1.485 0.000 
Tributary 3.513 1.677 0.036 
Stream 
Gravel -0.440 0.230 0.056 
Substrate 

In many systems beaver (Castor canadensis) 
ponds and structures provide good otter habitat 
(Melquist and Homocker 1983; Reid et al. 1994). 
This was also the case in our study; however, beaver 
occurrence was so infrequent that few otter latrine 
sites were associated with this factor. An exception 
was the Yellowstone River inlet area. Beaver activity 
in this region appeared high. While our survey here 
was limited in breadth, the combination of beaver 
activity, remoteness, spawning cutthroat trout, and 
key habitat structures suggests that the Yellowstone 
River inlet area may provide excellent river otter 
habitat. Additionally, distribution data from NPS gill 
net surveys indicate that lake trout activity is low in 
the SE Arm, making this part of Yellowstone Lake a 
possible refugium for cutthroat trout (Koel et al. 
2003). If this is indeed the case, the inlet area may 
also provide a refugium for otters in a time of 
depleted prey resources elsewhere in the system. For 
this reason, it will be important to conduct a 
comprehensive river otter survey of the Yellowstone 
River inlet region in the future. 

Nitrogen transport 

For 2002, tissues in six of eight plant species 
were significantly enriched in 515N (one-tailed t-test; 
P < 0.05) on latrine sites compared to random sites 
(Figure 5). As expected, alder did not differ 
isotopically between latrines and random sites, as this 
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species is an atmospheric N-fixer and rarely uses soil 
N. Lack of significant difference in () 1~ for 
Vaccinium species was only marginal (P = 0.07) and 
may have been due to small sample size. Percent N 
in plant tissue from otter latrines was also 
significantly higher (one-tailed t-test; P < 0.05) for all 
plants except sage (Figure 6). This was the case even 
for theN-fixing alder. A significant positive relation 
also exists for fecal deposition rate and values of 
()

15N for some plant species on otter latrines (Figure 
7). This suggests that otter scent marking is at least 
partly responsible for differences in ()15N of 
vegetation samples, although several other factors 
could be involved given that otter deposition rate 
explained only 23% of the variation. 

Figure 5. Values ofli 15N (mean± SE) of plants collected on latrine and random sifes in 
Yellowstone National Park, summer 2002. The symbol • represents significant 
difference at the a. level 0.05. 
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Figure 6. Values of percent N (mean± SE) of plants collected on latrine and random 
sites in Yellowstone National Park, summer 2002. The symbol • represents significant 
difference at the a. level 0.05. 
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Figure 7. Linear regression for the relationship between fecal deposition rate and values 
ofli15N for spruce needles collected in Yellowstone National Park, summer 2002. 
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Our results support the hypothesis that river 
otters transport aquatically-derived N onto latrine 
sites, and in turn, fertilize some plants at these 
locations. These fmdings are similar to studies in 
Pacific Northwest (Ben-David et al. 1998) but, to our 
knowledge, are the first reported examples of otter 
nutrient transport and plant fertilization in the Rocky 
Mountain region. How and to what extent otter 
fertilization affects plants awaits further investigation 
of growth rates and differences in plant community 
composition. These analyses are currently underway. 
The () 15N analyses for the 2003 plant samples will be 
performed when funding becomes available. 

Tree-ring analyses 

Preliminary results suggest that tree-ring 
widths alone are not a reliable proxy for temporal 
changes in cutthroat trout abundance and otter 
activity. Yearly changes in ring width on some 
heavily used latrine sites, especially those on the 
Yellowstone River, do show a correlation with 
changes in cutthroat trout populations (Figure 8), but 
this is not consistent throughout the study area. 
When all sites are compared, ring widths for 
Engelmann spruce trees from latrine sites were 
similar to those of random sites (Figure 9) and 
seemed largely driven by climate fluctuations. Small 
sample size and high variability of lodgepole pine 
precluded their inclusion in the analysis. We are 
analyzing tree cores for () 15N in order to relate 
temporal changes in nitrogen isotope values to 
historical cutthroat populations. Other studies have 
shown some potential for tree ring isotope analysis as 
a retrospective technique for examining temporal 
changes in the absence of historical data ( cf. Hart and 
Classen 2003). 
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Figure 8. (A) Width of tree rings for a spruce tree growing on a 
river otter latrine and on a random site on the Yellowstone River. 
Ring widths from latrine tree track closely with changes in 
cutthroat abundance (B). In contrast, the random tree exhibits the 
typical exponential decay in ring widths. (Figure 8 (B) from Koel 
et al. 2003) 
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Figure 9. Standardized rings widths, on a 5-yr smoothing curve, 
for Engelmann spruce trees on latrine and random sites. Trees are 
from both Yellowstone Lake and tributary streams. 
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+ CONCLUSIONS 

Our results indicate that habitat selection and 
levels of activity of river otters in Yellowstone Lake 
and tributaries are similar to those of otters 
elsewhere, but numbers may be lower than we 
initially expected. Whether these lower numbers are 
related to the decline of cutthroat trout is yet to be 
established. Alternative hypotheses include: 

75 

1. Reduction in otter numbers in recent years 
may be caused by increased concentrations of 
mercury in stream waters because of 
reduced water flow, and 

2. Exposure to canine distemper virus from an 
epidemic in coyotes in the late 1990s caused 
increased mortality in otters. 

Two other major gaps in our knowledge 
exist: I. The actual number of otters in our study area 
awaits determination. 2. We could not evaluate 
whether the low numbers around Yellowstone Lake 
were a result of decreased population size or increased 
movements of otters into adjacent areas such as the 
Yellowstone River inlet. We expect to gain more 
insight regarding these issues using a suite of tools 
comprised of a bioenergetics model, fecal DNA 
analyses, stable isotope comparisons of tree-ring 
analyses, a survey of the Yellowstone River inlet, and 
a winter survey that we would like to conduct in 
March with the cooperation of Park biologists. 
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EFFECTS OF PREDATION BY BUMBLEBEE WOLVES 

(PHILANTHUS BICINCTUS, SPHECIDAE, HYMENOPTERA) 
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+ 
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The interactions between flowers and their 
pollinators have been extensively studied in ecology, 
evolution and conservation biology. Although 
predators can dramatically influence insect-flower 
interactions, this issue has been mostly ignored until 
recently. One of the best systems for quantifying the 
effect of predators on pollinators is that of bumblebee 
wolves (Philanthus bicinctus), which are sphecid 
wasps endemic to the American Rockies, who prey 
almost exclusively on bumblebees. (see photos at 
http:/ /psych.mcmaster .cal dukas/pred&poll.htm). 
Relaying on research from 45 years ago, I located a 
large aggregation of bumblebee wolves at 
Yellowstone National Park and commenced research 
in summer 2003. 

Overall, my objective is to quantify the 
effects of bumblebee wolves on the diversity, density 
and behavior of bumblebees, and on bumblebee 
pollinated plants. Specifically, I test the following 
hypotheses: 

Hypothesis 1. The number of bumblebees at flowers 
patches within 1 km of a bumblebee-wolf 
aggregation is lower than those farther than 4 km 
from the aggregation. 

Hypothesis 2 . Seed production of plants specialized 
for large-bee pollination is lower within 1 km of a 
bumblebee-wolf aggregation than farther than 4 km 
from the aggregation. 

+ PRELIMINARYRESULTS 

I counted the number of bumblebees visiting 
patches of Western rayless coneflower (Rudbeckia 
occidental is), which was the most common plant in 
bloom at numerous natural forest-clearings. On 
average, the number of bumblebees observed within 
4 km from the bumblebee wolf colony was 14 times 
lower than farther than 5 km from the colony. Similar 
dramatic differences in bumblebee abundance were 
also observed on Canada goldenrod (Solidago 
canadensis). 

Preliminary data also indicated 
approximately half as much seed production by the 
bumblebee pollinated Columbian monkshood 
(Aconitum columbianum) within 4 km than farther 
than 5 km from the bumblebee wolf colony. 

A series of experiments planned for summer 
2004 will complete the data set from 2003 and test 
whether the bumblebee wolves are responsible for the 
observed lower bumblebee abundance and 
monkshood seed set close to than far from the 
bumblebee wolf aggregation. 
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Stream sediments are important locations of 
biogeochemical transformations upon which many 
stream ecosystem functions depend. Stream water is 
often exchanged between the stream channel and 
surrounding subsurface locations - this process is 
known as hyporheic exchange.While stream water is 
moving through the hyporheic zone, solutes and 
nutrients may undergo important chemical reactions that 
are not possible in the main stream channel. Further, 
because the hyporheic zone is composed of porous 
media (sand, sediment, alluvium, etc.), flow 
inherently slows down and the exchanging water has 
ample opportunity to interact with mineral grain 
surfaces and biofilms. 

In coordination with two stream ecologists 
working in the area (Dr. R. 0. Hall, U. Wyoming and 
Dr. J. L. Tank, Univ. of Notre Dame) we planned to 
assess the hydrologic transient storage of three 
streams in which Drs. Hall and Tank were studying 
specific stream ecosystem nitrogen cycling. The 
protocols that the stream ecosystem study research 
team was using did not explicitly call for detailed 
hyporheic investigations. Thus, our work was 
designed to complement theirs. We completed 1) 
topographic surveys of stream channels and water 
surfaces, and 2) rhodamine WT dye releases (non
toxic environmental tracing dye) in three streams. 
Topographic surveys allow us to characterize 
differences in stream geomorphology and tracing of 
dye releases at downstream locations allows us to 
characterize the extent of hyporheic exchange in each 
stream reach. Each stream was within a different land 
use: Giltner Stream was surrounded by 
predominantly agriculture, Jackson Hole Golf Stream 

ran through an urban golf course, and Ditch Creek 
was a pristine stream flowing through the eastern part 
of Grand Teton National Park. We hypothesized that 
each stream would have sufficiently different 
structure and substrate such that there would be 
observable differences in the hyporheic exchange 
characteristics of each stream. 

+ RESULTS 

From our stream survey data, we calculated 
sinuosity (ratio of straight line distance to length of 
stream between two points) and the normalized 
longitudinal variability of the bed profile, v (area of 
bed profile compared to best fit straight line through 
the profile). Stream survey data suggest that the 
urban golf course stream is perhaps the least 
complex, from a geomorphic perspective, with little 
sinuosity and little stream slope variability. 
Agricultural Giltner Stream had the highest sinuosity, 
but the lowest longitudinal variability, and pristine 
Ditch Creek had the highest longitudinal variability, 
and fairly high sinuosity (Table 1 ). 

Table 1. Summary geomorphic characteristics of the three streams 
studied in July, 2003. 

F= 
Stream Surveyed Length (m) Sinuosity i (m) 

Urban 89 1 .02 0.07 

Agricultural 462 1.50 0.06 

Pristine 258 1.39 0.20 
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Stream tracer experiments were conducted 
at each of the three experimental reaches. At Giltner 
Stream on July 10, 2003 (on Snake River Ranch 
property), we conducted our first stream tracer 
experiment, discharge was approximately 240 L/s. 
The Ditch Creek stream tracer experiment was 
conducted on July 16, 2003, and discharge was 
approximately 60 Lis. The golf course stream tracer 
experiment was conduced on July 19, 2003, and 
discharge fluctuated from 80 L/s to 110 L/s. 

Resulting breakthrough curves from each of 
these experiments (Figure 1) suggests that there are 
significant differences among the reaches. The late
time tailing of the concentration data indicates longer 
residence time within the reach and therefore slower 
velocities through the reach. The urban stream has 
the lowest potential for hyporheic exchange and the 

fastest total transport of tracer. Pristine Ditch Creek 
has the greatest retention of tracer, indicating 
extensive hyporheic exchange (comparatively). 
Agricultural Giltner Stream is intermediate with 
some tracer arriving at the sampling location at 6 
times the advective travel time. 

These results suggest that there is ample 
opportunity to discern relative "retentiveness" of 
streams with respect to hyporheic exchange. We will 
continue to work with Drs. Hall and Tank in an effort 
to further complement our work with theirs. 

We gratefully acknowledge the support of the AMK 
ranch during our field campaign in July 2003. 

Figure 1. Rhodamine WT dye breakthrough curves from streams in three contrasting land uses. The x-axis represents time (t) relative to the time 

of advection (tadv), the time at which the peak tracer concentration occurred. 
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+ SUMMARY 

The relationship between Yellowstone 
cutthroat trout, Oncorhynchus clarki bouvieri, 
and Snake River fmespotted cutthroat trout, 0. 
clarki behnkei, was examined with two 
mitochondrial DNA fragments, COl and ND5. 
No variation was found within either subspecies, 
and just one (out of 1 069) nucleotide differed 
between subspecies. Thus, these subspecies are 
very closely related. 

Samples for this study were obtained 
from hatcheries, and may not be representative 
of the subspecies. 0. c. bouveri were sampled 
from the Clark Fork Hatchery, in Powell, WY, 
and 0. c. behnkei were sampled from the 
National Fish Hatchery in Jackson, WY. Further 
sampling, preferably from natural populations, is 
needed to more thoroughly survey the variation 
within subspecies, and to measure the differences 
between subspecies. 

+ INTRODUCTION 

In the upper portion of the Snake River 
drainage, two subspecies of cutthroat trout can 
be distinguished by the sizes of their spots. The 
Snake River fmespotted cutthroat, Oncorhynchus 
clarki behnkei, and Yellowstone cutthroat trout, 
0. clarki bouveri, both occupy the Snake River 
drainage between Jackson Lake and Palisades 
Reservoir, but Yellowstone occupies the smaller 
streams, while finespotted are in the main stem of 
the Snake River. Despite contact in several 

streams, the subspecies remain distinct for their 
spotting pattern. However, none of the meristic 
characters differ between these subspecies, and 
geneticists have not yet reported any diagnostic 
differences of any kind. 

The purpose of this study was to survey 
these subspecies for diagnostic genetic markers. 
Mitochondrial sequences were chosen for their 
high rates of evolution and their maternal 
inheritance without recombination. 

+ MATERIALS AND METHODS 

Samples 

Kerry Grande provided Snake River 
cutthroat from the National Fish Hatchery in 
Jackson, WY. Dave Miller provided 
Yellowstone cutthroat taken from the Lahar 
Rapids of the Yellowstone River, and currently in 
production at the Clark Fork Hatchery in Powell, 
WY. Arlene Ganek provided Rio Grande 
cutthroat, 0. c. virginalis, from the Colorado 
Division of Wildlife Poudre River fish hatchery, 
which are a mixture of fish from different rivers. 
Brood fish from Mindano Creek, West Indian 
Creek and Placer Creek were all crossbred to 
create the hatchery stock at the Poudre River 
facility. The Rio Grande cutthroat in those three 
streams are considered to be "pure" Rio Grande 
cutthroat. Colorado Division of Wildlife 
personnel, including Douglas Krieger, Tom 
Nesler, and Jim Melby, provided samples of 
DNA from greenback cutthroat trout, 0. c. 
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stomias, from Severy Creek, Como Creek, and 
Graneros Creek. Biologists in the US Fish and 
Wildlife Service and Rocky Mountain National 
Park supplied Colorado River cutthroat, 0. c. 
pleuriticus, from Ptarmigan Creek and 
Columbine Creek in Rocky Mountain National 
Park. 

Molecular methods 

Genomic DNA was extracted from a 
small piece of the adipose fin, using the 
manufacturer's instructions for the AIAamp 
Tissue Kit, marketed by Qiagen. 

MtDNA sequences were obtained for 
COX I and ND5. The primers for COX I were 
COiared, (5' CACAGTGTGTAGGCGTCTGG 3') 
and COif (5' CCTGCAGGAGGAGGAGACCC 
3'); both primers were modified from Palumbi 
( 1996) to better fit cutthroat trout sequences. The 
primers forND5 wereND5-2 (5' AATAGTTTAT 
CCGTTGGTCTTAGG 3') and ND5R1 (5' GGCC 
AAGATCTCCTACTCG 3'). Amplifications were 
conducted in a total volume of 50~1 using 50 
mM KCL, 10 mM Tris-HCL (pH 8.3), 0.01% 
gelatin, 2 mM MgCh, 200 ~M dNTPs, 1.5 units 
Taq polymerase, 0.3 ~M of each primer, 1 OOng 
template DNA and water to the fmal volume. 
PCR cycle conditions for COX I consisted of an 
initial denaturing step at 95°C for one minute 
followed by 39 cycles of 1 minute at 95°C, 1 
minute at 55°C and 3 minutes at 72°C, capped 
off by a fmal step at 72 oc for 7 minutes. The 
ND5 cycle conditions were modified from this 
program with an annealing temperature of 50°C, 
an extension time of 1 minute, and 35 cycles. 

All sequences were generated using Big 
Dye chemistry and an ABI377 in the sequencing 
facility in the Department of Molecular, Cellular, 
and Developmental Biology at the University of 
Colorado in Boulder. Sequences were edited, 
assembled into contigs, and arranged into correct 
reading frame with the software Sequencher. 

The COX I and ND5 sequences were 
trimmed to 560 bp and 509 bp, respectively. 
These were amplified, sequenced, edited and 
aligned separately, but the sequences for each 
fish were combined into a single 1069 bp 
sequence for comparison. 

+ RESULTS AND DISCUSSION 

Sequences were obtained for six 
Yellowstone and six finespotted cutthroat. No 
variation was found within either subspecies, but 
it is worth noting that each subspecies was 
sampled from a single hatchery. One diagnostic 
difference was noted between these subspecies, 
in the portion of the sequence from the COXI 
gene (position #12, table 1). 

For comparison to the subspecies 
occurring in further south, a sequence is 
presented that is shared by Colorado River, 
greenback, and Rio Grande cutthroat. The 
sequences in Ye111owstone and Snake River 
finespotted differ from this sequence by 9 and 1 0 
substitutions, respectively (Table 1 ). 

This study is the frrst to fmd a genetic 
difference between Yellowstone and Snake River 
finespotted cutthroat, but this result is offered 
tentatively. The Snake River cutthroat all came 
from one hatchery, and the Yellowstone all came 
from a different hatchery. It is likely that those 
hatchery stocks do not represent all of the 
variation within their subspecies. The stocks in 
those two hatcheries have different haplotypes, 
but does that indicate that the two subspecies are 
different? I recommend that each of these 
subspecies be sampled more thoroughly, from 
natural populations, if possible. This report also 
provides the incentive to survey further in the 
mitochondrial in the mitochondrial genome, 
focusing on the fastest-evolving genes, such as 
ND2. 
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Table 1. Mitochondrial DNA sequences from cutthroat trout. The sequences are from COXI (first 560 bp) 
and ND5 (509 bp) in Yellowstone, Snake River fmespotted, and three subspecies in Colorado; greenback, 
Colorado River, and Rio Grande cutthroat. 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 

#1 
#1 
#1 

#1 

#41 
#41 
#41 

#81 
#81 
#81 

#81 

#121 
#121 
#121 

#121 

#161 
#161 
#161 

#161 

#201 
#201 
#201 

#201 

#241 
#241 
#241 

#241 

#281 

GTCT AT A TIC TI ATCCTCCC AGGCTTTGGT ATGA TTTCAC 
GTCTAT A TIC TCATCCTCCC AGGCTTTGGT ATGA TTTCAC 
GTCT AT A TIC TT A TCCTCCC AGGCTITGGT ATGA TTTCAC 

GTCTA T A TIC TI ATCCTCCC AGGCTTTGGT ATGA TTTCAC 

* 

ATATCGTIGC ATACTACTCC GGCAAAAAAG AACCCTTCGG 
ATATCGTIGC ATACTACTCC GGCAAAAAAG AACCCTICGG 
ATATCGTTGC ATACTACTCC GGCAAAAAAG AACCCTTCGG 

ATATATAGGA ATAGTCTGAG CTATAATAGC CATCGGATIA 
ATATATAGGA ATAGTCTGAG CTATGATAGC CATCGGA TTA 
ATATATAGGA ATAGTCTGAG CTATGATAGC CATCGGATTA 

ATATATAGGA ATAGTCTGAG CTATGATAGC CATCGGATIA 

* 

TT AGGA TTT A TCGTTTGAGC CCACCATATG TIT ACTGTCG 
TT AGGA TTT A TCGTTTGAGC CCACCAT ATG TIT ACTGTCG 
TI AGGA TTT A TCGTTTGAGC CCACCATATG TIT ACTGTCG 

TTAGGATTTA TCGTTTGAGC CCACCATATG TTTACTGTCG 

GGATAGACGT GGACACTCGT GCCTACTTTA CATCTGCCAC 
GGATAGACGT GGACACTCGT GCCTACTTTA CATCTGCCAC 
GGATAGACGT GGACACTCGT GCCTACTTTA CATCTGCCAC 

GGATAGACGT GGACACTCGT GCCTACTTTA CATCTGCCAC 

CATGATTATC GCTATCCCTA CAGGAGTAAA AGTATTTAGC 
CATGATIATC GCTATCCCTA CAGGAGTAAA AGTATTTAGT 
CATGATTATC GCTATCCCTA CAGGAGTAAA AGTATTTAGT 

CATGATIATC GCTATCCCTA CAGGAGTAAA AGTATITAGT 

* 

TGACTAGCCA CGCTACACGG AGGCTCGATC AAATGAGAAA 
TGACTAGCCA CACTACACGG AGGCTCGATC AAATGAGAAA 
TGACTAGCCA CACTACACGG AGGCTCGATC AAATGAGAAA 

TGACTAGCCA CACTACACGG AGGCTCGATC AAATGAGAAA 

* 

CACCACTTCT TTGAGCCCTC GGGTICA TIT TCCT A TIT AC 
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Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

#281 
#281 

#281 

#321 
#321 
#321 

#321 

#361 
#361 
#361 

#361 

#401 
#401 
#401 

#401 

#441 
#441 
#441 

#441 

#481 
#481 
#481 

#481 

#521 
#521 
#521 

#521 

#561 
#561 
#561 

#561 

CACCACTTCT TTGAGCCCTC GGGTTCA TTT TCCTA TTT AC 
CACCACTTCT TTGAGCCCTC GGGTTCA TTT TCCT A TTT AC 

CACCACTTCT TTGAGCCCTC GGGTTCA TTT TCCT A TIT AC 

AGTGGGCGGACTTACGGGTATTGTCCTTGCTAACTCCTCA 
AGTGGGCGGA CTTACGGGTA TTGTCCTIGC TAACTCCTCA 
AGTGGGCGGA CTTACGGGTA TIGTCCTTGC TAACTCCTCA 

AGTGGGCGGA CTTACGGGTA TIGTCCTTGC TAACTCCTCA 

TT AGACA TTG TTCTACATGA CACTI ACT AC GTAGTIGCTC 
TIAGACATTG TTCTACATGA CACTIACTAC GTAGTTGCTC 
TIAGACATTG TTCTACATGA CACTTACTAC GTAGTTGCTC 

TT AGACA TIG TTCTACATGA CACTI ACTAC GTAGTTGCTC 

A TTTCCACTA CGTA TIATCC ATAGGAGCTG TGTTTGCTAT 
ATTTCCACTA CGTATTATCT ATAGGAGCTG TGTTTGCTAT 
ATTTCCACTA CGTATTATCT ATAGGAGCTG TGTTTGCTAT 

ATTICCACTA CGTATTATCT ATAGGAGCTG TGTITGCTAT 

* 

TATAGGCGCT TTCGTACACT GATTTCCCCT ATICACAGGA 
TATAGGCGCT TTCGTACACT GATTTCCCCT ATTTACAGGA 
TATAGGCGCT TTCGTACACT GATTICCCCT ATTTACAGGA 

TATAGGCGCT TTCGTACACT GATTTCCCCT ATTIACAGGA 

* 

TATACCCTTC ACAGCACATG GACCAAAATC CATTTTGGAA 
TACACCCTIC ACAGCACATG GACCAAAA TC CATTTTGGAA 
TACACCCTTC ACAGCACATG GACCAAAATC CATTTTGGAA 

TACACCCTIC ACAGCACATG GACCAAAATC CATTTTGGAA 

* 

TTATATTTATCGGCGTAAATTTAACCTTTTTCCCACAGCA 
TIATATTTATCGGCGTAAATTTAACCTTTTTCCCACAGCA 
TTATATTTATCGGCGTAAATTTAACCTTTTTCCCACAGCA 

TTATATTTATCGGCGTAAATTTAACCTTTTTCCCACAGCA 

TCCGACTACA CTCATCTI AA GCTCATCCCT TTT AACAA TC 
TCCGACT ACA CTCATCTT AA GCTCA TCCCT TTT AACAA TC 
TCCGACTACA CTCA TCTT AA GCTCATCCCT TTT AACAATC 

TCCGACTACA CTCATCTT AA GCTCA TCCCT TTT AACAA T 
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Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

#601 
#601 
#601 

#601 

#641 
#641 
#641 

#641 

#681 
#681 
#681 

#681 

#721 
#721 
#721 

#721 

#761 
#761 
#761 

#761 

#801 
#801 
#801 

#801 

#841 
#841 
#841 

#841 

#881 
#881 
#881 

#881 

TTCGCACTTCTAATTTATCCTCTTGTTACCACCCTCACCC 
TTCGCACTTCTAATTTATCCTCTTGTTACCACCCTCACCC 
TTCGCACTTCTAATTTATCCTCTTGTTACCACCCTCACCC 

TTCGCACTTCTAATTTATCCTCTTGTTACCACCCTCACCC 
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CAACCCCCCA GCACAAAGAC TGAGCCCTCA CTCACGTAAA 
CAACCCCCCA GCACAAAGAC TGAGCCCTCA CTCACGTAAA 
CAACCCCCCA GCACAAAGAC TGAGCCCTCA CTCACGTAAA 

CAACCCCCCA GCACAAAGAC TGAGCCCTCA CTCACGTAAA 

AACTGCT ATC AAAA TGGCCT TCCT AGTGAG CTT ACTCCCC 
AACTGCTATC AAAATGGCCT TCCTAGTGAG CTTACTCCCC 
AACTGCTATC AAAATGGCCT TCCTAGTGAG CTTACTCCCC 

AACTGCT ATC AAAATGGCCT TCCT AGTGAG CTTACTCCCC 

C1TITIATATTCCTAGACCAAGGAACCGAAACTATCGTCA 
CTTTTTATAT TCCTAGACCA AGGAACCGAA ACTATCGTCA 
C1TITIATAT TCCTAGACCA AGGAACCGAA ACTATCGTCA 

CTTTTT ATAT TCCTAGACCA AGGAACCGAA ACTATCGTCA 

CTAATTGACAGTGAATAAACACCACAACCTTTGACATTAA 
CTAATTGACAGTGAATAAACACCACAACCTTTGACATTAA 
CTAATTGACAGTGAATAAACACCACAACCTTTGACATTAA 

CTAATTGACAGTGAATAAACACCACAACCTTTGACATTAA 

CCTTAGCTTT AAATTTGACC ACTACTCCGT TATTTTCACC 
CCTT AGCTTT AAA TTTGACC ACTACTCCA T TA TTTTCACC 
CCTTAGCTTT AAATTTGACC ACTACTCCAT TATTTTCACC 

CCTTAGCTTT AAATTTGACC ACTACTCCAT TATTTTCACC 

* 

CCTATTGCCC TGTACGTAAC CTGATCTATT CTAGAATTCG 
CCTATTGCCC TGTACGTAAC CTGATCTATT CTAGAATTCG 
CCTATTGCCC TGTACGTAAC CTGATCTATT CTAGAATTCG 

CCTATTGCCCTGTACGTAACCTGATCTATTCTAGAATTCG 

CATCCTGGTA TATACATGCT GACCCCAACA TAAACCGGTT 
CATCCTGGTATATACATGCTGACCCCAACATAAACCGGTT 
CATCCTGGTA TATACATGCT GACCCCAACA TAAACCGGTT 

CATCCTGGTA TATACATGCT GACCCCAACA TAAACCGGTT 
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GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

GCRRG 
Snake River 
Yellowstone 

#921 
#921 
#921 

#921 

#961 
#961 
#961 

#961 

#1001 
#1001 
#1001 

#1001 

#1041 
#1041 
#1041 

CTTTAAGTACCTCCTCCTCTTCCTGATTGCCATAATTATT 
CTTTAAGTACCTCCTCCTCTTCCTGATTGCCATAATTATT 
CTTTAAGTACCTCCTCCTCTTCCTGATTGCCATAATTATT 

CTTTAAGTACCTCCTCCTCTTCCTGATTGCCATAATTATT 

TTGGTAACCGCCAACAACATGTTCCAACTGTTTATCGGCT 
TTGGTAACCG CCAACAACAT GTTCCAACTG TIT ATCGGCT 
TTGGTAACCGCCAACAACATGTTCCAACTGTTTATCGGCT 

TTGGTAACCGCCAACAACATGTTCCAACTGTTTATCGGCT 

GAGAGGGAGTTGGAATTATATCGTTCCTCCTTATCGGGTG 
GAGAAGGAGTTGGAATTATATCATTCCTCCTTATCGGGTG 
GAGAAGGAGTTGGAATTATATCATTCCTCCTTATCGGGTG 

GAGAAGGAGTTGGAATTATATCATTCCTCCTTATCGGGTG 
* * 

GTGGCACGGTCGAGCCGACGCTAACACAG 
GTGGCACGGTCGAGCCGACGCTAACACAG 
GTGGCACGGTCGAGCCGACGCTAACACAG 

#1041 GTGGCACGGT CGAGCCGACG CTAACACAG 
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+ INTRODUCTION 

In the past two decades, there has been 
increasing awareness of a general pattern of decline 
of amphibian species (Semlitsch 2003a). A variety of 
factors have been implicated in these declines, 
including habitat alteration, climate change, chemical 
contamination, disease, invasive species, and 
commercial exploitation. It is likely that these 
different hypothesized causes combine to reduce 
populations. For example, human development such 
as roads or houses may not only destroy habitat, but 
also facilitate introduction of chemicals, invasive 
species, and disease. Habitat degradation is much 
easier to reverse or mitigate than the other factors 
(Semlitsch 2002). Therefore, protecting habitat from 
excessive human disturbance may indeed be the most 
productive way to conserve amphibian populations. 

While declines have been documented 
across all amphibian groups, pond-breeding 
amphibians are a large group of amphibians that are 
especially vulnerable to habitat disturbances 
(Semlitsch 2003b ). Species in this group require 
wetlands to breed, but in most cases spend the 
majority of the year in terrestrial habitats. Therefore, 
any type of freshwater aquatic or terrestrial habitat 
modification may impact populations. Furthermore, 
many of these species are more abundant in small, 
isolated wetlands that lack predators (i.e., fish). 
Isolated wetlands are the least protected of all 

wetland types and their loss eliminates breeding 
habitat, which can disrupt population dynamics. 
Even if the breeding habitat is protected, there are no 
current regulations that preserve the surrounding 
terrestrial habitat that amphibians use most of the 
year. Semlitsch and Bodie (2003) have proposed 
enacting terrestrial "buffer zones" to protect core 
terrestrial habitat, but this has not yet occurred. 

There have been various solutions proposed 
to mitigate habitat disturbances, such as creating 
artificial wetlands or preserving as much favorable 
habitat as possible (Semlitsch 2002). However, 
evaluating the potential success of these methods 
requires knowledge of both the dispersal ability and 
habitat preferences of the species. For example, if a 
new wetland is created to replace a destroyed 
wetland, but the two areas are separated by habitat 
that deters amphibian movement, then the mitigation 
will be ineffective. Therefore, it would be useful to 
managers to develop models that can predict where 
amphibians will move based on the landscape. 

One method would be to use variable 
genetic markers to estimate dispersal and structure 
among subpopulations. Estimates of gene flow 
across a fine spatial scale could provide a good 
indication of how much dispersal is occurring across 
the area. A recent study (Berry et al. 2004) tested the 
ability of genetic markers to accurately predict 
dispersal and found that the results from a three-
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month genetic study were the same as those from a 
seven-year mark recapture project. Once gene flow 
is estimated, then these results can be used to 
determine which habitats influence gene flow. This 
could indicate which types of habitat these animals 
most commonly use. Additionally, recent population 
reductions can be detected through the use of genetic 
markers. Therefore, this technique allows 
researchers to make inferences about several aspects 
of population structure in a much shorter time frame 
than using more direct field methods. 

In this study, we examined the genetic 
structure and habitat associations of an ambystomid 
salamander, the Tiger Salamander (Ambystoma 
tigrinum ), across the northern range of Yellowstone 
National Park. Tiger salamanders are the most 
widespread species of the mole salamander family. 
They are a classic pond breeding species in that most 
individuals only use wetlands for breeding and spend 
the rest of the year in terrestrial burrows. However, 
some individuals may become paedomorphic; that is, 
individuals become sexually mature while retaining 
larval characteristics. While this species is common 
throughout most of its range, there are several areas 
where different subspecies are of conservation 
concern, including populations in Washington and 
British Columbia (Gamer et al. 2003), in Arizona 
(Semlitsch 2003a), and along the east coast 
(Buhlmann and Mitchell 2000). 

The study area comprises most of the 
northern range of Yellowstone National Park and is 
characterized by mountainous terrain and mostly 
open sagebrush and other shrub habitat, with some 
sections of forested terrain. Three major rivers 
(including the Yellowstone) and many other smaller 
tributaries run through the area. However, overall, 
this is a dry area, with average annual precipitation of 
about 39 centimeters. 

Several characteristics of this study area 
could have an influence on salamander abundance 
and gene flow. This region has been in a prolonged 
drought, with below average rainfall every since 
1998 (Western Regional Climate Center data). This 
is especially important since Buhlmann and Mitchell 
(2000) speculated that droughts of greater than four 
years could be enough to cause large declines in a 
population of tiger salamanders in Virginia. 
However, it is currently unclear what effect this 
drought has had on amphibian populations in this 
area. Most of this landscape was completely covered 
by glaciers until 13,000-14,000 years ago (Pierce 
1979). Therefore, this is the earliest date that the 
salamanders currently present could have colonized 

this area. Finally, disease has been found at several 
sites in this area due to ATV ranavirus (unpublished 
data), which might result in population declines. 

This study had three main objectives: (1) 
Estimate the amount of gene flow among breeding 
ponds; (2) Determine if there have been any 
population reductions across the area; and (3) Use the 
genetic information to identify landscape and habitat 
variables that may be particularly important in 
influencing tiger salamander dispersal and population 
structure. 

+ METHODS 

We surveyed ponds across the northern 
range for tiger salamanders during May-July of 2002 
and 2003. Salamanders were captured using aquatic 
funnel traps and dipnetting techniques (Adams et al. 
1997). Once a salamander was captured, we 
recorded its life stage and size, and then removed 
either a toe tip or a !-centimeter portion off the end 
of the tail. We clipped toes for tissue samples in 
2002, but switched to tail clips in 2003 because they 
tended to yield more DNA in extractions and also 
impacted the mobility of the organisms less (A. 
Storfer, personal communication). Toe and tail clips 
were stored in 100% ethanol in individually labeled 
vials after collection. 

From mid-July to mid-August of 2003, we 
performed DNA extractions and polymerase chain 
reaction (PCR) amplifications in the Storfer 
laboratory at Washington State University. We did this 
work at WSU because the Storfer lab had previously 
developed primers for nine polymorphic 
microsatellite loci for use with tiger salamanders 
(Mech et al. 2003). We chose microsatellites as our 
genetic marker because they tend to be highly 
variable, which makes them ideal for detecting 
relatively recent patterns of gene flow (Jame and 
Lagoda 1996). We used a standard phenol
chloroform extraction protocol to isolate the DNA. 
We amplified the loci using the annealing 
temperatures described in Mech et al. (2003) on a 
programmable thermocycler, and ran PCR products 
on an agarose gel to check for successful 
amplifications. We amplified all nine loci in the 
collected samples. The Idaho State University 
Molecular Research Core Facility ran the samples on 
an ABI 377 (ABI Systems Inc.) sequencer. Because 
we had used fluorescent primers in the PCR 
reactions, we were able to multiplex and run 3 loci in 
each lane. After each run, the gel was analyzed and 
saved as a file using the program GENESCAN (ABI 



systems, Inc.). We then scored each locus for each 
sample using the program GENOTYPER (ABI 
systems, Inc.). 

Genetic analyses 

After scoring each sample, we used the 
program GENEPOP (Raymond and Rousset 1995), 
which allowed us to test for linkage disequilibrium 
and Hardy-Weinberg equilibrium among the loci and 
samples. Linkage disequilibrium occurs when genes 
are not in random association, and therefore each 
locus is not independent (Hartl and Clark 1997). It is 
also important to test for Hardy-Weinberg 
equilibrium for both loci and sample populations to 
identify whether they are under some selection or 
nonrandom mating occurs. Either of these events 
could violate assumptions of certain statistical 
analyses. 

We used FSTAT 2.9.3. (Goudet 2001) to 
test for population differentiation based on individual 
genotypes present at a site. We then used 
ARLEQUIN (Schneider et al. 2000) to calculate Fst and 
test for isolation by distance. The statistic F st is a 
measure of the genetic differentiation between 
subpopulations and is based on allele frequencies, 
following the method proposed by Weir and 
Cockerham (1984). Isolation by distance states that 
with greater distance between populations there will 
be lower levels of gene flow (Slatkin 1993). We 
graphically tested for isolation by distance by 
converting F st to M, which is a direct estimate of gene 
flow presented by Slatkin (1993), and then graphed the 
log of M against the log of geographic distance. We 
also statistically tested for significant isolation by 
distance using the Mantel test (Mantel 1967). 

We examined population declines using the 
program BOTTLENECK (Comuet and Luikart 1996) 
to compare observed and expected heterozygosity to 
determine if there is evidence for a recent bottleneck 
in the population. Typically, a heterozygote excess 
would be expected in recently reduced populations. 
This excess is due to the fact that a recent reduction 
in population size reduces allelic variation more 
quickly than heterozygosity (Luikart et al. 1998), 
even though heterozygosity is ultimately over time. 
In this program, we used a two-phase mutation model 
(Di Rienzo et al. 1994) with multistep mutations 
accounting for either 5% or 10% of mutations, which 
is believed to be the most likely scenario for 
microsatellites. A Wilcoxon sign-rank test was used 
to determine which sites had significant heterozygote 
excesses. This test is most appropriate because it can 

89 

achieve high statistical power if the average sample 
size per site is 30 or less. 

Analysis of landscape effects on gene flow 

For the analysis of the influence of 
landscape variables on among-site gene flow 
(measured by Fst), we used several different possible 
movement paths. The first two routes we used were a 
straight-line topographic distance between sites, and 
then a "stepping-stone" topographic route using 
salamander localities previously identified by the 
Idaho State University Herpetology Laboratory. In 
the "stepping-stone" model, an individual had to 
move to the nearest site before advancing through the 
landscape, with the eventual destination being one of 
the sampling sites. We considered the direct distance 
to be a null hypothesis to compare against the 
alternative courses. To create both these paths, we 
manually digitized each route using ArcGIS 8.2 
(ESRI, Redlands, CA). We wanted to use the actual 
topographic distance along each route instead of the 
simpler linear distance. This required knowing the 
change in slope across the study area which we 
accomplished through several steps. First, because 
the study area encompassed several DEMs, we used 
Arclnfo workstation to mosaic the DEMs together to 
form one continuous layer. We then converted this 
combined DEM into a TIN layer, which converts the 
two-dimensional DEM into a three-dimensional 
layer. We used the TIN to determine a slope value 
for every 1 Ox 1 0 meter pixel across the study area, 
and then converted the 3D slope layer from the TIN 
into a feature shapefile layer, which allowed for 
intersection with digitized routes. We used the 
Xtools extension in ArcGIS to calculate the length of 
each route that was within each slope value, and 
fmally used the cosine trigonometric function to 
convert linear distances to the actual topographic 
distance. 

Along with this topographical distance, the 
landscape variables that we used to compare with 
genetic distance were mean wetland likelihood, 
percent of each cover type along the route, elevation, 
number of streams and rivers crossed by each route, 
and whether one or both of the sites in the pairwise 
comparison contained large larval forms. The 
wetland likelihood came from a GIS layer developed 
by Chris Wright at Montana State University. We 
adjusted the wetland likelihood values to be more 
biologically meaningful for salamanders by 
subtracting each value from 100. Therefore, a high 
value in the adjusted grid would indicate lower 
wetland likelihood. We refer to this as "reverse 
wetland likelihood". To calculate a mean value for 
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reverse wetland likelihood along the route, we again 
used the intersection tool and Xtools extension of 
ArcGIS to calculate the length of each route that went 
through each of the different values of reverse 
wetland likelihood, the same method we used for the 
slope. We calculated the percent of the total route 
within each value and then multiplied the proportion 
by the reverse wetland likelihood. For example, if 
20% of a route had a reverse wetland likelihood of 
50%, we would multiply 0.2 times the wetland value 
of 50. We did this across all reverse wetland 
likelihood values and then summed the products. 
These calculations resulted in a single weighted mean 
of this variable for each route that was not dependent 
on the distance traveled. The next layer, cover type, 
was divided into I4 discrete categories, so to incorporate 
this factor into the analysis, we calculated the 
percentage of the route that lies in each category and 
used this directly, so that there are I4 cover type 
values for each route. 

The other three variables were much simpler 
to quantify. To incorporate elevation, we used the 
difference between the elevation of the two sites, 
regardless of the topography in between. For stream 
and river crossing, the variable was the number of 
times the route crossed a stream or river, based on a 
stream shapefile developed for Yellowstone. Finally, 
to account for presence of potential paedomorphic 
individuals, we assigned 0 to a route if neither site 
had large larvae, a I if one site had large larvae, and 
2 if both sites had large larvae. We included this 
variable because paedomorphic individuals cannot 
leave the breeding pond, and this might reduce gene 
flow. 

While the combination of these variables 
includes most of the probable factors that would 
influence gene flow, it also creates a large number of 
different variables to incorporate into an analysis (up 
to I9). Therefore, even though the dependent 
variables are not independent points, we ran all the 
variables in a forward stepwise multiple regression in 
SAS. This approach allowed us to exclude variables 
(P>0.5) that did not explain any of the variation in 
genetic distance. We could then take the remaining 
variables that contributed to the rand compare them 
with genetic distances using a partial Mantel test in 
FSTAT 2.9.3 (Goudet 200I). This test is a 
modification of multiple regression and accounts for 
the non-independence of points by creating a random 
distribution to use as a null distribution and test for 
significance. We used I 0,000 randomizations to 
create this distribution. This test will give the partial 
correlations for each variable after controlling for any 
variables already entered into the model. For 

example, distance and number of river crossing 
across each route are correlated. Therefore, we 
always entered distance first into the model so that 
the correlation for the river variable would reflect the 
influence of river crossings and not distance. 
Because we had multiple comparisons for each 
model, we used a sequential Bonferroni correction 
(Sokal and Rohlf 1995) to determine the appropriate 
P value based on an alpha of0.05. 

Along with the straight-line distance and 
stepping-stone paths, we also wanted to test if the 
genetic data supported an alternative hypothesis of 
salamander movement based directly on the 
independent variables of slope, wetland likelihood, 
and the combination of these two factors. However, 
because each of these is based on fine resolution 
pixels, it would be too time consuming to manually 
digitize these routes. Instead, we created least cost 
paths using Arclnfo workstation. To do this, we first 
produced cost-distance grids for each sampling site 
based on the values of each raster grid (i.e. slope, 
reverse wetland likelihood). Once we created a cost
distance surface for each variable, we were then able 
to use this surface to generate a least cost path 
between all sites for all variables. We created three 
least-cost paths between pairs of sites; two based on a 
single variable, and one with slope and wetland 
probability combined. To combine the different 
grids, we added them together in Arclnfo. This 
created a grid with the two values for each variable 
added together. We could then create a cost-distance 
surface based on this new grid, and then create the 
least cost path. 

Once we had created these least cost paths, 
we converted them from grids to line shapefiles. We 
then performed the same regression and Mantel test 
analysis as with the straight-line and stepping stone 
routes, with one exception. Because we directly 
incorporated wetland probability into the least cost 
paths, we did not use it separately in the model along 
with the topographical distance. Therefore, for the 
least cost path routes, we used topographical 
distance, elevation, river crossings, cover type, and 
presence of large larvae as independent variables. 

+ RESULTS 

Of the ponds surveyed, we were able to get 
sufficient sample sizes (> I5) at ten sites. The inter
site distances ranged from 500 meters to over 50 
kilometers and sites were as far west as Gardiner, 
Montana and as far east as the Lamar Valley (Figure 
I). We were able to use I99 individuals from the ten 



sites for my genetic analyses. For most of these 
samples, all of the microsatellite loci amplified in 
PCR. Eight of the nine loci used were polymorphic, 
and none of the eight loci showed any significant 
linkage. Furthermore, all loci were within Hardy
Weinberg expectations. All but one of the sampled 
pond populations was within Hardy-Weinberg 
equilibrium as well. The exception was Rainbow 
Lake, which had a significant heterozygote deficit. 
At this site, we found several dead large larval 
individuals, and tissue from these individuals 
contained ATV ranavirus DNA. 

Figure I. Map of study area (northern range of Yellowstone National Parle with sites represented by stars. 
Names of each sote are nearest to each star. Gardiner sites include IP, Ice, and Rainbow. The two Bunsen 
sites are labeled 2 and 3 and the two Everts si tes are labeled 2 and 4. Sites H34, H38 and Buck are the Lamar 
Valley sites. Site:' Ice, Rainbow and Buck are names appearing on topographic maps, H34 and H38 are names 
desognated by Holland Moore (1994) and !P, Bunsen and Everts sites were named by authors. 

Gene Flow and Population Differentiation 

Overall, there was high genetic 
differentiation among sites across the study area 
(Table 1 ). In fact, the only sites that were not 
significantly differentiated from one another based on 
individual genotypes were the two Bunsen sites and 
also the two Everts sites. These were the only two 
pairs of sites that were less than a kilometer away 
from each other. As would be expected based on 
these results, the Fst value (0.24) was high across the 
study site. The individual pairwise comparisons for 
each site are included in Table 1. The Fst values 
showed higher differentiation among most pairwise 
comparisons, and in general, only near neighbors had 
values that were not statistically different. The only 
non-significant genetic distance that was greater than 
10 kilometers was between the populations in Bunsen 
2 and H38. The shortest geographic distances that 
yielded significant differences in F st were 1.3 
kilometers and 1.6 kilometers, which were between 
Ice Lake and IP, and Ice Lake and Rainbow Lake, 
respectively. These Fst results are primarily in 
agreement with the population differentiation tests 
performed in FSTAT that were based on individual 
genotypes. Along with significant differentiation, 
there was a significant isolation by distance pattern 
across the study area, based on the F st data, as 
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evidenced both graphically (Figure 2) and by the 
Mantel's test (P = 0.001). 

~ 
C) 

..2 

Table t. Pairwise F.'s (below the diagonal) and probability th:u the genotypes are idendcal between sampling sites when 
all loci are combined (above the diagonal). SignitiCOUlt values arc indicated by italic.s. 

Pop Bunsen2 Bunsen) Buck Everts2 

Bunsen 2 - 0.05667 0.00111 0.00111 

Bunsen) 0.026 0.00111 0.00111 

Buck 0 .278 0.310 0 .00111 

Evens2 0.106 0.040 0 .287 

Everts4 0.105 0.011 0.359 0.010 

lee 0.313 0 .320 0.479 0.298 

IP 0.254 0.282 0.447 0.256 

H34 0. 102 0.170 0.269 0 .227 

H38 
0 .061 0 .089 0 .221 0. 141 

Rainbow 
0 .250 

0.266 0.453 0 .204 

Everts4 

0 .00111 

0 .00111 

0 .00111 

0 .60889 

lee 

0 .00111 

0.00111 

0.00111 

0.00111 

0 .00111 

lP 

0.0011 1 

0 .00111 

0.00 111 

0.00111 

0.00111 

0.313 0.00111 

0 .268 0. 176 • 
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0.00111 0 .00111 0.00111 
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Figure 2. Comparison of gene flow (M) against geographical distance. 
Gene flow estimates are based on F51 values. Both M and distance are log 
transformed. 

Bottleneck results 

Based on the program BOTTLENECK, 
there is support for recent reductions in these 
populations. Results were slightly different 
dependent on which two-phase mutation model was 
used. The model with only 5% multistep mutations 
was more conservative. With this model, five of the 
ten sites showed significant heterozygote excess after 
standard Bonferroni correction. These populations 
were Bunsen 2 (P=0.00195), Bunsen 3 (P=0.00195), 
Everts 4 (P=0.00195), IP (P=0.00195), and H34 
(P=0.00391). These same sites were also significant 
in the 10% multistep mutation model, along with an 
additional two populations including Everts 2 and Ice 
Lake, both of which had P-values of 0.00391. The 
only ponds not to show any sign of a recent 
bottleneck were Buck Lake, H38, and Rainbow Lake. 

Gene flow and environmental variables 

Overall, distance was the most consistent 
predictor variable for each of the hypothetical routes 
(Table 2) and was the only variable included in every 
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model. For the straight-line route (Figure 3), there 
were four variables included in the partial Mantel test 
based on the results of the multiple regression. These 
variables included topographical distance, elevation 
difference, open shrub habitat, and number of rivers 
and streams crossed. It should be noted that open 
shrub included fire regenemtion areas and excludes 
areas dominated by sagebrush, which was its own 
sepamte category. All four of these variables were 
significant (Table 2), with distance explaining the 
most variation. Overall, the combined model had a 
R2 of 0.828, which was the highest of any model. 
Distance and elevation were positively associated 
with F sb whereas open shrub habitats and river 
crossings (after adjustment for distance by the test) were 
negatively associated. 

Table 2. Partial Mantel test results for different hypothetical salamander gene flow routes. The a for each test was 
determined by a sequential Bonferroni correction. The statistic r represents the partial correlation. coefficient for each 
variable and the model r' is the total variance explained by the model. 

Route Mantel teat P·VI1Ut Bonrerroni valua Slgnlncance overall model ? 
Stralght•llne F 11 • distance 0.0002 0.0125 0.587 

F .. • elevation 0.0()4.1 0 .0167 0.422 

F• • open shrub 0.008 0.025 ·0.397 

F .. •,tvers 0.0096 0.05 -0.384 

stepping stone F. • dlslance 0.0003 0.0167 0.495 
Fst • dry meadow 0.0004 0.025 . -0.491 

F11 • rev. weUand 0.0305 0.05 0.325 

leastalopo path F. • distance 0.0002 0.01 0.527 
Fat • large larvae 0.0028 0.0125 0.441 

F. 'dry meadow 0.0087 0.0167 0.381 
Fst • closed fOJesl 0.1102 0.025 NS 0.24 

Fst"rlve<S 0.431 NA NS -0.121 

Wetland prob path F.c*rivers 0.0001 0.0167 -0.557 
Fst • distance 0.0002 0.025 0.542 

Fst • open shrub 0.0613 0.05 NS -0.263 

slope +wetland F11 • distance 0.0007 0.0167 0.53 
Fst'rlvOJS 0.0008 0.025 -0.49 

Fat • large larvae 0.007 0.05 0.389 

Figure 3. Map of direct route among sampling sites. Red lines indicate route and blue lines represent rivers and 
streams. Green areas on the map indicate areas with the open shrub/ fire regenemtion cover 
type. Background is a shaded relief map of the study area. 

Figure 4. Map of stepping stone route among sampling sites. Red lines indicate route and blue lines represent rivers 
and streams. Green areas on the map indicate areas with the open shrub/ fire regeneration cover type. Background 
is a shaded relief map of the study area. 

0.828 

0.603 

0.69 

0.873 

0.672 



The partial Mantel test based on a stepping 
stone route (Figure 4) included three variables in the 
model: topographical distance, dry meadow, and 
wetland likelihood. All of these variables were 
significant, with distance again explaining the most 
variation (Table 1). However, in this model, dry 
meadow and wetland likelihood were the significant 
predictors, with both being positively correlated with 
gene flow. This model only explained about 60% of 
the variance, which was much lower than that of the 
straight-line model. 

The three least-cost paths generated in 
Arclnfo did appear to be better models than the 
stepping-stone approach, but still did not compare 
favorably to the straight-line model. Of the three, the 
least cost path (Figure 5) based on slope produced the 
highest r2 (0.69). This model, like the previous two, 
had distance as the most significant predictor of gene 
flow, with the presence of large larvae and dry 
meadow also being significant negative predictors of 
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gene flow (Table 2). The latter result contrasts 
directly with the stepping stone model, which 
indicated dry meadows increase the rate of gene flow. 
This model also included closed forest habitat and 
rivers, but neither was significant. However, despite 
this lack of significance, removal of these two 
variables reduced the total rz by about 0.2, so we kept 
them in the model. 

The route that was based on wetland 
likelihood (Figure 6) was the only one that did not 
have distance as the most significant predictor ofF sb 

although distance was a highly significant predictor. 
Instead, river crossings explained the highest amount 
of variance in the model. Open shrub was also 
included in this model, although it was not quite 
significant, but it explained enough of the variance 
that it warranted inclusion in the model. As in the 
straight-line model, both river crossings and open 
shrub were positively associated with increased gene 
flow and distance was negatively associated. 

Figure 5. Map of least-cost path based on slope. Red lines indicate route and. blue lines represent rivers ~d 
streams. Green areas on the map indicate areas with the open shrub/ fire regeneration cover type. Background IS a 
shaded relief map of the study area 

Finally, the model based on the least cost 
path of both slope and wetland likelihood (Figure 7) 
accounted for the same amount of variance as the 
wetland likelihood model (0.67; Table 2). This was 
the only model that did not include a habitat type 
variable. Instead, distance, river crossings, and 
presence of large larvae all contributed significantly 
to the model. Again, distance and presence of large 
larvae or paedomorphic individuals increased Fst, 

whereas river crossings decreased it. 

+ DISCUSSION 
Overall, it appears that tiger salamanders 

across the northern range of Yellowstone are 
characterized by relatively low gene flow and high 
differentiation among sites. These results are 
consistent with an animal that has low vagility and a 
specific breeding center. The gene flow documented 
in this study is lower than most pond breeding 
amphibian studies (Newman and Squire 2001, Garner 
et al. 2003). There is good evidence for strong 
differentiation at a distance as fine as one kilometer, 
although this may be confounded by the more arid 
environmental conditions around the Gardiner sites. 
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Figure 6. Map of least-cost path based on reverse wetland likelihood. Red lines indicate route and blue lines 
represent rivers and streams. Green areas on the map indicate areas with the open shrub/ fire regeneration cover 
type. Background is a shaded relief map of the study area. 

Figure 7. Map of least-cost path based on slope and reverse wetland likelihood. Red lines indicate route and 
blue lines represent rivers and streams. Green areas on the map indicate areas with the open shrub/ fire 
regeneration cover type. Background is a shaded relief map of the study area. 

While there was overall isolation by 
distance across the northern range, there were some 
gene flow values that were both lower and higher 
than what would be expected by distance alone. 
Gene flow among the Gardiner sites and between 
H34 and H38 was lower than would be expected 
based on the close proximity of the sites to each 
other. All of these sites are surrounded by land that 
is characterized by an open sagebrush habitat 
Numerous studies have shown that salamanders of 
the genus Ambystoma tend to avoid open habitats 
(Madison and Farrand 1998, deMaynadier and 
Hunter 1999, Rothennel and Semlitsch 2002). 

Sagebrush habitats also tend to be drier 
than other types of habitat within the park 

Combined, these two factors could be a potential 
explanation for the low gene flow in this area. 
However, this hypothesis needs to be more 
rigorously tested before this conclusion can be 
made. The Gardiner sites are also characterized by 
the presence of large larvae, which may be either 
paedomorphic individuals or larvae overwintering. 
Based on Hill's results (1995), it is probable that 
some of these individuals are paedomorphic. 
Intuitively, it would seem that the presence of 
paedomorphic individuals would constrain gene 
flow due to the limited dispersal ability of these 
individuals. Interestingly, Routman (1993) found 
that there was no significant difference in gene 
flow between sites that had paedomorphic 
salamanders and between those sites that had 



transforming adults. While it is unclear exactly 
what the effect of paedomorphism is in this area, 
the F st value is higher on average between the 
Gardiner sites than between H34 and H38. This 
provides some support for paedomorphism 
decreasing gene flow, but this also needs further 
testing. 

The gene flow results that were higher 
than expected involved the salamanders at the 
Bunsen sites. Specifically, Bunsen 3 showed high 
gene flow between both the Everts sites and 
Bunsen 2 showed relatively high gene flow with 
H38. The H38 result is peculiar because the 
distance between the two ponds is over 3 5 
kilometers. Therefore, this result is likely due to either 
historical associations or homoplasy. Given the 
high differentiation across the area, the cause is 
probably not historical associations, but rather 
homoplasy. The more fascinating comparison is 
between Bunsen 3 and the Everts ponds. These 
sites are separated by about nine kilometers. This 
is certainly far longer than any documented one
way tiger salamander movement, but it may be 
possible to have gene flow between these sites over 
several generations using intermediate ponds as 
"stepping stones". Additionally, the Gardner River 
runs nearby both these sites and could form at least 
a one-way connection with salamanders traveling 
from Bunsen to Mt. Everts. It is unknown whether 
either of these hypothetical scenarios is likely. It is 
doubtful that the Gardner River is a connection 
considering that a small stream directly connects 
Ice Lake and Rainbow Lake, two sites that appear 
to be differentiated. Even if current gene flow is not 
occurring, the high gene flow values suggest that the 
same large population of salamanders colonized 
the Bunsen and Everts sites. 

Not only does it seem that tiger 
salamanders are relatively isolated across the study 
area, it also appears that they have undergone 
population reductions in several sites across the 
northern range. BOTTLENECK detected significant 
heterzygote excesses, characteristic of population 
reductions, in 5-7 of the sites, depending on the 
mutation model used. These sites spanned most of 
the study area, and only the large ponds did not 
have such a reduction. The fact that only large 
ponds did not show bottlenecks indicates that drier 
conditions in recent years may have reduced 
populations. For example, during the early 1990s in 
the Slough Creek/Lamar River area, Hill and 
Moore (1994) found numerous ponds with tiger 
salamanders. These ponds were also within close 
proximity of each other. In the two years (2002-03) 
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that we surveyed this area, most of these wetlands 
were dry or at very low levels that dried before any 
successful metamorphosis could take place. This 
reduces breeding success and might certainly lead 
to population reductions, especially if the salamanders 
have a metapopulation structure and rely on 
recruitment from more than one pond. This would 
explain the reduction in H34, which is in the 
Slough Creek area There is no baseline data 
available for the Everts and Bunsen area, but 
especially in the Bunsen area, the wetlands 
appeared significantly reduced in size from what 
they would be in a wet year. 

Another possible explanation for the 
population reduction is that disease has reduced 
populations in this area. We confmned ranavirus 
in specimens from Rainbow Lake and also from 
Slide Lake, a pond between Mammoth and 
Gardiner, which were not included in this study 
due to small sample size. Salamanders were 
abundant at this site in the early 1990s (C. 
Peterson, personal communication), so disease may 
have affected that population. However, Rainbow 
Lake did not have significant heterozygote excess. 
Instead, it had a significant heterozygote deficit 
and was not in Hardy-Weinberg equilibrium. If 
this is due to disease, then this deficit could occur 
if disease had reduced the population so that the 
remaining survivors started to interbreed. This 
scenario requires that disease has been present in 
the population for some time, which may or may 
not be the case, as Rainbow Lake has never been 
regularly sampled. As far as the other populations 
that showed a bottleneck are concerned, there is no 
evidence that disease has contributed to these 
presumed declines. The only other confirmed 
ranavirus cases in tiger salamanders in the northern 
range were found at Rainey Lake, which is near 
Tower Junction and about five kilometers from the 
Slough Creek area. We did not survey this site 
because it was too shallow and drying. However, 
other than this site, there has not been suspected 
ranavirus cases near any of the other sites sampled 
in this area. Therefore, we would conclude that 
drought conditions and drying ponds are causing 
the population reductions in my sample sites. 

Landscape effects on gene flow 

The strong performance of the straight-line 
path was an unexpected result of this study. Based 
on the metapopulation potential for these organisms 
(Marsh and Trenham 2001, Semlitsch 2003b), a 
stepping-stone model would be anticipated. 
Similarly, wetland likelihood should affect the gene 
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flow of an amphibian, and it has been shown that 
slope (specifically ridges) can serve as deterrents to 
gene flow (Funk 2004). While these other models 
still explained a great deal of the variation in the 
genetic data ( 60-70% ), they did not come close to 
the straight-line model (83%). There are several 
possible explanations for this. The first, and 
simplest, is that the salamanders are moving in a 
relatively straight line. We have located tiger 
salamanders on steep slopes when an easier path 
from the pond was not far away. Even if the 
salamanders tend to move in a straight line, it is 
still unlikely that there could be direct gene flow 
between sites several kilometers away, which is 
longer than these salamanders could be expected to 
move in a single trip. The main problem with the 
stepping stone model may have been that there are 
sites that salamanders use that have not been 
identified and therefore were not included. 
However, the northern range of the park has been 
extensively surveyed for amphibians in the past ten 
years, reducing the possibility of missed sites. 
Another problem is that many of the sites used in 
the stepping stone model may be unsuitable for 
salamander use due to drought and disease. 
Several of the sites where salamanders have been 
observed were dry in 2002 and 2003. Additionally, 
two of the sites included as stepping stones have 
had recent disease outbreaks, and are believed to 
have declining populations (Patla and Peterson 
2004). Given that there has been one empirical 
study on a tiger salamander species that showed 
high movement between suitable ponds 
(Ambystoma californiense; Trenham et al. 2001), 
the lack of a stepping stone pattern suggests that 
these populations are becoming more and more 
isolated. 

The factors that were significant 
predictors of gene flow include distance, elevation, 
river and stream crossings, open shrub habitat, dry 
meadow habitat and large larvae. The correlations 
of these variables were similar across the different 
models, with the one exception of dry meadow 
habitat, which was a positive predictor of gene 
flow in the stepping stone model and a negative 
predictor in the least slope model. Dry meadow 
should be expected to decrease gene flow. In fact, 
there has been no study to our knowledge that has 
concluded that dry meadow habitat would increase 
salamander movement. The fact that this was a 
positive predictor is another reason to doubt the 
validity of the stepping stone model. 

While we expected distance to decrease 
gene flow, we did not expect open shrub and river 

crossings to increase it. Open shrub areas will 
have less cover and rivers and streams with fish 
were hypothesized barriers. Despite less overall 
cover, however, the shrubs could provide sufficient 
cover to allow for movement in a small animal like 
a salamander. One encouraging aspect of this 
result is that the open shrub habitat category 
included fire regeneration areas. Therefore, 
recently burned areas may not be a hindrance to 
movement. In addition, open areas may provide 
more space for more mammal burrows, which are 
an important habitat feature for tiger salamanders. 

The effect of rivers and streams on gene flow 
could be due to the ongoing drought in the area. If 
isolated pond sites are becoming dry, then 
individuals that travel near riverine systems may be 
less likely to desiccate. This would certainly leave 
them more vulnerable to fish predation and it is 
unlikely that salamanders use the actual streams, 
but many of these areas have small pools adjacent 
to the stream that can provide habitat, and possibly 
a breeding area. 

Finally, the tendency for elevation and 
presence of large larvae to decrease gene flow 
appears to be due primarily to the Gardiner sites, 
which are at the lowest elevation and the only 
sampled sites with paedomorphic individuals. It is 
difficult to say if either of these two variables are 
the primary reason for the strong differentiation of 
individuals at these sites. However, based on the 
straight-line model, it appears the large elevation 
difference has separated these three sites from all 
other sites, and the absence of open shrub among 
the three sites accounts for the high F st values 
between these sites. This explanation would also be in 
agreement with Routman's (1993) finding that the 
presence of paedomorphosis does not increase 
differentiation. 

Overall, this study is consistent with the 
Funk (2004) hypothesis that mountain ridges are 
strong deterrents to amphibian gene flow based on 
the apparent genetic isolation of the low elevation 
Gardiner sites. However, the low F st between the 
Bunsen and Everts sites, which have two major 
mountain ridges between them, counters this 
hypothesis. This study does not support previous 
work on other amphibians that showed that rivers 
are barriers and is the first study to indicate that an 
open shrub and fire regeneration habitat might be 
favorable to Tiger Salamanders. 



Conclusions and Conservation Implications 

The low gene flow and apparent recent 
reduction in numbers of salamanders across the 
study area indicate that these subpopulations are 
becoming isolated and that declines are occurring 
across the area. This combination would decrease 
the likelihood that individual sites that go locally 
extinct would be "rescued" by adjacent 
populations. However, it appears that the presence 
of rivers and open shrub/fire regeneration habitats 
might counteract this isolation. It may be that the 
downfall from burned areas may provide substrate 
cover for this species. This could be especially 
important for areas that have lower density of small 
mammal burrows. The idea that fire improves tiger 
salamander gene flow is intriguing and deserves 
further investigation. 

The lack of baseline genetic data make it 
impossible to state for certain that these 
populations are at immediate risk. These 
populations may have always had low gene flow, 
and recent reductions may be part of normal 
population fluctuations, which has been 
documented for amphibians (Semlitsch et al. 
1996). However these results should provide 
warning that even though the Tiger Salamander has 
been considered stable across the northern range 
(Koch and Peterson 1995), this may not be the case. 
Future work in this area should focus on determining 
salamander abundance at sites from year to year, 
and also monitoring known breeding sites for signs 
of successful breeding and disease. 
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+ BACKGROUND 

Our studies following the 1988 Yellowstone 
fires demonstrated that succession was surprisingly 
more variable in space and time than even current 
theory would have suggested, and that initial spatial 
patterns of disturbance may persist to produce long
lasting changes in vegetation. Our focus now is on 
explaining the spatial and temporal patterns of 
succession and understanding how these patterns 
influence ecosystem function. The most interesting 
new questions revolve around the degree to which the 
spatial variation in postfire vegetation in particular, 
the six orders of magnitude variation in pine sapling 
density, ranging from 0 to greater than 500,000 
saplings/ha controls the spatial variability in 
ecosystem processes across the landscape. In our 
current research, we are conducting studies in both 
Grand Teton and Yellowstone National Parks to 
answer four major questions: 

1. Does the spatial heterogeneity of 
processes such as ANPP, nitrogen mineralization, 
and decomposition change with time since fire? How 
quickly do spatial patterns in processes develop 
following a large fire? 

2. How does the spatial pattern of coarse 
woody debris vary across the post-1988 landscape, 
and what is the importance of this variation for 
ecosystem function? Are patterns of coarse woody 
debris abundance related to both prefrre stand 
structure and postflre sapling density? 

3. Do the enormous differences in postfire 
tree density produce differences in carbon and 
nitrogen availability across the landscape? Or, is 
nutrient availability governed largely by broad-scale 
(i.e., 10 s of km) abiotic gradients (e.g., climate, 
substrate) and/or fme-scale (i.e., less than 10 em) 
heterogeneity in resources or the microbial 
community, such that nutrient variability is not 
sensitive to the spatial variation in plant community 
structure? 

4. Does the disturbance-created mosaic 
leave a persistent functional legacy? What 
mechanisms in vegetation development may 
contribute to convergence (or divergence) in 
ecosystem structure and function across the 
landscape as succession proceeds? 



+ FINDINGS AND STATUS 

Studies in Grand Teton National Park 

Question 1: We initiated field studies during summer 
of 2001 in ten 0.25-ha plots located within two fires 
that occurred during the summer of 2000: the Moran 
Fire, on the west side of Jackson Lake at the base of 
Mount Moran; and the Glade Fire, in the Rockefeller 
Parkway lands just south of the boundary of 
Yellowstone National Park. Within each of these fire 
sites, five study plots were established in areas of 
stand-replacing fire, three in crown fire and two in 
severe-surface burns. We are studying the 
development of postfire vegetation, sampling the 
number and species of tree seedlings and the percent 
cover (by species) of all other vegetation; the 
availability of inorganic nitrogen using ion-exchange 
resin that is incubated in the field for a year in small 
soil cores; the concentration of nitrogen in the 
vegetation of different species in the burned plots and 
adjacent unburned locations; and the presence and 
abundance of soil microbial functional groups. We 
are using a cyclic sampling design derived from 
spatial statistics and designed to detect the spatial 
scale of variation in nutrient availability, and we are 
remeasuring these sites through successional time. 
We will estimate herbaceous aboveground net 
primary production and leaf area in these recently 
burned stands because we expect the rate of recovery 
of these processes to influence nitrogen and carbon 
availability. Changes in spatial patterns and in mean 
rates of all response variables are being tracked 
through time by repeating the measurements through 
2004. 

Although not as extensive as the 1988 fires, 
the 2000 fires created a spatial mosaic of variable fire 
severity, similar to 1988. Vegetation patterns after 
the 2000 fires were mostly similar to those after 
1988. Pine seedlings established primarily in the first 
2 years post-fire; densities were > 3X greater in 
stands of severe surface fire than in stands of crown 
fire, and up to 1 OX greater in the site with higher 
cone serotiny (30% vs 5% serotinous trees). Total 
biotic cover was uniformly low in year 1 ( < 5%) but 
increased to 23-44% by year three, and was 
consistently higher (but slightly so) in stands of 
severe surface burn than in stands of crown fire. 
Species richness also was slightly greater in stands of 
severe surface bum, and richness increased only 
slightly after year 1. The greatest difference after 
2000 vs. 1988 was in absolute densities of pine 
seedlings, which were an order of magnitude lower 
after the 2000 fires than after the 1988 fires. The 
reason may be drier conditions after 2000. Moisture 
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in the first winter after 2000 was only half that after 
1988, and mean winter moisture in the first three 
years after 2000 was only 85% of that after 1988. 

Thus far, we have observed little spatial 
structure in the nitrogen mineralization rates, as 
hypothesized. Vegetation patterns are generally 
similar to early succession following the 1988 fires, 
although the density of lodgepole pine saplings is 
considerably lower. During 2003, we resampled all 
ten plots located in the Glade and Moran fires. Initial 
processing of samples was completed in the field, but 
extensive laboratory analyses are currently in 
progress at the University of Wisconsin-Madison. 
Initial results indicate that, among stands, net nitrate 
availability averaged 14.9 mg N * kg soil-1 * yr-1 in 
2002 and increased to 27.7 mg N * kg soil-1 * yr-1 in 
2003. Variation in nitrate availability was explained 
by percent cover of charred litter, coarse woody 
debris, and graminoids (r2 

= 0.82). Ammonium 
availability ranged from -30.7 to 22.2 mg N * kg 
soil-1 * yr-1 in 2002, did not differ between years, and 
its variation was not explained by measurements of 
aboveground cover. Fine-scale variation in net N 
mineralization following stand-replacing fire may 
reflect heterogeneity of substrates and microbial 
communities in the soil, although feedbacks between 
vegetation and net N mineralization may develop as 
succession proceeds. 

Under direction of two postdoctoral 
associates (Drs. Erica Smithwick and Kristine 
Metzger), stable isotope uptake studies to determine 
whether different plant species were taking up 
inorganic nitrogen, organic nitrogen, or both were 
continued in the Huckleberry Ridge area burned in 
1988 and adjacent unburned forest. These samples 
are also presently being analyzed. Initial results 
obtained from samples collected in 2002 provide 
evidence that young (2-yr old) post-fire lodgepole 
pine seedlings can take up organic nitrogen in its 
intact form. In 2003, nitrogen uptake was measured 
using stable isotope uptake in a stand burned during 
the 1988 fires and in unburned forest about 170 years 
of age near the Glade Fire. 

In 2003, we also initiated a small 
fertilization study in the Glade Fire in which replicate 
plants of several target species received a modest 
fertilizer amendment. Plant growth will be measured 
during summers of 2004 and 2005 to determine 
whether there was a response to the treatment. 
Although nitrogen is considered to be limiting to 
vegetation growth throughout the subalpine forests of 
the Rocky Mountains, studies have not empirically 
demonstrated this limitation in early successional 
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postfire forests. 

Studies in Yellowstone National Park 

During the summer of 2003, our field 
studies focused on questions associated with the 
ecological role of postfrre coarse woody debris and 
with convergence or divergence in ecosystem 
structure and function through time. 

Question 1. Fires again burned in the Yellowstone 
ecosystem during summer of 2003. Previously, all of 
our measurements of nutrient cycling were begun at 
least one year following fire. To estimate net 
nitrogen mineralization rates soon after stand 
replacing frre,we initiated studies of nitrogen 
mineralization rates and vegetation in areas that 
burned during the summer of 2003 in September. 
Three 0.25-ha plots were established in the East Fire 
(near the East Entrance Road in Yellowstone) and 
were paired with comparable unburned plots located 
east of West Thumb. These areas will be re-sampled 
during summer 2004. 

Question 2. We initiated studies in 2002 of the 
influence of postfire coarse woody debris on soil 
nutrient dynamics and decomposition in three 
locations burned in the 1988 fires under the 
leadership of co-PI Dr. Daniel B. Tinker and 
postdoctoral associate Dr. Kristine Metzger. At each 
site, we collected soil samples from positions located 
under trees that have fallen since the 1988 fires, 
under wood that was down prior to the 1988 frres, 
under lodgepole pine saplings, and out in the open. The 
effect of coarse woody debris on nitrogen availability 
was measured using 1-yr incubations of ion exchange 
resin placed in soil cores at each site during summer 
2002. Cores were removed during summer 2003, and 
integrated measure of nitrate and ammonium 
production will be obtained for a yearly time step. In 
addition, we are characterizing the microbial 
community composition of the soil, enzyme activity 
levels, and gross nitrogen mineralization in the 
laboratory. 

Decomposition studies were also initiated in 
2002 by placing litterbags containing herbaceous 
litter or conifer litter in each of the positions 
described above. These decomposition studies are 
continuing for two years. Half the bags were 
retrieved during summer 2003, and the remainder 
will be collected during summer 2004; this study will 
form the basis of a MS thesis for Alysa Remsburg, 
student at University of Wisconsin. In addition to 
obtaining mass loss estimates, the microfauna 
associated with decomposition are being quantified 

from the litterbags retrieved in 2003. Monitoring of 
microclimate conditions as they vary with treatment is 
also continuing at all sites. Litter mass loss from 
2002-2003 indicated that decomposition rates were 
significantly lower under post-1988 suspended logs 
(mean mass loss 6.8% for needles; 27.1% for 
herbaceous litter) than at all other microsites (mean 
mass loss ranged from 12.7-16.1% for needles and 
from 33.2-40.3% for herbaceous litter). Following 
Tullgren funnel extractions from litterbags, 
microarthropod density and diversity were higher 
beneath recent and decayed logs contacting the 
ground than at other microsite conditions. Observed 
differences beneath CWD on the ground and CWD 
suspended in piles of multiple logs suggest that 
disturbance size and type can influence ecosystem 
processes by altering CWD accumulation patterns. 

Initial results also suggest some within-stand 
variation in nitrogen cycling rates. In situ net N 
mineralization in the exposed mineral soil was almost 
twice as high (15.7 mg*Kgsoir1*yr-I, SE ± 2.4) and 
significantly different than all other treatments (p < 
0.0001) yet the lab (gross) N mineralization was not 
different among treatments or by site. Lipid 
abundance (phospholipid fatty acid analysis) varied 
slightly by site (R2 = 0.08, p = 0.03) but was not 
significantly different among treatments. Non-metric 
multi-dimensional scaling, a common ordination 
technique, showed the microbial community 
composition was different among treatments (2-axis 
cumulative R2 

= 0.65) as was the enzymatic activities 
(2-axis cumulative R2 

= 0.96). Additionally, specific 
enzyme activities were correlated with lipids 
indicating a connection between the microbial 
composition and enzymatic activity. Fire-generated 
forest structure can create broad-scale heterogeneity 
across the landscape but also introduces fine-scale 
variation in ecosystem processing. 

To explain and predict variation in the rates 
of treefall and abundance of postfrre coarse woody 
debris, extensive sampling was begun during summer 
2002 to quantify downed wood throughout the area 
burned by the 1988 frres. This sampling was 
continued during summer 2003, and the combination 
of the intensive process-based measurements with the 
broad-scale analysis of coarse woody debris will 
enhance understanding of these effects at landscape 
scales. This study is the basis of a MS thesis for 
Heather Lyons, student at Colorado State University, 
which should be completed during 2004. Alysa 
Remsburg also placed litterbags in 20 stands, all 
burned in 1988 but varying in their abundance of 
coarse woody debris, to determine whether there 
were stand-level effects of the postfire treefall on 



decomposition. These will also be retrieved in 2004. 

Question 3. During sununer 2003, were-sampled 16 
0.25-ha plots within the 1988 burn from a larger 
sample of 90 plots that were sampled during sununer 
1999. Our goals were to re-estimate aboveground net 
primary production and leaf area and to characterize 
gross nitrogen mineralization and microbial 
community composition in the soil, to determine 
whether there is a detectable effect of lodgepole pine 
density. In addition, we sampled the abundance of 
cones on the lodgepole pine saplings in each of the 
stands, and also harvested some of the 15-yr old pine 
saplings to test the allometric relationships used to 
predict ANPP and leaf area. Initial analyses indicated 
that the allometric relationships developed in 1999 
still hold well for lodgepole pine saplings in 2003. 
Aboveground net primary production has continued 
to increase in many of the stands. 

Question 4. Field sampling to address this question 
was conducted during summer 2002; this study was 
led by postdoctoral associate Dr. Erica A. H. 
Smithwick. Soils and vegetation were analyzed in 20 
lodgepole pine (Pinus contorta) forest stands, varying 
in age from 50 to 350 years, that had initiated 
following stand-replacing fire. Our goal was to 
determine how nitrogen availability (NH/-N) and 
microbial community composition varied with stand 
age-class and to determine whether differences could 
be explained by canopy, soil, or understory 
characteristics. Gross NH4 + mineralization was 
measured using laboratory isotopic pool dilution and 
microbial community composition was evaluated 
using microbial membrane lipids. The microbial 
community composition of stands in the 300-350 age 
class was distinct from stands in younger age classes. 
Microbial conununity composition among sites 
varied with pH, % organic matter, and phosphorus. 
Gross NH/ mineralization rates averaged 1.45 ± 0.07 
mg NH/ kg soil-1 d-1 while consumption averaged 
1.37 ± 0.20 mg NH/ kg soir1 d- 1

, resulting in low net 
NH/ mineralization rates (0.08 ± 0.18 mg NH/ kg 
soir1 d- 1

), but rates were not significantly different 
with stand age-class at p<0.05. At p<O.lO, net NH/ 
mineralization was significantly higher in the 300-
350 age class compared to the 125-175 age class. 
None of the measured variables significantly 
explained NH4 + consumption and net mineralization 
patterns. However, gross NH4+ mineralization rates 
were best explained by information on microbial 
community structure (i.e., lipids). Variation among 
stands within a given age-classes was high, indicating 
that predictions of N cycling across landscapes must 
account for substantial heterogeneity among mature 
stands. 
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+ BACKGROUND AND 

INTRODUCTION 

The National Park Service (NPS) is undertaking a 
nationwide effort to inventory and monitor the 
biological resources within its management areas. 
Recognizing the need for a cross-boundary, 
ecosystem approach to natural resource management, 
the system of national parks has been grouped into 
Cooperative Ecosystem Units to facilitate inventory, 
monitoring, and subsequent management decisions in 
ecologically meaningful areas. The Greater 
Yellowstone Network (GYN) includes Yellowstone 
and Grand Teton National Parks (YNP and GTNP) 
and Bighorn Canyon National Recreation Area 
(BICA). A combined effort of biologists from these 
parks and regional wildlife experts resulted in the 
recent release of a study plan for the GYN inventory 
and monitoring efforts (NPS, 2000). This document 
identified significant gaps in information on the 
species richness, abundance, and distribution of bat 
species within all GYN parks and terrestrial 
mammals in BICA. They have therefore proposed 
that the NPS conduct a comprehensive inventory of bats 
throughout GYN and terrestrial mammals in BICA to 
establish a benchmark for future monitoring efforts 
and management actions. The specific goals of these 
inventory efforts, as stated in the GYN Study Plan 
(NPS, 2000), are as follows: 

1. To document, through existing, 
verifiable data and targeted field 
investigations, the occurrence of at least 
90 percent of the species of vertebrates 
and vascular plants currently expected 

to occur in Bighorn Canyon National 
Recreation Area, Grand Teton National 
Park, and Yellowstone National Park. 

2. To describe the distribution and relative 
abundance of species of special 
concern, such as threatened and 
endangered species, non-native species, 
and other species of special 
management interest occurring within 
park boundaries. 

3. To provide the baseline information 
needed to develop a general monitoring 
strategy and design that can be 
implemented by parks once inventories 
have been completed, tailored to 
specific park threats and resource 
issues. 

4. To make information easily available to 
park managers, resource managers, 
scientists, and the public. 

The studies discussed in this document are 
designed to generate a comprehensive inventory of 
bats in all three major GYN parks and of terrestrial 
mammals in BICA. Our main objective, as suggested 
above, is to document 90 percent of the species in 
these taxa that actually occur in these parks. 
Attainment of this objective is largely a result of the 
survey effort expended on these projects and is 
therefore directly related to the amount of time and 
money spent. There are many species in each 
inventory that will be easy to document (e.g., little 
brown bats). As species become more rare they will 
become harder to document and therefore more 
expensive (e.g., spotted bats). Therefore, (as a 
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hypothetical example) documenting the first 70 
percent of species may be straight forward, but the 
remaining 20 percent will be fare more difficult and 
time consuming. There is also a fme line defining 
when a species is rare versus so unlikely to occur in 
the area that it is not worth surveying (e.g., lynx in 
BICA). 

+ METHODS 

Methods: Bats 

We frrst identified and compiled all 
geographically referenced electronic data on features 
that might be useful in identifying important areas of 
bat use within and near the parks. We used this data 
to construct habitat suitability models identifying 
critical bat habitat for GTNP and YNP (priority areas 
were already identified for BICA and therefore no 
model was developed for the recreation area; Keinath 
2001). These models incorporated wetland 
distribution, vegetative landcover, bedrock geology, 
elevation, and topographic relieve (slope and aspect), 
as outlined in Figure 1. Models were generated as 
raster coverages in a Geographic Information System 
(GIS) with 100 meter resolution. Six coverages were 
generated, one for each of the main components 
noted above. Each 100 meter cell in the park units 
was scored for each of these coverages and then a 
final habitat score was calculated for each cell by 
additively combining the six components (Figure 1 ). 

Figures and Tables 

Figure 1. Diagram of habitat suitability algoritby. 
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For instance, one of the 6 coverages was 
based on wetlands as classified by the National 
Wetlands Inventory (NWI). Each wetland type was 
given a "type score" of 0 - 3 based on its suitability 
for use by bats as foraging and drinking habitat, 
where a score of 0 meant it was never used and a 
score of 3 meant it was preferred. A given cell was 
assigned a type score based on the wetland that it 
contained. Since proximity of a cell to other wetland 
areas also increases suitability, the same cell was also 
given a distance score, where low, unsuitable values 
(e.g. 0) represented long distances to other wetlands, 
and high, suitable scores (e.g., 3) represented 
proximity to other wetlands. The type and distance 
score for each cell was then weighted and combined 
into a single NWI coverage whose total range of 
scores was still 0-3 (e.g., NWI score= 0.7*type 
score+ 0.3*distance score). A similar process was 
followed for each of the other main components, 
resulting in five additional values for the given cell (i.e., 
HAB, GEO, EL V, CLF, and ASP), each having a 
score of 0 - 3. The six values of each cell were 
added, weighting the most important components 
(wetlands and landcover) slightly more than the rest. 
This resulted in a final coverage in which each cell had 
a cumulative value of 0 - 22.5, where higher valued 
cells were relatively more suitable for fmding bats 
via mist netting and acoustic monitoring activities 
than lower valued cells. 

This information was used in concert with 
input from park biologists to identify specific 
inventory sites. Sites were prioritized based on 
several factors including: 1. their likelihood of being 
used by bats, 2. the relative diversity of species likely 
to be present, 3. accessibility issues, and 4. their 
contribution to achieving a geographically inclusive 
sample from each park. Our goal was to make the 
most of our limited time in the parks, so we wanted 
to insure that sufficiently diverse habitat was sampled 
to capture all suspected species of bats. The ultimate 
goal of this phase was to generate an inventory site 
list to be surveyed repeatedly over the following two 
summers using the field methods noted below. 

Depending on the nature of each site and the 
bat species expected, we used a variety of survey 
methods including, actively and passively operated 
acoustic bat detectors, mist nets, and harp traps. Bat 
detectors were used to determine the relative level of 
bat activity at each site and to preliminarily identify 
species based on characteristic vocalizations. We 
then employed mist nets and harp traps at potential 
roosting, foraging, and transit areas to capture, 
identify, and photograph the various bat species. 
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Table 1: Target list. Terrestrial mammals not previously documented by NPS but possibly occurring in BICA based on range maps, habitat 
relationships, and existing observations. Species in bold are those documented in BICA as a result of field work during 2003. 

Species Expected Literature Source Inventory Notes Surveyed in 
Presence* 2003 

Black-tailed prairie dog (Cynomys p Anderson et a!. 1984 Visual survey for towns. Yes 
ludovicianus) 
Thirteen-lined ground squirrel p Anderson et a!. 1984 Visual survey for burrows and Partial 
(Spermophilus tridecemlineatus) small mammal traps. 
White-tailed prairie dog (Cynomys p Anderson et a!. 1984 Visual survey for towns. Yes 
leucurus) 
Swift fox (Vulpes velox) U (A) Anderson et a!. 1984 Labor-intensive. Cameras, traps, Partial 

night spotting. 
Northern flying squirrel (Glaucomys HU Anderson et a!. 1984 Difficult to survey. Nest boxes. Partial 
sabrinus) 
Northern Pocket Gopher (Thornonys p ? (no source given) Gopher traps. No 
talpoides) 
Southern red-backed vole u Anderson et a!. 1984 Small mammal traps. Yes 
(Clethrionomys gapperi) 
Water vole (Microtus richardsonii) u Anderson et a!. 1984 Small mammal traps. Yes 
White-footed mouse (Peromyscus p Clarl< and Stromburg 1987 Small mammal traps. Yes 
leucopus) 
American Marten (Martes americanna) U(A) Anderson et a!. 1984 Labor-intensive. Cameras, track No 

plates, snow tracking. 
Ermine (Mustella ermina) u Anderson et a!. 1984 Difficult to survey. Small mammal Partial 

traps and cameras. 
River otter (Lutra Canadensis) u Anderson et a!. 1984 Riparian track surveys. Yes 
Western spotted skunk (Spilogale p Clark and Strp,birg 1997 Visual surveys. Partial 
gracilis) 
Moose (Alces alces) HU(A) ? (no source given) Visual surveys and snow tracking. No 
Fox squirrel (Sciurus nif!er) p Anderson et a!. 1984 Visual surveys. Yes 
Yellow-bellied marmot (Marmota p Anderson et a!. 1984 Visual surveys. Partial 
flaviventris) 
Yellow-pine chipmunk (Tamias u Patterson 1984 Small mammal traps. Yes 
amoenus) 
Dusky shrew (Sorx monticolus) p Clark and Strornburg 1987 Small mammal traps. Partial 
Dwarf shrew (Sorex nanus) p Anderson et a!. 1984 Small mammal traps. Partial 
House mouse (Mus musculus) p Anderson et al. 1984 Smull mammal traps. Yes 
Meadow vole (Microtus p Anderson et a!. 1984 Small mammal traps. Yes 
pennsylvanicus) 
Northern water shrew (Sorex palustris) p Anderson et a!. 1984 Small mammal traps. Partial 
Sagebrush vole (Lemmiscus curtatus) p Clark and Strornburg 1987 Small mammal traps. Partial 
Lynx (Lynx canadensis) HU(A) Anderson et a!. 1984 Labor-intensive. Cameras and snow No 

tracking. 
Vagrant shrew (Sorex vaf!rans) u Patterson 1985 Small mammal traps. Partial 

All survey sites were located via GPS, bats 
were identified to species, their age and sex were 
determined, photographs were taken to document 
species occurrence, and the number of individuals 
captured was documented. No additional data was 
required by park service staff. 

occur in BICA that were not listed in NP Species, 
which yields a total of 25 species not documented by 
NPS, but possibly occurring in BICA based on range 
maps, habitat relationships, and existing observations 
(Table 1). 

Methods: BICA Mammals 

We reviewed an NP Species report from the 
GYN Inventory Coordinator that listed which species 
have been documented as occurring in BICA (Lane 
Cameron, pers. comm.). Of the 58 species recorded in 
the NP Species database, 3 7 were listed as present in 
the recreation area based on past studies (i.e., 
Anderson et al.). This leaves 21 species that might 
occur in BICA but which have not been formally 
documented. We feel that 4 additional species could 

The most effective way to fmd any given 
species is to conduct intensive, targeted surveys for that 
species. However, given that the NPS does not have 
sufficient funds to conduct targeted surveys for each 
species listed in Table 1, our goal is to document as 
many species as possible using similar techniques, 
thus reducing the cost compared to independent 
surveys, while marginally decreasing detectability for 
any given species. Fortunately, many species can be 
surveyed efficiently with similar methodologies (e.g., 
Table 1 ). At the request of the NPS, voucher 
specimens of small mammals were collected by 
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euthanizing the first incidence of capture. All other 
species were documented by photos of the ~nimals or 
relevant signs (e.g., tracks, scat, burrows) if 
applicable. Although we did not focus any directed 
survey effort on species not listed in Table 1, we 
documented all species that we found. 

Small mammals were surveyed via 
extensive trapping efforts using grids of baited 
Sherman live traps and Victor snap traps positioned 
in a variety of habitats to maximize chances of 
capturing habitat specialists. Extensive driving and/or 
foot-based visual surveys were conducted for 
evidence of prairie dog and ground squirrel burrows. 
Surveys for swift fox and spotted skunks were 
surveyed via a combination of bait stations with 
remote cameras and track plates as well as targeted 
nocturnal spotlight surveys. River otter surveys were 
conducted by performing a single-pass streamside 
search along permanent waterways for evidence such 
as tracks and latrine sites. Lynx, ermine, moose and 
northern flying squirrels were not surveyed, because 
they are very unlikely to occur in BICA and are 
difficult or labor intensive to survey. Should NPS wish 
to survey for these animals, we can conduct surveys for 
each, but they will entail additions to the budget for 
specialized searches. Moreover, these species may 
require inordinate effort relative to their likelihood of 
occurring in BICA. 

+ RESULTS AND DISCUSSION 

Figure 2. Final bat habitat suitability model for Yellowstone 
National Park. Areas deemed suitable for netting the greatest 
diversity of bat species within Yellowstone National Park 
arehighlighted in maroon (top 2% of modeled area) and red (top 
8% of modeled area). Focal areas for survey, in orderof decreasing 
priority, were 1. areas of high maroon and red concentrations, 2. 
areas of high green concentrationswith some red, 3. areas of high 
green concentration, 4. under-represented habitat features or 
geographic areas. 

I , 

Results and Discussion: Bats 

Habitat models (for GTNP and YNP) are 
displayed in Figures 2 and 3, in which the most 
suitable cells are shaded maroon and red and 
progressively less suitable cells are green, gray, and 
white. Focal areas for survey, in order of decreasing 
priority, are as follows: 

1. areas of high maroon and red 
concentrations, 

2. areas of high green concentrations with 
some red, 

3. areas of high green concentration, 
4. under-represented habitat features or 
geographic areas that don't appear in the 
model. 

Figure 3: Final bat habitat suitability model for Grand Teton 
National Park. Areas deemed suitable for netting the greatest 
diversity of bat species within Yellowstone National Park 
arehighlighted in maroon (top 2% of modeled area) and red (top 
8% of modeled area). Focal areas for survey, in orderof decreasing 
priority, were 1. areas of high maroon and red concentrations, 2. 
areas of high green concentrationswith some red, 3. areas of high 
green concentration, 4. under-represented habitat features or 
geographic areas. 
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Based on this system, discussions with park 
biologists, and previous work done in BICA, the 
initial list of focal areas for which we conducted field 
visits was as follows: 

BICA: Layout Creek (especially ponds by Ewing
Snell Ranch); BICA land near Yellowtail 
Wildlife Habitat Management Area 
(YWHMA); Hillsboro Ranch and beaver 



ponds; Lockhart Ranch and beaver ponds; 
Caves that on or near BICA (usually on 
BLM land, but whose bat population likely 
forages on the recreation area); Cliffs along 
the walls of Bighorn Canyon and Devils 
Canyon. 

GTNP: Snake River South (including Blacktail 
Ponds and Moose-Wilson Ponds); Snake 
River North (including Glade Creek in 
JDRMP); Snake River Central (including 
Oxbow bend and Willow Flats); Foothills 
Lakes (including Moose Ponds and Lupine 
Meadows, String Lake, and some parts of 
western Jackson Lake and Leigh Lake); 
Pilgrim and Pacific Creeks; Northwestern 
GTNP (including Moose, Berry, and Owl 
Creeks). 

YNP: Bechler area (including Bechler Canyon, 
Bechler Meadows and Falls River Basin); 
Lamar Valley area (including Lamar River, 
Slough Creek and Soda Butte Creek); 
Madison Junction area (including Madison 
River and Gibbon Basin); Grand Canyon 
area (including Yellowstone River and 
wetlands south of the canyon); Gardner's 
Hole area (including Gardner River, Africa 
Lakes and nearby wetlands); South Central 
Yellowstone (including Snake River and 
Lewis River south of Lewis Lake); Old 
Faithful area (including portions of the 
Firehole River). 

Field technicians searched each of these 
broad focal areas to identify specific sites that were 
suitable for conducting mist net and acoustic 
monitoring activities. Approximately 170 sites were 
evaluated in this way, and mist netting was conducted 
on just over 30 of these (Figure 4). 

Figure 4: Sample site distribution in the summer of 2003 
throughout the Greater Yellowstone Network (parks are not to 
scale). 
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Over 36 nights of mist netting, we captured 
527 bats of 12 species (Table 2). The most species 
rich area was BICA, which had nearly twice the 
amount of species in less than 9% and 1% of the land 
area of GTNP and YNP respectively. YNP had the 
greatest number of captures per unit effort, largely 
because of locally high concentrations of little brown 
bats (Myotis lucifugus). In general, GTNP and YNP 
were very similar in the apparent composition of their 
bat fauna and collectively they were much different 
thatBICA. 

The question of how close we are to 
documenting the complete suite of bats in each park 
is more difficult to answer. Expert opinion suggests 
that we are very close to the full compliment of bats 
in GTNP. However, BICA and YNP may yield more 
species with additional effort. A more quantitative 
estimate of progress can be roughly approximated by 
using rarefaction or species accumulation curves 
(e.g., Cam et al 2003, Krebs 1999). We developed 
species accumulation curves for each park unit 
(Figure 5). Although the effort to date is insufficient 
for formal analysis of richness predictions, we can 
gain an idea of our progress by studying the curves. 
The curve for GTNP (Figure 5b) clearly shows an 
asymptote at 6 species, which was reached early in 
our efforts. However, YNP and BICA (Figures Sa 
and 5c) seem to exhibit curves that have not clearly 
reached a maximum value. In the case of YNP there 
are two species that are likely to occur there but were 
not conclusively documented. We believe that both 
small-footed myotis (Myotis volans) and Townsend's 
big-eared bat ( Corynorhinus townsendii) occur in 
YNP, but have not yet been captured in this study. 

Results and Discussion: BICA Mammals 

We conducted 30 small mammal trapping 
transects throughout BICA (Figure 4 ), 25 of which 
consisted of Sherman traps and Victor snap traps, and 
5 of which consisted of pitfall traps with drift-fences. 
This resulted in a survey effort of 5,073 trap-days and 
350 pitfall days. We captured a total of 603 small 
mammals of 12 species (Table 3). Of these, white 
footed mouse (Peromiscus leucopus) and house 
mouse (Mus musculus) were new additions to the 
mammal list of BICA (Table 1 ). These mice are both 
common in large portions of the country where they 
often out-compete other species. It is likely that they 
are extending their range into BICA and could 
competitively exclude other species from their 
preferred habitats. White-footed mice primarily 
occurred in riparian areas of BICA, while house mice 
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were mainly found in riparian areas impacted by 
human activities (Table 1 ). 

Figure 5. Bat species accumulation curves for each park uniot in 
the Greater Yellowstone Network. 
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Species accumulation curves can be 
generated for small mammals at BICA, as they were 
for bats. Since no clear asymptote is apparent in such 
a graph (Figure 6), this exercise suggests that we 
have not currently spent sufficient effort to document 
all species present in the park. Thus, more small 
mammal trapping is necessary in the summer of 
2004. 

Additionally, we placed a limited number of 
remote cameras and baited track plates in areas 
suitable for detecting meso-carnivores and ground 
squirrels (e.g., skunks, swift fox, ermine, lynx, 
American marten). Photographs and tracks collected 
by these stations were primarily of deer mice, mule 
deer, antelope, and cottontail rabbits. No detections 
of heretofore undocumented mammals in BICA were 

made with cameras or track plates. We feel that more 
effort needs to be placed on surveys for these animals 
in the summer of2004. 

Figure 6. Small mammal species accumulation curve for Bighorn 
Canyon National Recreation Area. 
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A single-pass in-stream survey for river 
otters was made along the main stem of the Bighorn 
River and Yellowtail Lake. No sign of otters (e.g., 
scat, latrine sites, tracks, slides, or actual animals) 
were found in BICA. We believe that these animals 
are not currently in residence in BICA. However, 
given recent distributional extensions for this species, 
we advise re-surveying the major waterways ofBICA 
in the future. 

Categorization and search of suitable habitat 
was conducted for prairie dogs. Very little suitable 
habitat exists in BICA and no prairie dogs were 
found during any searches. It is currently our belief 
that neither species of prairie dog occurs within 
BICA, although they are known to occur in more 
lowland areas of the Bighorn Basin. Selected surveys 
of additional areas for prairie dogs will be conducted 
in 2004 as time permits. 

Next Steps 

In general, field work in 2004 will focus on 
filling in gaps that remain despite previous work. We 
plan to work in BICA from about 1 May - 15 June, 
YNP from 1 July - 15 August, and GTNP from 15 
August - 1 September. 

We will focus bat survey effort in 2004 on 
YNP and BICA. We will re-sample the most 
productive sites from 2003 and add additional sites 
that were evaluated in 2003, but not mistnetted. 
These additional sites will be particularly important 
for YNP, as they will greatly increase the geographic 
distribution of our survey. We anticipate important 
additional sites for YNP in the Lamar Valley and its 



Table 2: Summary ofbat identifications in the Greater Yellowstone Network 
for the summer of2003 . 
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Table 2a. Bighorn Canyon National Recreation Area. Capture effort in BICA was approximately 22 hours (1,080 
net area hours), resulting in an overall capture rate of about 8.6 X 10-2 captures per net area hour. *Unlike the rest 
of the species on this list, the spotted bat was identified by audible calls and was not captured in a mist net. 

Species Name Code Number 

Pallid bat (Antrozous pallidus) 
Townsend's big-eared bat ( Corynorhinus townsendii) 
Big brown bat (Eptesicus fuscus) 
Spotted bat (Euderma maculatum) * 
Silver-haired bat (Lasionicteris noctivagans) 
California myotis (Myotis californicus) 
Small-footed myotis (Myotis ciliolabrum) 
questionable Myotis califorinicus (specimen collected) 
Long-eared myotis (Myotis evotis) 
Little brown bat (Myotis lucifugus) 
unidentified myotis species 
Fringe-tailed bat (Myotis thysanodes) 
Long-legged myotis (Myotis volans) 
questionable Myotis yumanensis (specimen collected) 
Total 

ANPA 
COTO 
EPFU 
EUMA 
LACI 
MYCA 
MYCI 
MYCIICA? 
MYEV 
MYLU 
MY OTIS 
MYTH 
MYVO 
MYYU? 

Captured 
1 
5 

34 
1 
1 
1 

12 
1 
8 

12 
1 
1 

12 
3 

93 

Table 2b. Grand Teton National Park (including John D. Rockefeller Memorial Parkway) Capture effort in GTNP 
and JDRMP was approximately 67 hours (3,800 net area hours), resulting in an overall capture rate of about 4.2 X 
10-2 captures per net area hour. 

Species Name 

Big brown bat (Eptesicus fuscus) 
Hoary bat (Laciurus cinereus) 
Silver-haired bat (Lasionicteris noctivagans) 
Long-eared myotis (Myotis evotis) 
Little brown bat (Myotis lucifugus) 
Long-legged myotis (Myotis volans) 
Total 

Code 

EPFU 
LACI 
LANO 
MYEV 
MYLU 
MYVO 

Number 
Captured 

3 
14 
19 
6 

113 
6 

161 

Table2c. Yellowstone National Park. Capture effort in YNP was approximately 50 hours (3,060 net area hours), 
resulting in an overall capture rate of about 8.9 X 10-2 captures per net area hour. 

Species N arne Code 

Big brown bat (Eptesicus fuscus) 
Hoary bat (Laciurus cinereus) 
Silver-haired bat (Lasionicteris noctivagans) 
Long-eared myotis (Myotis evotis) 
Little brown bat (Myotis lucifugus) 
Total 

EPFU 
LACI 
LANO 
MYEV 
MYLU 

Number 
Captured 

3 
1 
4 
1 

264 
273 
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tributaries, the Gardner's Hole area, the Old Faithful 
area, and the Mammoth area. For additional work in 
BICA we plan to investigate roosting activity in 
caves just outside the recreation area (these bats 
likely forage in BICA) and conduct acoustic 
monitoring of the main reservoir. After field work is 
complete, we will analyze all data using formal 
statistical tools to estimate total species richness in 
each park unit. This will provide a quantitative 
estimate of what proportion of species we 
successfully documented. 

We will continue small mammal trapping 
surveys in BICA for the summer of 2004. We will 
increase the effort placed on pitfall traps and snap 
traps, to better sample shrews. Also, we will increase 
sample effort for mesocarnivores by employing more 
remote cameras and track plates. Further, visual 
surveys for pocket gopher activity and prairie dogs 
will be implemented as time permits. 
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Table 3: Small mammal capture summary for Bighorn Canyon National Recreation Area. 

3a. Captures by species for BICA transects in June- July 2003. 

Species Name Total Captures per 

Ord's kangaroo rat (Dipodomys ordii) 
Long-tailed vole (Microtus longicaudus) 
Prairie vole (Microtus ochrogaster) 
House mouse (Mus musculus!) 
Bushy-tailed wood rat (Neotoma cinereal) 
White-footed mouse (Peromyscus leucopus) 
Deer mouse (Peromyscus maniculatus) 
Western harvest mouse (Reithrodontomys megalotis) 
Unidentified shrew (So rex spp.) 
Juvenile cottontail rabbit (Sylvalagus spp.) 
Least chipmunk (Tamias minimus) 
Western jumping mouse (Zapus princeps) 
Total Captures 

3b. Species captured by major habitat 
categoryRiparian (dominant vegetation is 
cottonwood, 
willow, tall grass, or flood plain herbaceous) 
Prairie vole (Microtus ochrogaster) 
House mouse (Mus musculus) 
White-footed mouse (Peromyscus leucopus) 
Deer mouse (Peromyscus rnaniculatus) 
Western harvest mouse (Reithrodontomys me gal otis) 
Unidentified shrew (Sorex spp.) 
Least chipmunk (Tamias minimus) 

Human Riparian (riparian vegetation is dominant 
and the area is proximate to human structures such as 
houses, picnic areas, etc.) 
Ord's kangaroo rat (Dipodomys ordii) 
Prairie vole (Microtus ochrogaster) 
House mouse (Mus musculus) 
Bushy-tailed wood rat (Neotoma cinereal) 
White-footed mouse (Peromyscus leucopus) 
Deer mouse (Peromyscus rnaniculatus) 
Western harvest mouse (Reithrodontomys me gal otis) 

Juniper (dominant overstory vegetation consists of 
juniper spp. sometimes mixed with other conifer) 
Deer mouse (Peromyscus rnaniculatus) 
Juvenile cottontail rabbit (Sylvalagus spp.) 

Captures 1 OOTrap Days 
13 

1 
29 
39 
13 
59 

424 
9 
2 
1 

11 
1 

603 

0.26 
0.02 
0.57 
0.77 
0.26 
1.16 
8.36 
0.18 
0.04 
0.02 
0.22 
0.02 

11.89 

Least chipmunk {Tamias minimus) 

Sagebrush (dominant vegetative cover consists of 
Artemisia spp.) 
Deer mouse (Peromyscus rnaniculatus) 

Shrub-Grassland (landscape is a mixture of shrubs, 
including sagebrush, rabbit brush, and greasewood, 
and grasslands) 

Long-tailed vole (Microtus longicaudus) 
Prairie vole (Microtus ochrogaster) 
White-footed mouse (Peromyscus leucopus) 
Deer mouse (Peromyscus rnaniculatus) 
Western harvest mouse (Reithrodontomys 
megalotis) 
Unidentified shrew (Sorex spp.) 
Least chipmunk (Tamias minimus) 
Western jumping mouse (Zap us princeps) 

Conifer (dominant overstory cover is lodgepole pine, 
spruce fir 
mix, limber pine, or ponderosa pine) 
Prairie vole (Microtus ochrogaster) 
Bushy-tailed wood rat (Neotoma cinereal) 
Deer mouse (Peromyscus rnaniculatus) 
Western harvest mouse (Reithrodontomys megalotis) 
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+ PROJECT SUMMARY 

Exotic species severely impact the 
environment in a variety of ways, but often, the 
mechanism allowing invasion is unknown. One 
exotic species, the New Zealand mud snail, attains 
high densities in western U.S. rivers, exceeding 
500,000/m2 in some areas, and now occupies streams 
within the Snake and Madison watersheds in the 
Greater Yellowstone Ecosystem. Because the mud 
snail may strongly impact many stream communities, 
it is crucial to understand the mechanism of invasion. 
We studied interactions between the mud snails and 
their food source (algae) to determine how they may 
negatively (through consumption) and positively 
(through excretion of nitrogen) affect the resource. 
While most studies of consumer-resource interactions 
focus on the negative impact of the consumer, the 
presence of the consumer can also have positive 
effects on the resource and may help the mud snail 
establish in some streams. We conducted caged field 
experiments in Polecat Creek separating the effects of 
snail grazing and snail excretion on algal growth. 
We found that, although snails do decrease algae 
when grazing in high densities, there is relatively 
little decrease in algae at intermediate and low 
grazing densities. In addition, snail excretion alone 
increased algal growth. These results suggest that 
mud snails have a positive effect on the algal 
resource and this may facilitate invasion. 

+ ABSTRACT 

We studied positive and negative effects of 
snail consumers on their resource to determine if 
positive consumer effects may be facilitating 
invasion. Consumer- resource interactions often 
focus on losses to the resource, even though the 
resource might benefit if consumers recycle nutrients. 
The New Zealand mudsnail, Potamopyrgus 
antipodarum, an exotic in western U.S. rivers, attains 
high densities and dominates macroinvertebrate 
communities. In one well-studied river, it consumes 
the majority of primary productivity, cycles most 
nitrogen and can grow faster at higher densities. In 
field experiments, we tested the hypothesis that this 
invasive grazer stimulates algal growth via nitrogen 
excretion, which might explain its self-facilitation 
and invasiveness. Using in-stream cages subdivided 
into "with snails" and "without snails" sections, we 
examined the response of periphytic algae to snail 
grazing and excretion and snail excretion alone at 
various levels of snail biomass. We found that 
chlorophyll a and GPP (gross primary production) 
decreased as the biomass of snails increased in the 
grazed sections. Snail excretion, in the absence of 
grazing, increased both chlorophyll a and GPP, 
demonstrating a positive effect of snails on the 
resource, consistent with the nutrient recycling and 
enrichment hypothesis. We found no evidence for 
increased algal growth at intermediate snail densities 



in grazed treatments, as predicted by the Herbivore 
Optimization Curve hypothesis. However, the 
difference in chlorophyll a between "with snails" and 
"without snails" treatments increased as snail 
biomass increased. This suggests that snail 
compensation of the resource, through excretion, 
decreases at extremely high levels of grazing pressure 
and the net effect of snail grazing becomes negative. 
Together, these results suggest that invasiveness in 
some rivers may be fostered by this self-facilitation and 
recycling of essential nutrients. 

+ INTRODUCTION 

Invasive species are the second leading 
threat to the global biodiversity crisis, but much 
debate still exists about factors that control invasion 
success and it may be because a key component is 
missing. Many studies focus on negative interactions 
between the invader and the native community that 
limit the spread or establishment of the exotic species 
(i.e. biotic resistance of the invaded community (e.g. 
Kennedy et al 2002, Stachowicz et al 1999)). 
However, facilitative interactions between the native 
community and the invader may be just as important 
in determining whether an invader is successful (e.g. 
herbivores and plant invasion. Because most 
traditional ecological paradigms focus on negative 
interactions (i.e. Lotka - Volterra, etc.), facilitation 
has often been overlooked, but is becoming 
increasingly recognized as crucial to community 
organization (Bruno et al 2003). In addition, net 
effects are often examined, rather than positive and 
negative effects measured separately (Bruno et al 
2003). If facilitative interactions vary in importance 
along an environmental gradient, negative effects 
may sometimes outweigh or equal positive effects, 
making it difficult to determine that positive 
interactions even exist. 

One invasive aquatic herbivore, the New 
Zealand mud snail (a prosobranch gastropod), was 
first recorded in the western United States in 1987, 
and now has a widespread but patchy distribution, 
including several areas of conservation significance 
(i.e. Yellowstone and Grand Canyon National Park). 
In one stream (Polecat Creek) densities of 
Potamopyrgus have reached 500,000 adult snails/m2 

in some areas (Hall et al 2003). However, in other 
streams mud snails are present at low densities. This 
variation in densities among streams could be due to 
the relative importance of facilitative interactions in 
aiding mud snail establishment and proliferation. 
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Mud snails are scraping herbivores, feeding 
on periphytic algae and algal detritus. By increasing 
the number of mud snails, we expect chlorophyll a 
standing crop to decrease via snail consumption. 
While previous work showed that chlorophyll a 
concentrations declined, primary production 
remained constant over a large range of densities in 
Polecat Creek (Hall, unpublished data). This finding 
strongly contrasts that from the Firehole and Snake 
rivers, where lower densities of snails significantly 
lowered both primary production and chlorophyll 
standing stocks on rocks (Hall, unpublished data). 
Results in Polecat Creek, though, are consistent with 
the "herbivore optimization curve" (HOC) hypothesis 
(McNaughton 1979), which states that primary 
productivity is highest at intermediate grazing levels. 
Although the HOC hypothesis was developed to 
explain grazing in terrestrial systems, aquatic studies 
also support this phenomenon of positive consumer 
effects (reviewed in DeAngelis 1992). And while 
many studies support this assertion, the mechanism 
for the observed phenomenon is unclear in many 
cases. One leading hypothesis is that grazer presence 
may stimulate algal growth through excretion of 
limiting nutrients, such as nitrogen (Sterner 1986, 
Giannoti and McGlathery 2001). 

Historically, consumer- resource interactions 
have focused on gains to the consumer and losses to 
the resource. Often, though, consumers affect 
recycling of nutrients that benefit the resource 
(DeAngelis 1992, Geddes and Trexler 2003). In 
Polecat Creek, nitrogen uptake velocity (demand 
relative to concentration) is extremely high, 
indicating that nitrogen is in high demand in this 
system (Hall et al 2003). The possibility exists that 
intermediate to high levels of snail grazing stimulate 
algal growth through nutrient enrichment ( Giannoti 
and McGlathery 2001). Snails excrete nitrogen in the 
form of ammonium. Because ammonium can 
stimulate algal growth, snail excretion may increase the 
growth rate of algae, which is immediately grazed by 
snails (Hall et al 2003). Mud snails may therefore 
increase turnover rates and primary production of 
algae by simultaneously fertilizing and harvesting 
algae. At extremely high snail densities, intense 
grazing pressure may negate the fertilization effect 
and algal biomass would begin to decrease. 
Therefore, at low to intermediate densities, snails 
may rapidly renew algal resources, possibly 
facilitating invasion into streams with low production 
or low nutrient availability. 

In this study, we tested the prediction that 
intermediate snail densities would lead to the highest 
levels of primary production, as hypothesized by the 
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HOC, and that this is caused by snails excreting 
ammonium. Ammonium should fertilize algae and 
negate the negative impacts of grazing at 
intermediate snail densities. To test the HOC 
hypothesis, we assessed the effects of snail density on 
algal growth over a range of biomass treatments. In 
addition, we tested the snail excretion hypothesis by 
separately examining the effects of grazing and 
excretion on algal growth over a range of biomass 
treatments. 

+ METHODS 

Experimental design 

We performed two similar field experiments 
in Polecat Creek in the summer of 2003 to examine 
effects of snail grazing, snail excretion and snail 
density on algal growth. We tested effects of snail 
grazing using a range of snail biomass levels to 
determine if consumer-resource interactions were 
consistent with the "HOC" hypothesis. In addition, we 
examined snail grazing and snail excretion separately 
over the same range of snail biomass levels to 
determine if nutrient enrichment by snails positively 
affected the resource. 

Experimental cages were constructed from 
0.0256m2 plastic sandwich trays by cutting large 
openings in the sides and top of each tray and then 
covering with window screen. This mesh allowed 
light to enter and water current to flow through the 
chambers. We glued a screen partition in the middle 
of the cage to divide each cage in half. Four rocks 
from the surrounding stream area were cleaned of 
benthic macro-invertebrates and placed in each side of 
each cage. We then added the appropriate number of 
snails to the upstream portion of each cage to yield the 
treatment biomass. Each treatment contained two 
replicates. While snails graze and excrete in the 
upstream portion of the cage, only snail excretion 
travels through the window screen to the downstream 
portion of the cage (Fig. 1 ). After 5 - 6 days, 
chlorophyll a and primary production were measured 
from the side of the cage with snails present 
("grazing") and from the side of the cage with snails 
absent ("excretion only"). In the first experiment, 
snail biomass treatments ranged from 0 (0 mg 
AFDM/m2

) to 30 times (9980 mg AFDM/m2
) 

ambient snail biomass estimated from rocks in this 
stream (332 mg AFDM/m2

). However, we saw little 
evidence, from the first experiment, that "grazing" 
treatments decreased algal production or standing 
stock. In the second experiment, to ensure the 
negative effects of grazing outweighed the positive 

effects of excretion, we increased snail biomass 
levels to 50x (16600 mg AFDM/m2

) and eliminated 
the 5x and 1 Ox treatments. 

snails no snails 

Figure 1. Schematic depicting a representative cage 
used in the experiment. Arrow depicts water current 
direction. The square represents one cage, with the 
dotted line representing the window screen partition 
separating the upstream and downstream portion of 
the cage. The circles represent rocks with periphytic 
algae. Snails were added (according to the 
appropriate biomass for each treatment) to the 
upstream portion of the cage. Therefore, "grazing" 
treatments represent areas where snails grazed and 
excreted (black), while "excretion only" treatments 
have no grazing, but do allow for snail excretion to 
flow in from the upstream portion of the cage (white). 

To test the "herbivore optimization curve 
hypothesis" we measured algal biomass and primary 
productivity from all "grazing" treatments. Under 
the HOC hypothesis, we expected to see increased 
productivity at intermediate levels of snail grazing. 
To test if nutrient enrichment by snails is increasing 
algal growth, we compared control cages (Ox) to the 
"excretion only" portion of experimental cages. 
Control cages, with snail excretion absent, should 
have less algae than treatments affected by snail 
fertilization. Also, we compared "grazing" and 
"excretion only" from all experimental cages, 
expecting the difference in the amount of algae 
between the two treatments to increase as snail 
biomass is increased. 

Primary production measurements 

To examine the effect of snail grazing and 
snail excretion on primary production, we incubated 
rocks from cages in clear and dark PVC plastic tubes 
through which water was continuously pumped. 
Oxygen concentrations were recorded at the start of the 



incubation and one hour later with a dissolved 
oxygen meter. The decrease in oxygen in the dark 
chamber represents community respiration (CR), 
while the change in oxygen in the clear chamber 
represents Net Primary Production (NPP). NPP+ICRI 
= Gross Primary Production, which is the rate of 
photosynthesis. We estimated rock surface areas 
after chlorophyll samples were collected (see below). 

Chlorophyll a measurements 

To examine the effect of snail grazing and 
snail excretion on algal biomass, we estimated 
chlorophyll a concentrations on rocks from cages at 
the end of the experiment. Algal periphyton was 
brushed from the rocks and the slurry collected on 
glass fiber filter paper (Gelman AE, 0.9 micron pore 
size, 25mm diameter) with 100-ml syringes. We 
extracted chlorophyll from filters with 90% acetone 
and chlorophyll concentrations were then estimated 
with a spectrophotometer (APHA 1989). We 
estimated the exposed rock surface area from paper 
tracings. 

+ RESULTS AND DISCUSSION 

HOC hypothesis 

Experiment #1: 
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Figure 2a. Net effect of mud snails on the standing stock of algae 
in experiment 1 within grazer enclosures ("grazing" treatments). 

In the first experiment, algal standing stock 
in the "grazing" treatment was highest between 5000 
and 8000 mg AFDM snails/m2 (Fig. 2a). Above and 
below this level of snail biomass, the standing stock 
of algae was lower. Primary production measurements 
indicated that snail grazing caused a slight decrease 
in primary productivity at densities up to 1 OOOOmg 
AFDM snails/m2 (Fig. 3a). 
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Figure 2b. Indirect effect of mud snails on standing stock of algae 
(no snails) in experiment 1 inside grazer exclosures ("excretion 
only" treatments). 
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Figure 2c. Difference between the indirect effect of snails 
("excretion only") in grazer exclosures and the direct effect of 
snails within enclosures ("grazing"). 

This evidence suggests that snails had a 
positive effect on algal resources. First, algal 
standing stock actually increased at intermediate snail 
densities. Second, primary production only 
decreased slightly even as the biomass of snails 
increased. This prompted us to explore grazing and 
fertilization effects at higher levels of grazer biomass . 
Therefore, in the second experiment, we increased 
the maximum snail biomass level to 16600 mg 
AFDM snails/m2
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Figure 3a. Net effect of mud snails on GPP in experiment I within 
grazer enclosures ("grazing"). 
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Figure 3b. Indirect effect of mud snails on GPP in experiment l 
inside grazer exclosures ("excretion only"). 
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Figure 3c. Difference between the indirect effect.of snails 
("excretion only") in grazer exclosures and the dtrect effect of 
snails within enclosures ("grazing") in experiment l. 

In the second experiment, chlorophyll 
concentrations peaked in cages exposed to snail 
grazing at 5000 mg AFDM/m2

, but dropped more 
rapidly compared to the first experiment, with the 
lowest chlorophyll concentrations at a snail biomass 
of 6600 mg AFDM/m2 (Fig. 4a). Chlorophyll 
concentrations did not vary between 10000 and 
16600 mg AFDM snails/m2 (Fig. 4a). Overall, 
though, chlorophyll concentrations decreased ~om ~ 
mg AFDM snails/m2 to 16600 mg AFDM snails/m 
(Fig. 4a). Primary production slightly decreased as 
intensity of snail grazing increased, especially above 
8300 mg AFDM snails/m2 (Fig. 5a). 
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Figure 4a. Net effect of mud snails on the standing stock of algae 
in experiment 2 within grazer enclosures ("grazing"). 

30 
N <> <> e 25 

:g 20 0 <> <> 

.!! 15 <> <> 
~ <> <> 

~ 10 <> <> 

:c 5 
u 

0 

0 5000 10000 15000 20000 

SnaU biomass (mg AFDMim"2) 

Figure 4b. Indirect effect of mud snails on standing stock of algae 
in experiment 2 inside grazer exclosures ("excretion only"). 

25 

;;-20 
< 

~ 15 

.!:.. 10 

~ 5 
..r:::: 
a. 

I 

I 
I 

~ 0~~~~--~~-----.--~---.--~~-~~ 
0 

~ -5 
(..) 

·10 

Snail biomass (mg ARJ.1fmA2) 

Figure 4c. Difference between the indirect effect of snails 
("excretion only") in grazer exclosures and the direct effect of 
snails within enclosures ("grazing") in experiment 2. 

Overall, these results suggest snails had both 
negative and positive effects on the resource. At low 
and intermediate snail densities, the net effect of 
grazing, on both gross primary production and 
chlorophyll concentrations, was either positive or 
neutral. When snail densities were extremely high, 
the net effect of grazing was negative on algal growth 
(primary production measurements) and on the 
standing stock of the resource (chlorophyll 
concentrations). While no evidence exists for a 
strong peak in production at intermediate grazing 
levels (HOC hypothesis), we saw that snails had both 
positive and negative effects on the resource. While 
other studies have also demonstrated positive 
consumer effects for aquatic organisms (e.g. Sterner 
1986), no studies, to our knowledge, have 
demonstrated positive consumer effects for an 
aquatic invader. This facilitative interaction between 
herbivores and primary producers may prove to be 
extremely important for predicting invasion success 
in aquatic habitats. 

Nutrient enrichment hypothesis 

While most grazing studies only examine 
overall net effects, we wanted to examine the positive 



effects of snails on their food source. To do so, we 
compared "grazing," "excretion only," and control 
treatments from both experiments I and 2. If snail 
excretion is stimulating algal growth, we expect the 
"excretion only" portion of experimental cages to 
have higher standing stock and production than the 
grazing side. We also expect "excretion only" 
treatments to have higher standing stock and 
production than control cages. 
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Figure Sa. Net effect of mud snails on GPP in experiment 2 within 
grazer enclosures ("grazing"). 
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Figure Sb. Indirect effect of mud snails on GPP in experiment 2 
inside grazer exclosures ("excretion only"). 
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Figure Sc. Difference between the indirect effect of snails 
("excretion only") in grazer exclosures and the direct effect of 
snails within enclosures ("grazing") in experiment 2. 

In the first experiment, we found no 
differences in chlorophyll or primary production 
between "grazing" and "excretion only" treatments in 
experimental cages (Figs. 2c, 3c). In the second, 
higher-density experiment, "excretion only" 
treatments were consistently higher than "grazing" 
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treatments in chlorophyll concentrations at higher 
snail densities (>5000 mg AFDM snails/m2

) (Figs. 4a, 
4b, 4c ). In addition, chlorophyll concentrations in 
"excretion only" treatments from experimental cages 
were higher than control cages (0 mg AFDM 
snails/m2

). Also, as the biomass of snails increased, 
the level of chlorophyll in the "excretion only" 
treatments also increased (Fig. 4c ). Primary 
production was also higher in "excretion only" 
treatments, when compared to "grazing" treatments 
(Figs. 5a, 5b, 5c). However, primary production was 
only slightly higher with increasing snail biomass 
(Fig. 5c). Overall, the presence of snails upstream 
from the "excretion only" treatments had a net 
positive effect on algal standing stock and production 
when snail biomass was high. 

+ CONCLUSIONS 

These results suggest that snail excretion 
may positively affect algal resources by stimulating 
growth in Polecat Creek. Because nitrogen cycling is 
tight and snails consume the majority of primary 
productivity in Polecat Creek (Hall et al 2003), 
excretion of nitrogen by snails may be an important 
determinant of periphytic algae productivity. This 
mechanism could create an avenue for successful 
mud snail invasion. However, the relative 
importance of nutrient recycling by snails could 
differ among streams, and influence invasion success, 
although this has never been studied explicitly. In 
streams, the role of animal-mediated nutrient cycling 
could potentially differ along productivity gradients 
(Vanni 2002), as suggested by some research in lakes . 
Excretion by animals in unproductive lakes, with 
lower nutrient availability, may influence primary 
production levels more than in productive lakes 
(Attayde and Hansson 200 I). If the relative 
importance of nutrient cycling by mud snails differs 
between streams, we may be able to predict in which 
environments they are likely to be successful by 
studying both nutrient cycling and productivity. 
While mud snails cycle nutrients in every stream, it 
may only be in areas where nutrients are in high 
demand or scarce that this cycling of nutrients will 
confer an advantage to their spread. Larger 
invertebrates may not recycle nutrients at the same 
rate or volume and mud snails may possess the ability 
to take advantage of places where nutrients may be 
limiting. Mud snails, therefore, may out-compete 
other natives in streams where animal-mediated 
nutrient cycling plays an important role in regulating 
algal production. 
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+ INTRODUCTION 

Whitebark pine (Pinus albicaulis) is a 
keystone species of upper subalpine ecosystems 
(Tomback et al. 2001), and is especially important in 
the high-elevation ecosystems of the northern Rocky 
Mountains (Arno and Hoff 1989). Its seeds are an 
essential food source for the endangered grizzly bear 
(Ursus arctos horribilis), particularly in the autumn, 
prior to winter denning (Mattson and Jonkel 1990, 
Mattson and Reinhart 1990, Mattson et al. 1992). In 
the Greater Yellowstone Ecosystem (GYE), 
biologists have concluded that the fate of grizzlies is 
intrinsically linked to the health of the whitebark pine 
communities found in and around Yellowstone 
National Park (YNP) (Mattson and Merrill 2002). 
Over the past century, however, whitebark pine has 
severely declined throughout much of its range as a 
result of an introduced fungus, white pine blister rust 
( Cronartium ribicola) (Hoff and Hagle 1 990, Smith 
and Hoffman 2000, McDonald and Hoff 2001 ), 
native pine beetle (Dendroctonus ponderosae) 
infestations (Bartos and Gibson 1990, Kendall and 
Keane 2001 ), and, perhaps in some locations, 
successional replacement related to fire exclusion and 
fire suppression (Arno 2001). 

The most common historical whitebark pine 
fire regimes are "stand-replacement", and "mixed
severity" regimes (Morgan et al. 1994, Arno 2000, 
Arno and Allison-Bunnell 2002). In the GYE, mixed-

severity fire regimes have been documented in 
whitebark pine forests in the Shoshone National 
forest NW of Cody, WY (Morgan and Bunting 
1990), and in NE Yellowstone National Park (Barrett 
1994). In Western Montana and Idaho, mixed fire 
regimes have been documented in whitebark pine 
communities in the Bob Marshall Wilderness (Keane 
et al. 1994), Selway-Bitterroot Wilderness (Brown et 
al. 1994), and the West Bighole Range (Murray et al. 
1998). Mattson and Reinhart (1990) found a stand
replacing fire regime on the Mount Washburn 
Massif, within Yellowstone National Park. 

It has been proposed that, as a result of 60+ 
years of fire exclusion, natural fire cycles in seral 
whitebark pine communities have been postponed 
(Arno 1986, Keane 2001, Keane and Arno 2001), and 
that both the frequency and spatial extent of modem 
fires are outside of their historic range of variability. 
As a result, these authors argue that structure in these 
stands has been altered, and forest health reduced. 
Restoration efforts, including the use of fire, have 
recently been undertaken to attempt to counteract 
whitebark pine decline in western Montana and Idaho 
(Keane and Amo 1996, 2001). While the modem era 
of fire suppression may have altered the fire regimes 
in some whitebark pine communities, it is unlikely 
that all communities throughout its range have 
declined primarily as a result of fire suppression 
activities. Arno (2001, p.83), has postulated that in 
some areas- particularly were there is an extensive, 
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continuous subalpine forest, as in Yellowstone 
National Park- large, stand-replacing burns were 
probably characteristic, corresponding to a stand
replacement fire regime. Previous research has 
documented long fire intervals in subalpine forest 
types in YNP (Romme and Despain 1989) and these 
have historically exhibited stand-replacing crown fue 
behavior (Romme 1982). In areas such as this, 
modern fire suppression will have had little influence 
on stand dynamics or fire intervals, and restoration 
would be unnecessary. 

Our study examines the physical structure 
(basal area, density, species composition) and stand
age structure of whitebark pine communities 
throughout the Greater Yellowstone Ecosystem 
(GYE). In addition, this study assesses the historic 
fire regimes in these whitebark pine communities and 
evaluates the influence of surrounding forest types on 
fire severity and extent. These objectives are being 
accomplished by comparing stand structure, age 
structure, and fire history in several whitebark pine 
forest communities throughout the Greater 
Yellowstone Area. Although investigators have 
found both stand-replacing and mixed severity fire 
regimes in other parts of whitebark pine's range, little 
data currently exists to quantify the historic fire 
regime of white bark pine in the GYE. 

In the summer of 2003, we initiated a study 
of whitebark pine in the GYE in order to develop a 
better understanding of the historic variability of fire 
events and stand dynamics in these communities. 
The data collected during that period continues to be 
analyzed and will be supplemented with additional 
field data collected during the summer of 2004. Our 
study addresses two major questions: i) What were 
the historic fire regimes of whitebark pine 
communities in the Greater Yellowstone Ecosystem?; 
and ii) Does within-stand structure and adjacent stand 
structure and composition influence fire dynamics in 
whitebark pine stands? 

+ STUDY AREAS 

Research sites for this study are located on 
the high, forested, subalpine mountains in the Greater 
Yellowstone Ecosystem These sites are dominated by 
whitebark pine, although subalpine fir (Abies 
lasiocarpa), Englemann spruce (Picea engelmannii), 
and lodgepole pine (Pinus contorta) are co-dominants on 
many sites. The climate is cold with moist springs 
and relatively dry summers. A total of eight study 
sites will be sampled. Thus far, three stands were 
sampled in the summer of 2003: 

• Beartooth Lake, Beartooth Mountains, 
Shoshone N.F ., WY 

• Avalanche Peak, Absaroka Range, 
Yellowstone National Park, WY 

• Wind River Lake, Absaroka Range, 
Shoshone N.F.,WY 

In the summer of 2004, five additional sites will be 
sampled: 

• Atlantic Peak, Wind River Range, 
Shoshone N.F., WY 

• Union Pass, Wind River Range, Shoshone 
N.F.,WY 

• Teton Pass, Teton Range, Bridger-Teton 
N.F./Caribou-Targhee N.F., WY/ID 

• Sawtell Peak, Centennial Mountains, 
Caribou-Targhee N.F., ID 

• Windy Pass, Gallatin Range, Gallatin N.F., 
MT 

+ METHODS 

The following field methods were used 
during the 2003 field season, and will again be 
employed for sampling during the summer of 2004. 
Each study site was sampled to determine stand 
structure, age structure, and fire history using several 
techniques. The point-centered-quarter (PCQ) 
method (Cottam and Curtis 1956, Mueller-Dombois 
and Ellenberg 197 4) was used to collect stand 
structure data. Stand-origin and age-class distribution 
data were collected from three tree size-classes 
(canopy, understory, and seedling/sapling) using the 
points established on the PCQ transects. The fire 
history for each study area is being developed using 
fire-scar analysis techniques, based on the collection 
of fire scar records from both living and dead trees and 
logs. Communities were sampled either "intensively" 
or "extensively". 
Intensive sampling involves: 

1) Establishing two 100 m transects, 50 meters 
apart, through a stand of interest (a 1 ha 
sampling area) 

2) Taking Point-Centered-Quarter measurements 
every 10 meters to determine physical stand 
structure along each transect 

3) At each of the points (established at 1Om
intervals along each transect), coring the 
nearest tree of each species in each of three 
size classes to determine age structure. 

4) Searching for, and opportunistically 
sampling, fire scars within a 500 meter 
radius of the plot center (located between 
the 50 meter marks of the two transects), 



thus searching and sampling for fire over an 
area of .8 square km. 

Extensive sampling was conducted using the same 
techniques. However, in extensive sampling sites, the 
age structure protocol only involves coring the 
nearest whitebark pine individuals in each size class 
at each point to examine age structure, rather than 
coring each species present in each size class. 

During the 2003 field season, the Wind 
River Lake site was sampled intensively. During the 
summer of 2004, both the Atlantic Peak and Sawtell 
Peak sites will also be sampled intensively. All other 
sites are being sampled with the extensive protocol. 

Laboratory methods used to process and 
analyze data collected in 2003 will also be used in 
2004. Increment cores and fire-scar wedges were 
prepared for dating using standard techniques (Stokes 
and Smiley 1968, Amo and Sneck 1977). All samples 
were visually cross-dated (Fritts 197 6) and compared 
with master chronologies obtained from the 
International Tree-Ring Data Bank. Samples that 
were not cross-dated with accuracy were excluded 
from analysis. After cross-dating, samples were 
examined and dates were assigned to fire scars within 
ring series. Positions of fire scars within the rings 
were also assigned to assess possible seasonality of 
past fires. Dates of fire scars are now being compiled 
into a composite fire chronology (Dieterich 1980) 

The FHX2 program (Grissino-Mayer 1995) 
will be used to compute composite fire interval 
statistics for all sampling areas. To describe central 
tendencies in fire interval distribution, both the mean 
fire interval (MFI) and the W eibull Median 
Probability (WMPI) will be computed. Fire regime 
statistics will be calculated for three distinct time 
periods in order to compare fire interval information 
to periods of different human activity levels: 1780-
1850 (pre-Euro American settlement), 1851-1920 
(active settlement), 1921-present (modem fire 
exclusion). Because summary statistics of fire 
interval data are highly sensitive to these subjective 
time periods, fire trends will also be graphically 
described as the percentages of sites recording fires in 
individual years instead of using absolute numbers 
(Sherriff et al. 2001 ). By doing so, the bias associated 
with disappearing evidence of older fires as old trees 
die is reduced. 

Synthesis and evaluation is being conducted 
through the assessment of processed field and 
laboratory data. 
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+ RESULTS AND DISCUSSION 

Mixed severity fire regimes consist of 
individual fires that vary between nonlethal 
understory burning and stand-replacement burns, 
both spatially and temporally. If whitebark pine 
communities in the GYE experienced a combination 
of nonlethal understory burns along with stand
replacing fires through time, then evidence of non
lethal understory bums of small, patchy extents 
should be evident in fire-scar records within 
whitebark pine stands, at least in some locations. Fire 
scars on the edges of stands or patches of trees would 
be insufficient evidence for a mixed-severity regime, 
as these fire scars may be recording fires adjacent to 
stands rather than within them. In contrast, multiple 
scarred individuals in the interior of a stand would 
indicate that non-lethal understory bums have 
occurred in these communities in the past. In 
addition, evidence for the alteration of this "mixed" 
fire regime post Euro-American settlement would be 
provided by a reduction in fire frequency in the tree
ring record. 

In sites sampled thus far, we have not found 
any evidence of a historic fire regime that has 
included a low-severity understory component. No 
trees in any of the three sites in the Beartooth or 
Absaroka Mountains have had multiple fire scars. 
Several whitebark pines have been found with single 
scars, but there origins can not be confirmed as fire
induced. Scarring can be caused by a number of 
agents in the GYE including fire, diseases such as 
butt and root rots, insects such as mountain pine 
beetle, mechanical disturbance such as tree-fall, and 
animal damage, i.e., bear scars. Determining the 
cause of single scars on individual trees has been 
problematic. As a result, we have developed a key to 
aid in the selection of scarred trees to sample during 
the 2004 field season. This key includes a checklist 
of scar features, such as size and shape of scar, 
presence/absence of bark on scar face, multiple scars, 
etc., to ensure that scars that are sampled have a high 
likelihood of being caused by fire. Without this 
precaution, scars not caused by fire may be sampled, 
and erroneously used to calculate fire statistics for the 
stand. 

The most convincing fire scars that we 
found on whitebark pine occurred at the edges of 
stands, adjacent to subalpine meadows. These too, 
were individuals bearing single scars. Due to the fact 
that nearby trees within the stand did not show signs 
of scarring, these scars may be recording fires that 
occurred primarily in the meadow, rather than in the 
forest stand. Attempts will be made in the 2004 field 
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season to verify if white bark pine stands elsewhere in 
the GYE tend to record adjacent meadow fires 
without fire spreading throughout the whitebark pine 
communities of interest. 

We hypothesized that whitebark pine 
communities surrounded by an extensive, continuous 
subalpine forest composed of spruce/fir and 
lodgepole pine are characterized by infrequent, high
intensity crown fires which control stand structure in 
both the whitebark pine community and the 
surrounding subalpine forest. Thus far, our sampling 
has been conducted in these types of extensive, 
subalpine forest. The lack of evidence for low
severity fires occurring in these sites tends to support 
our idea that infrequent, stand-replacing fires are the 
dominant fire type. The age data that has been 
collected also supports this hypothesis. The stands 
sampled thus far have whitebark pine canopy trees 
that often exceed 350 years of age, with canopy 
spruce trees that are slightly younger. The average 
age of canopy whitebark pines across the three sites 
sampled in 2003 is 307 years. The Wind River Lake 
site was sampled intensively to compare age structure 
between species in three size classes (Table 1 ). 

Table 1. A Comparison of Mean Tree Ages (in years) for 
Wind River Lake intensive sampling site 

White bark Engelmann Subalpine 
pine spruce fir 

Canopy 273.1 212.8 147.2 
Understory 224.7 125.6 114.9 
Sapling 45.2 63.8 59.6 

*Size classes are defined for the purpose ofth1s study as: 
a) canopy: dominant trees, at least 2/3 the height of 

tallest tree in stand; 
b) understory: those trees that could exploit a canopy 

gap or become dominant with the demise of 
canopy individuals, 113 to 2/3 of canopy tree 
height; and 

c) "sapling": younger trees (perhaps), those that are 
smaller than 113 of canopy height but greater than 
6mm in diameter. 

Our second hypothesis concerns whitebark 
pine communities not surrounded by ·a dense 
subalpine forest, but rather found in close proximity 
to more frequently burned Douglas-frr forests, 
shrublands, or grasslands. In communities such as 
these, we expect that the historical fire regime was 
dominated by bums of varying frequency and 
severity, often having small extents. Communities in 
this type of landscape context, such as in the Wind River 
Mountains of Wyoming, and the Centennial 
Mountains of Idaho will be sampled in the 2004 field 
season. Here, we may find evidence more 
characteristic of a mixed-severity fire regime. 

+ CONCLUSIONS 

Our data collected in 2003 indicate that in at 
least some locations in the GYE, whitebark pine 
communities found in a matrix of dense, subalpine 
forest have little evidence of mixed fire regimes, and 
that current stand structure may be the result of 
infrequent, stand replacing fire events coupled with 
subsequent nutcracker seed caching. Additional 
sampling in 2004 will examine a greater variety of 
landscape contexts in which whitebark pine occurs in 
the GYE, and may reveal additional variability in 
historical fire regimes in these communities. 
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