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ABSTRACT

Studies of disturbance history are important because they provide a framework
for understanding the ecological response to past, present, and future climate change,
and this information is useful for paleoecological researchers and land-use managers.
Fire and insect outbreaks are common occurrences in western forests, and three studies
were undertaken to increase our knowledge of their history in the northern Rocky
Mountains. In the first study, sediment cores were sampled from 21 lakes located in
forests experiencing mountain pine beetle infestation in the Sawtooth Mountains,
Idaho. Cores were analyzed to determine whether or not mountain pine beetle remains
were accumulating in the lake sediments in association with recent outbreaks. The
study found that insect remains were sparse in the lake sediments, even in sites
surrounded by heavily infested forests. These results cast doubt on whether paleobeetle records can be reconstructed from lake-sediment cores. In the second study,
one-meter-long sediment cores were taken from three lakes in Pinus contorta forests in
the Sawtooth Mountains, Idaho, to reconstruct a historical record of fire spanning the
last 2000 years. High-resolution charcoal analysis of the cores indicated changes in fire
activity, but there was not a significant difference in fire occurrence during the relatively
dry Medieval Climate Anomaly (1050 – 650 cal yr BP), the cooler Little Ice Age (750 – -50
cal yr BP), and the present day. Results suggest that the current fire regime has
persisted for at least 2000 years, with little modification by humans or climate. In the
third study, a high-resolution charcoal record was analyzed from Reservoir Lake in the
Beaverhead Mountains, Montana to reconstruct the fire history of the last 15,000 years
at the lower forest-steppe boundary. The charcoal record indicates relatively low fire
frequency between 13,500 cal yr BP and 6000 cal yr BP and increased fire activity from
6000 to 1500 cal yr BP, suggesting increasing aridity in the middle and late Holocene.
The fire-climate linkages observed in the paleoecological record provide insights that are
useful in understanding future fire regimes with projected climate changes.
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CHAPTER 1
THESIS OVERVIEW

Introduction

Defining disturbance as a “natural” ecological process has been a subject of
controversy amongst ecologists for many years (Sprugel, 1991). Early views on
ecological disturbance suggested it was a starting point for species succession, which
would eventually lead to a climax community (Clements, 1916). Successional processes
were postulated to be reset by a disturbance and proceed in a linear order of (1)
nudation, (2) migration, (3) establishment, (4) competition, (5) reaction and, finally, (6)
stabilization or climax (Clements, 1916). Defining disturbance as a natural and possibly
integral part of ecosystem dynamics that could moderate a plant community was not
proposed until a study of Isle Royale, Michigan, by Cooper (1913). Cooper investigated
forest stands throughout the island, noting that stands of all ages and successional
classes were present and that ‘The forest as a whole remains the same, the changes in
various parts balancing each other.’(Cooper, 1913). However, it took decades before
ecologists began to accept disturbance as a natural process, critical in some types of
ecosystems.
Even in the 1930s, the Clementsian viewpoint was that disturbance was an
impediment to the development of a climax community (Sprugel, 1991). Weavers and
Clements (1939), for example, described lodgepole pine (Pinus contorta) in Colorado as
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a ‘forest weed-tree which grows very rapidly’, suggesting that it was not an integral part
of the ecosystem. They speculated the repeated burns would result in an area being
continuously occupied by lodgepole pine, a very inferior commercial type of forest.’
(Weaver and Clements, 1939).
In the early 1970s, a number of studies recognized the importance of
disturbance in maintaining the composition of ecological communities. Using tree rings
to reconstruct past fire regimes in Montana and Minnesota, as well as using historical
records of fire in the chaparral of California, investigators began to understand
disturbance as a process that is integral to maintaining community integrity (Habeck and
Mutch, 1973; Heinselman, 1973; Hanes, 1971). Habeck and Mutch (1973) considered
fire-dependent forests as being in an ‘equilibrium or a kind of biologic “checks and
balances” system that governed the magnitude of the effects accompanying a given
forest fire.’ (Habeck and Mutch, 1973). The results of many of these studies were
parallel to those of Cooper’s Isle Royale study (Cooper, 1913) and established
disturbance as a natural process that maintained ecological communities rather than
resetting successional pathways (Sprugel, 1991).
Disturbance events vary based on their frequency, size and severity, all of which,
in turn, influence post-disturbance succession. The 1988 fires in Yellowstone National
Park, for example, burned in a mosaic pattern across the landscape. Colonization of
vegetation following the fires varied based on the size of the burned patch and the
intensity of the fire (Turner et al., 2003). In the years following the fires, areas that
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burned at a moderate severity had more lodgepole pine seedlings than did severely
burned patches. Severe fires reduced the vitality of seeds and resulted in reduced
establishment of seedlings (Turner et al., 2003). Large fires led to increased
seedling establishment as compared with smaller patches which showed less seedling
establishment (Turner et al., 2003).
Ecosystem response may also be influenced by the size and frequency of a
disturbance. Romme et al. (1998) developed a heuristic model to explain ecosystem
response following large infrequent disturbance (LID) events. Their study classified
possible responses to LIDs as being (1) threshold, (2) scale-independent and (3)
continuous (Romme et al., 1998). A threshold response occurs when the magnitude,
severity, intensity or duration exceeds a level that initiates a very different ecosystem
response. An example of a threshold response would be diminished seedling
establishment following the 1988 fires in Yellowstone. Once a certain threshold in fire
severity was crossed, seed vitality was reduced resulting in decreased establishment
following the fires (Turner et al., 2003).
Scale-independent responses, in contrast, produce an ecological outcome that
remains constant regardless of disturbance size. For example, the lodgepole pine
forests of YNP experienced fires of varying size and severity for thousands of years
(Millspaugh et al., 2000; Romme and Despain, 1989), and yet these forests maintain
relatively homogenous stand characteristics. A continuous response occurs when the
ecosystem change is proportional to the magnitude, severity or intensity of the
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disturbance. Romme et al. (1998) indicate that a continuous response is difficult to
observe in nature but is hypothetically possible.
Wildfires along with other disturbance agents (Dale et al., 2001) are one of the
most significant forms of natural disturbance in the Rocky Mountains. Fires shape forest
composition and aid in nutrient cycling (Boerner, 1982). Although fire is a natural
process that has been operating for millions of years, the frequency and severity of
wildfire has increased in recent decades. Recent shifts in fire regime are attributed to
management practices (Veblen et al., 2000) as well as the result of climate changes,
including earlier snowmelt and a longer wildfire season (Westerling et al., 2006).
Moreover, increasing temperatures are projected in the future and likely to further
increase the frequency of wildfires in the Rocky Mountain region (IPCC, 2007).
Other natural disturbances in Rocky Mountains include severe storms, masswasting events, flooding, volcanic eruptions, and insects and other pathogens (Agee,
1993). In lodgepole forests, mountain pine beetle (MPB; Dendroctonus ponderosae)
infestations have reached epidemic levels in many areas of the western United States
and Canada. From 1999 to 2002, the total area affected by mountain pine beetle in the
Sawtooth Mountains, central Idaho, increased from 3300 to 342000 hectares (USFS,
2006). In 2006, over 100,000 km2 of western Canadian forest were infested by
mountain pine beetle (Westfall, 2007). If current infestation rates continue there, 80%
of mature lodgepole pine (Pinus contorta) trees will be dead by 2013 (Westfall, 2007).
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The magnitude of these MPB outbreaks is unprecedented and well outside the range of
previously observed outbreaks (USFS, 2006; Westfall, 2007).
In order to better understand disturbance processes and interactions over longer
periods of time (i.e. hundreds and thousands of years), historical records of disturbance
are needed. Records of fire from tree rings provide histories of fire over periods of
hundreds and sometimes thousands of years (Huffman et al., 2008; Arsenault et al.,
2007). Records of fire derived from lake-sediment charcoal extend back tens of
thousands of years and provide a temporal perspective of fire not attainable from treering records (Turner et al., 2008; Walsh et al., 2008). One study in particular has
attempted to use mountain pine beetle fossils from lake sediments to reconstruct
paleo-records of beetle outbreak (Brunelle et al., 2007).
The goals of this thesis will be to reconstruct histories of fire at different time
scales and to investigate if mountain pine beetles accumulate in lake sediments
following an outbreak. The second chapter of this thesis will address the mountain pine
beetle question through a study of lake sediment records. This chapter investigates
sediment samples from sites in the Sawtooth Mountains, Idaho which have recently
undergone severe infestation of mountain pine beetle. The third chapter of this thesis
will continue to focus on the Sawtooth Mountains, Idaho and will investigate fire history
over the last 2000 years. Three lake sediment records from similar forests will be
compared to assess the spatiotemporal patterns of fire in the region. The final chapter
of this thesis will look at fire over longer periods of time (i.e. 15,000 years) in the
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Northern Rocky Mountains, USA. This long record of fire will be compared to other
records of fire and vegetation in the area and compared to regional climate variations
during this time period.
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CHAPTER 2
ACCUMULATION OF MOUNTAIN PINE BEETLE FRAGMENTS IN SMALL LAKES
DURING AND FOLLOWING A RECENT OUTBREAK
IN THE SAWTOOTH MOUNTAINS, IDAHO

Introduction

Although relatively small in size (4-7 mm), the mountain pine beetle
(Dendroctonus ponderosae) can cause a substantial impact on the forested ecosystems
of the western United States. Mountain pine beetle kills its hosts by eating the living
layer (phloem) of trees and effectively girdling them (Amman and Cole, 1983). The
relationship between mountain pine beetle and wildfires may be important as well, and
a recent study suggests that the intricacies of these two disturbance processes are
poorly understood and warrant further research (Romme et al., 2008).
Because insects are ecothermic, their life cycles are inherently linked to
temperature. Mountain pine beetle outbreaks have been linked to changes in suitable
thermal habitat for mountain pine beetle (Caroll et al., 2003). Projected climate change
in the Rocky Mountains is likely to increase the climate space of mountain pine beetle
both northward (Logan et al., 1995) and upward into higher-elevation habitat (Logan
and Bentz, 1999). Mountain pine beetle outbreaks, which are most common in western
lodgepole pine forests (Pinus contorta), have been projected to expand eastward from
British Columbia and become established in the boreal forests of central Canada (Logan
and Powell, 2001). Although whitebark pine (Pinus albicaulis) offers suitable habitat for
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mountain pine beetle outbreaks (Amman, 1982), the minimum temperature that
characterizes whitebark-pine habitat is usually too low for an outbreak to flourish (Hicke
et al., 2006). Recent evidence suggests that mountain pine beetle has now spread its
range to higher elevations, impacting whitebark pine (Logan and Powell, 2001).
Whereas lodgepole pine has coevolved with mountain pine beetle and developed
defense mechanisms to combat infestations, whitebark pine has not (Hicke et al., 2006).
Whitebark pine is a critical food source to many species, including Clark’s nutcracker
(Nucifraga columbiana), which disperses its seeds (Hutchins and Lanner, 1982), red
squirrel (Tamiasciurus hudsonicus), and grizzly bear (Ursus arctos horribilis) (Mattson
and Reinhart, 1997). Loss of stands of whitebark pine may seriously influence these
other species that depend in its seeds as a food source.
Current outbreaks of mountain pine beetle are outside the range of documented
records, but they may lie within the historical range of natural variability on longer time
scales. One study of mountain pine beetle fossils from northern Idaho (Brunelle et al.,
2007) suggests that, when beetle infestations reach epidemic levels, their remains are
present in lake sediments. For example, insect outbreaks were inferred at 8331, 8410,
8529 and 7954 cal yr BP, based on the presence of mountain pine beetle remains in
sediments dating to these times (Brunelle et al., 2007).
The intriguing results of this study require a better understanding of mountain
pine beetle outbreaks and the deposition of insect remains in lake sediments. The
questions I intend to address in this chapter are 1) How common are the remains of
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mountain pine beetle and other insects in the sediments of small lakes? 2) Are the
remains more abundant during times of widespread infestation, such that they might
provide reliable documentation of past outbreaks?
This chapter describes the results a pilot study in the Sawtooth Mountains of
central Idaho to test the feasibility of using insect remains in lake sediments to infer the
occurrence of an mountain pine beetle infestation. My objectives in this study are to
address the following questions: 1) is the current outbreak of mountain pine beetle in
the Sawtooth Mountains registered by the presence of their remains in the surface
sediments of small lakes in infested forest and 2) if so, could stratigraphic records of
mountain pine beetle remains in lake sediments be used to reconstruct a historical
record of past infestation in this region?

Methods

Prior to beginning field work, lakes in areas affected by a mountain pine beetle
outbreak were identified using a geographical information system (GIS). A polygonlayer of Idaho lakes was overlain on USDA Forest Service aerial detection survey (ADS)
data to select sites within watersheds that experienced recent mountain pine beetle
infestation(available online: http://www.fs.fed.us/foresthealth/technology/
gis.shtml#ADS). ADS data come from annual flights by the USDA Forest Service and are
a semi-quantitative assessment of which forest stands are affected by insects (Fig. 2.1).
Lakes were identified for sampling based on their proximity to infected forest stands,
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their small size, simple watershed characteristics, and accessibility. A total of 50 lakes
within or near MBP-infected forests was identified for sampling during the field season
(Fig. 2.1).
At each site, forest stands within the watershed were verified for signs of
mountain pine beetle infestation, based visual assessment. Surface cores were
collected from the first two lakes visited (Decker and Martha lakes) at nine and ten
different locations in an attempt to identify whether upwind, downwind, near shore,
and lake center would provide the best sampling location for other sites. At the other
sites, a total of three cores were taken, one from the deepest water depth and two from
littoral zones. Cores were taken from an inflatable raft using a Klein gravity corer that
recovered the mud-water interface intact. The cores were extruded upwards, sampled
at 2 cm intervals, and rinsed into whirlpak bags for storage. The samples were
transported back the Montana State University Paleoecology Lab, where they were
refrigerated before being analyzed. Sedimentation rates at Decker Lake were inferred
from a sequence of 210Pb dates taken in the upper 20 cm of a short core from the Decker
Lake (see chapter 4). The sedimentation rate at this site indicated that the upper 8 cm
spanned the last 120 years at Decker Lake. Since the objective of this study was
investigating the accumulation of insects following a recent outbreak, only the upper 6
cm were investigated from subsequent cores taken at other lakes.
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Figure 2.1. Map of study area indicating sites visited during field season and whether or not they
were sampled. Green shading indicates forest stands infested by mountain pine beetle during
2005 and 2006.

Similar techniques of sediment deflocculation and processing were used in this
analysis as those employed for the analysis of macroscopic charcoal in lake sediments
(see chapter 3 of this thesis). Prior to treating sediments with sodium metaphosphate,
beetles collected from beneath the bark of trees were soaked in sodium metaphosphate
for a number of hours to ensure that they would not be disintegrated by the treatment.
Samples of 10 cm3 were taken from each 2-cm interval. The samples were
treated with 5% sodium metahexaphosphate (a deflocculating agent) for 24 hours
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before being washed through a 500-µm-mesh sieve. Samples were then rinsed into
petri dishes and examined under a stereoscope. Anything resembling an insect or insect
part was removed, stored in ethyl alcohol (a preserving agent), and archived for later
identification. Insect parts were photographed using a stereoscope coupled with a SPOT
Insight digital camera, compiled on CD and sent to Dr. Allan Ashworth (North Dakota
State University Department of Geosciences) for positive identification. Dr. Ashworth is
an expert in identifying fossil beetles from sedimentary records.

Results

Of the 44 sites visited during the field seasons of 2006 and 2007, only 21 were
appropriate for sampling (Fig. 2.1; Table 2.1). Sites that were not sampled were either
too dry or had no sign of mountain pine beetle infestation in the surrounding forest (Fig
2.1; see Appendix C for a list of unsampled sites).
ADS data indicate that the forests surrounding the sites were infested in 2004
and, when visited during 2006, average mortality was estimated at 70%. The forest
surrounding Decker Lake had > 70% mortality. Nine 8-cm-cores were recovered from
the lake. One core came from the deepest water of the lake and the others were taken
in a grid pattern around the initial deep-water core (Fig. 2.2). A total of 34 insect parts
were removed from the sediment samples (Table 2.3). Of these 34 insect parts, 23 were
identified by Dr. Allan Ashworth (Table 2.2). Five were from the order Coleoptera
(beetle), but could not be identified to a lower level (A. Ashworth, written comm.,
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2007). There were two fragments from the order Hemiptera, eight of the samples came
from the order Diptera (flies), and eight of the samples were classified as miscellaneous
chitin.

Table 2.1. Sites visited and sampled during field season as well as qualitative and sampling information

Name

Lat (°
N)

Long (°
W)

Elevation
(m)

Water
Depth
(m)

Infestation
Date

Dominant Tree
Species Near Site1

Number
of Cores

Core
Lengt
h
(cm)

Samplng
Interval
(cm)

Decker Lake

44.069

114.889

2167

6.25

2004

pincon,psemen

9

8

2

Martha Lake

44.287

115.095

2075

3.00

2004

pincon,psemen

9

8

2

Sawtooth City
Hellroaring
Moraine

43.894

114.838

2238

0.70

2002

pincon

3

6

2

44.032

114.862

2180

1.74

2001

pincon

3

6

2

Goat Meadow

44.195

114.987

2078

1.18

2003

pincon

3

6

2

3

6

2

Marshall Lake

44.159

114.985

2351

2.84

2002

pincon,abilas

Hidden Lake

44.296

115.115

2142

5.37

2005

pincon

3

6

2

Decker Lake 2

44.071

114.892

2155

0.96

2004

pincon

3

6

2

4

6

2

Cabin Creek 1

43.917

114.906

2690

8.60

2005

pinalb, pincon

Cabin Creek 2
Running Cow
Pond

43.921

114.907

2775

5.60

2005

pinalb, abilas

3

6

2

43.929

114.894

2630

2.25

2005

pincon, pinalb

3

6

2

Big Bench

44.116

114.959

2360

5.74

2003

pincon, pinalb

3

6

2

Lil Bench

44.146

114.951

2360

5.27

2003

pincon, pinalb

3

6

2

Fishhook Pond

44.143

114.959

2080

1.50

2002

pincon

3

6

2

Dutch Lake

44.345

115.166

2129

3.25

2007

pincon,psemen

3

6

2

3

6

2

Cape Horn

44.413

115.131

1994

4.71

2006

pincon

Cape Horn II

44.404

115.136

2011

4.16

2006

pincon

3

6

2

Elk Lake

44.413

115.038

2165

4.00

2006

pincon

3

6

2

KES Lake

44.373

115.038

2082

4.50

2007

pincon

3

6

2

F-82

44.398

115.074

2082

3.77

2006

pincon

3

6

2

Bayhorse

44.412

114.402

2617

6.69

2007

pinalb, pincon

3

6

2

Species are abbreviated as: pincon = Pinus contorta, pinalb = Pinus albicaulis, psemen = Pseudotsuga menziesii, abilas = Abies
lasiocarpa
1
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Table 2.2. Insect parts identified by Dr. Allan Ashworth (see appendix A for more information)

Lake

Core ID

Decker
Decker
Decker
Decker
Decker
Decker
Decker
Decker
Decker
Decker
Decker
Decker
Decker
Decker

A
A
A
A
A
A
A
A
A
A
A
A
A
A

Sediment
Depth
(cm)
0-2
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
2-4
4-6

Decker
Decker
Decker
Decker
Decker
Decker
Decker
Decker
Decker

A
A
A
A
A
A
A
A
A

4-6
4-6
4-6
4-6
4-6
4-6
4-6
4-6
4-6

Identified as
possibly Diptera – head capsule
pronotum Saldid bug (Homoptera)
probably Diptera – head capsule
Diptera – head capsule
Homoptera – part of head capsule
misc. sternite
possibly Diptera – head capsule
possibly Diptera – head capsule
misc. chitin
misc. chitin
Diptera – head capsule
misc. chitin
misc chitin
misc. chitin
Diptera – depending on scale Possibly a
chironomid
misc. chitin
misc. chitin
sternite Coleoptera – indet.
head capsule Possibly Diptera
sternite Coleoptera – indet family
sternite Coleoptera – indet family
sternite Coleoptera – indet family
sternite Coleoptera – indet family

The Coleoptera remains were distinctive enough that they were used as the basis
for further insect identification. Ryan Bracewell, research assistant with the USDA bark
beetle research team in Logan, Utah, helped to identify the remaining fragments that
Dr. Ashworth was unable to identify. He mentioned that identifying insects based on
fragments is nearly impossible as most diagnostic characteristics are missing (R.
Bracewell, written communication, 2008, appendix A). The insect parts identified by
Ryan Bracewell were also examined by Donald Bright, a bark beetle expert at Colorado
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State University Department of Bioagricultural Sciences and Pest Managment. Dr.
Bright, echoed the response of Ryan Bracewell, suggesting that based on the fragments
isolated from the sediment, species identification was not likely (D. Bright, written
communication).
The forests at Martha Lake, like at Decker had very high mortality (70%). ADS
data indicate that the area was first affected by mountain pine beetle outbreak in 2004
(available online: http://www.fs.fed.us/foresthealth/technology/gis.shtml#ADS).
Sediment cores were taken at Martha Lake from 10 different locations (Fig. 2.2). These
included coring locations along the northern and southern shores and at the eastern
margin, which based on the lake’s orientation, we assumed to be the downwind area.
Downwind areas were deemed important as we postulated that insect parts may float
on the surface, be blown down wind, and eventually accumulate in the littoral zones
near the downwind shore. Four insect parts were isolated from four different cores at
sediment depths of 0 – 2 (2x), 2 – 4 and 4 – 6 cm below the sediment surface (Table 2.3;
Fig. 2.2). Based on the data from Decker and Hidden lakes, it was determined that there
were no clear patterns to indicate where insect parts would be likely to accumulate
within a lake. Consequently, other lakes were sampled at 2 cm intervals to a depth of 6
cm from three locations: the area of deepest water and two littoral areas.
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Table 2.3. Number of insect parts found at each depth from cores taken at Decker and Martha
lakes. Asterisk at Decker core A depth 4-6 cm indicates location where Coleoptera remains were
found (5 of 10 insect parts were possibly Coleoptera).

Decker Lake
Core
A
B
C
D
E
F
G
H
I

# Insect Parts 0-2cm
1
0
0
0
2
1
0
1
2

# Insect Parts 2-4cm
12
0
0
0
1
0
0
0
0

# Insect Parts 4-6cm
10*
0
0
0
1
3
0
0
0

Martha Lake
Core
A
B
C
D
E
F
G
H
I
J

# Insect Parts 0-2cm
1
0
0
1
0
0
0
0
0
0

# Insect Parts 2-4cm
1
0
0
0
0
0
0
0
0
0

# Insect Parts 4-6cm
0
0
0
0
0
0
0
0
0
1

# Insect
Parts 68cm
0
0
0
0
0
0
0
0
0

19

Figure 2.2. Map showing Martha and Decker lakes as well as sampling locations (x marks). Boxes depict the results
from analyzing the cores at two-cm intervals for insect remains. The occurrence of insect parts (represented with +
marks) corresponding to sediment depth (listed on left side of boxes). The water depth (m) of each core is listed in
meters at the base of each box along with a letter indicating core ID.

Sediment cores from 19 other lakes (Table 2.1; Fig. 2.1) were analyzed for insect
parts. Anything resembling an insect part was removed, archived and photographed
after processing the sediment as described in the methods sections of this chapter. A
total of 58 cores was taken and 174 samples were processed for insect parts. From
these 174 samples, 21 insect parts were removed, photographed and archived (Table
2.3).
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Table 2.4. Sites analyzed for insect parts (not including Decker and Martha lakes), depths where insect parts were
isolated and the number of insect parts isolated at each depth

Lake Name
Sawtooth City Lake
Hellroaring Lake
Goat Meadow Lake
Marshall Lake
Hidden Lake
Decker Lake 2
Cabin Creek 1
Cabin Creek 2
Running Cow Pond
Big Bench Lake
Lil Bench Lake
Fishhook Pond
Dutch Lake
Cape Horn Lake
Cape Horn II Lake
Elk Lake
KES Lake
F-82 Lake
Bayhorse Lake

# parts 0-2
0
2
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1

# parts 2-4
0
1
0
0
0
1
1
0
0
1
0
1
2
0
0
1
0
0
1

# parts 4-6
1
1
0
1
0
0
1
0
0
1
0
1
0
0
1
1
0
0
1

Discussion

At Decker Lake, 34 insect parts were removed from the sediment cores, and only
five samples were identified as Coleoptera. The fragmentary nature of the insect
remains prohibited identification below the level of order. The samples that were
identified as Coleoptera came from the same sample (core A: depth 4-6cm) located at a
deep-water point in the lake. Based on sedimentation rate at the site, this depth is
interpolated to represent an age of approximately AD 1996 – 1980 (Chapter 3 of this
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thesis; Table 3.1). This suggests that these insect remains were not deposited during
the recent severe outbreak but from an earlier Coleoptera deposition event, possibly in
the 1980s or 1990s.
During initial lab work, I removed anything that vaguely resembled an insect
part. After sending these initial samples to Dr. Ashworth, it became apparent that the
majority of the insect detritus present in the sediments came from flies and midges.
After looking more closely at the samples positively identified as Coleoptera and from
reference samples of mountain pine beetle, I was better able to identify possible
mountain pine beetle fragments from other insect remains. This explains why the
samples from Decker Lake yielded higher numbers of insect parts than at the other sites
(Table 2.3; Fig. 2.2).
At Martha Lake, four insect parts were recovered from the sediment samples.
These four insect parts came from sediment depths of 0 – 2 (two parts), 2 – 4 and 4 – 6
cm below the sediment surface. The insect parts were found in locations that suggest
no particular pattern of deposition. The watershed of Martha Lake had very high forest
mortality (70%), and the samples were taken in many locations to locate an ideal
sampling location in relation to wind directions that could be applied to other sites.
The other 19 sites that were sampled also yielded very few insect remains.
Collectively, all 19 sites yielded only three insect parts in the upper 2 cm of sediments.
Deeper in the cores (2 – 4 cm sediment depth), nine insect parts were present at
Hellroaring, Decker 2, Cabin Creek 1, Fishhook, Dutch, Elk and Bayhorse lakes (Table
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1.3). Based on age determinations from other sites in the area (Chapter 2 this thesis;
Table 2.1), depths between 2 – 4cm are estimated to represent sediments deposited in
the 1990s and 1980s, before the widespread outbreaks observed today. Regardless of
the identity of these parts, their interpolated ages suggest that they have nothing to do
with the current outbreak taking place in and around the lakes.
Deeper in the cores, sediments from 4 – 6 cm depth yielded nine insect parts at
Sawtooth City, Hellroaring, Cabin Creek, Big Bench, Fishhook, Cape Horn II, Elk and
Bayhorse lakes. The interpolated age for these samples is between 1950 and 1960
(Chapter 3 this thesis; Table 3.1). Once again based on this age range, there is no
relation between the current outbreak and the occurrence of insect fragments. These
insect remains may be a signal from a previous deposition event from the mid 19 th
century.
Decker and Martha lakes are situated in forests heavily influenced by mountain
pine beetle. These sites were sampled two years after outbreaks were first observed in
the forests surrounding the lakes (Table 2.1). Considering that their surface sediments
(0 – 2 and 2 – 4 cm below sediment surface) yielded so few insect parts, the data
suggest that remains of mountain pine beetle are very rare in lakes, even in the years
immediately following an outbreak. Decker and Martha lakes were sampled in more
locations than other sites, and still no apparent patterns of high versus low insect
accumulation were noted in the data.
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The other sites (Table 2.3) support the findings from initial analysis at Decker and
Martha lakes. The number of insect parts found in these sediments was very low and no
lake showed an abundance of insect parts. These sites covered a broad range of
locations, elevations, forest types (Table 2.1), and initial infestation dates (Table 2.3).
Since so few insect parts were found, there does not appear to be any pattern of insect
part occurrence as a function of environmental variables (i.e. elevation, forest type,
infestation date or location). Once again, these data further support the findings from
Decker and Martha lakes. It appears that in the years following an outbreak, few
mountain pine beetle remains accumulate in the sediments of lakes, even when the
surrounding forests are heavily infested.
Several scenarios may explain why mountain pine beetle parts were not found in
abundance in the lakes of the Sawtooth Mountains. Sediment sample sizes were very
small (10 cm3) and analyzing a larger volume of sediment may have yielded better
results. Other studies looking at paleo-insect remains have used very large sample sizes
as compared to this study, which analyzed 10 cm3 samples. Marra and Leschen (2004)
investigated 20 kg samples from fluvial deposits in New Zealand to reconstruct climate
data from insect fossils. Samples of this size are several orders of magnitude larger than
the volume analyzed in this study.
It is also possible that more time is needed following outbreaks before insects
become incorporated in lake sediments. At all of the lakes sampled, less than ten years
had passed between the time of initial infestation and the sediment sampling. It is
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possible that mountain pine beetle remains had not yet been incorporated into the lake
sediment. Of all sites visited, trees infested by mountain pine beetle were still standing
and had their bark intact. It is a distinct possibility that more time will be required for
trees to decompose and for the imbedded insects to be incorporated into lake
sediments.
It is unlikely that decomposition is occurring within lake sediment systems or
that organisms within the lake are having a significant impact on the presence of
mountain pine beetle fragments within the lakes. Wyatt Cross, freshwater ecosystem
specialist and Assistant Professor in the Department of Ecology at Montana State
University, suggested that if large amounts of insects were getting washing into lakes,
they would probably show up in sediment samples. He also mentioned that
exoskeletons of beetle are very resistant to consumption and digestion suggesting that
they would not likely decompose in a lake ecosystem (W. Cross, written communication;
Appendix B??). Brunelle et al. (2007) found Dendroctonus fossils preserved in lake
sediments for at least 8000 years, suggesting that they are resistant to decomposition in
a lake-sediment sequence.
The results of this study suggest little evidence of Dendroctonus remains in lakes
in the years following an outbreak. Further study of present-day processes in forest
stands infested by mountain pine beetle are needed to determine if lake-sediment
records can be used to reconstruct historical records of pine beetle infestation.

25

Conclusions

Lake-sediment records from the Sawtooth Mountains, ID were used to evaluate
their potential to preserve evidence of outbreaks of mountain pine beetle. The
Sawtooth Mountains have been heavily infested by mountain pine beetle in the last
decade and provide an ideal location to test this question. The results of this study
indicate that very few insect remains were present in the upper centimeters of lake
sediments in the years following an outbreak. The data suggest little relation between
the occurrence of insect parts in lake sediments and mountain pine beetle infestation in
a corresponding watershed. More time may be necessary for insect remains to be
incorporated into lake-sediment sequences.
Other processes may be operating that rapidly decompose mountain pine beetle
fragments upon entering a watershed although considering the abundance of other
insect remains, such as from flies and aquatic insects, this seems unlikely. Past studies
have used mountain pine beetle remains in lake sediments as a proxy of past infestation
(Brunelle et al., 2007). Brunelle et al. (2007) found occurrence of Dendroctonus fossils
at distinct points in the early Holocene (ca. 7000 – 8000 cal yr BP) which they associated
with cooler, wetter conditions. The results of my study imply that caution should be
used in interpreting the occurrence of mountain pine beetle fragments in lake
sediments as a proxy for past infestations. Further investigation is needed to better
understand the processes that influence the preservation of mountain pine beetle
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remains in lake-sediment records before accurate and interpretable records of past
mountain pine beetle infestation are possible.
This study proved to be an interesting pilot study and could be expanded in the
future. Larger samples of sediment should be analyzed possibly at volumes as large as 1
m3. Samples of this magnitude could be collected from the shallow, marginal areas of
lakes. Another method might involve collecting samples from peat bogs. Samples of
larger size have proven to yield insect fossils in other fossil insect studies and may better
record insect outbreaks. It is also important to monitor surrounding forest stands to
determine at which point trees fall and shed their bark, possibly releasing insect
fragments into the lake sediment system.
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CHAPTER 3
COMPARING LATE HOLOCENE FIRE HISTORIES
FROM THREE LAKE SEDIMENT RECORDS
IN THE SAWTOOH MOUNTAINS,
IDAHO

Introduction

Fire is a natural form of disturbance in the Rocky Mountain West shaping forest
composition and aiding in nutrient cycling (Boerner, 1982). Although fire is an integral
part of many ecosystems, the frequency and severity of wildfires in the western United
States have increased in recent decades as a result of human activities and climate
warming (Veblen et al., 2000; Westerling et al., 2006). For example, Veblen et al. (2000)
found that fuel buildup resulting from management practices increased the occurrence
of large-scale stand-replacing fire events in the Colorado Front Range. Westerling et al.
(2006) attributed warmer temperatures and an earlier spring snowmelt to more
frequent wildfires and a longer fire season in the western United States. Because
annual costs of fire mitigation regularly exceed $1 billion and wildfires have burned over
4 million hectares during recent fire seasons (NIFC, 2008), it is important to have a
better understanding of the natural fire regime prior to the influence of EuroAmericans. This information can help assess the role of climate change in shaping the
present conditions and the degree to which forests have been altered by management
practices including fire suppression.
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Holocene records of vegetation and fire from the Rocky Mountains are derived
primarily from studies of fossil pollen (Whitlock, 1993; Brunelle et al., 2005), plant
macrofossils (Lyford et al., 2003), sediment charcoal (Power et al., 2006) and tree rings
(Biondi and Perkins, 1999; Pederson et al., 2004). Past fire activity, reconstructed from
fossil charcoal in lake sediments, as well as fire-scarred tree rings, has been shown to
respond to climate variations occurring on decadal to millennial time scales. For
example, on decadal time scales, tree-ring studies record changes in moisture
availability (Biondi and Perkins, 1999). On centennial time scales, tree-ring and charcoal
data indicate periods of high and low fire activity as a result of drier-than-present
conditions during the Medieval Climate Anomaly (1050 – 650 cal yr BP; Pierce et al.,
2004) and cold, effectively wetter conditions in the Little Ice Age (750 – -50 cal yr BP;
Meyer and Pierce, 2003). On millennial time scales, warmer drier conditions during the
early-Holocene summer insolation maximum increased fire frequency across the
western US (Millspaugh et al., 2000; Hallett and Hills, 2006; Whitlock et al., 2008).
Instrumental records of temperature show a global increase of 0.7°C in the last
century (IPCC, 2007). Warmer summer temperatures have led to longer wildfire season
and subsequent higher fire activity in recent decades (Westerling et al., 2006). Future
climate projections, derived from general circulation models, indicate that portions of
the Northern Rockies could experience an increase in mean annual temperatures of
3.2°C by 2070 and 6°C by the end of the century (Coupled Model Intercomparison
Project Data (CMIP3), 2007).
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To better understand the environmental history of central Idaho, a study was
undertaken to investigate the fire history of the last 2000 years in the Sawtooth
Mountains of central Idaho. Sediment cores were collected from three small lakes in
close proximity (<40 km apart) and at similar elevation (within 45m elevation of one
another). The lakes were located in closed forests dominated by lodgepole pine (Pinus
contorta). Climate is and probably has been similar among the sites over the last two
millennia, and if climate alone has been driving the fire regimes, then the sites should
have similar fire histories. If the fire records are dissimilar, it suggests non-climate
controls, such as variations in fuel conditions or human activity, including fire
suppression policies and Native American burning. My objectives were to answer the
following questions about fire history of the last 2000 years in the Sawtooth Mountains:
1) how has the occurrence of fire varied during the last 2000 years, and 2) do the fire
records at different sites suggest similar fire patterns that imply a shared response to
climate change?
The lakes are located on the northeastern and northern flank of the Sawtooth
Mountains (Fig. 3.1). None of the sites had inflowing or outflowing streams. Cape Horn
II Lake (44.404° N, 115.136°W, 2126 m, 1.3 ha, 4.6 m) is on the north side of the
Sawtooth Mountains, in valley underlain by late-Pleistocene outwash (Fisher et al.,
1992). The surrounding forest is composed of Pinus contorta, although some
Pseudotsuga menziesii (Douglas-fir) grows on the eastern shore. Nuphar polysepala
(yellow cow-lily) covers the eastern margin of the lake.
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Hidden Lake (44.293° N, 115.115°W, 2142 m, 2.1 ha, 5.3 m) lies just to the north
of the Sawtooth front in a kettle depression underlain by late-Pleistocene till (Fisher et
al., 1992). The forest surrounding Hidden Lake is dominated by Pinus contorta with
scattered trees of Pseudotsuga menziesii.
Decker Lake (44.069° N, 115.134°W, 2167 m, 0.89 ha, 6.3 m) is located just
northeast of the Sawtooth Mountains on late-Pleistocene glacial till (Fisher et al., 1992).
The forest that surrounds Decker Lake is dominated by Pinus contorta and also includes
scattered Pseudotsuga menziesii on the northern margin of the lake. Nuphar polysepala
covers the eastern, shallow margin of the lake and along the littoral zone.

Figure 3.1. Map of study region showing location of study sites and
other geographic features mentioned in text.
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Methods

Short cores were retrieved from the deepest water depth at Decker, Hidden and
Cape Horn II lakes using a polycarbonate tube fitted with a piston corer to recover the
mud-water interface intact. Cores were extruded at 1-cm intervals at Decker Lake and
at 0.5-cm intervals at Cape Horn II and Hidden lakes and sampled into whirlpak bags.
Samples were refrigerated upon arrival at the Montana State University Paleoecology
Lab.
Loss-on-ignition is a method used to determine the organic and inorganic
content of the lake and thereby estimate lake productivity (Dean, 1974). Samples of 2
cm3 volume were analyzed at 1-cm intervals from Decker Lake and at 0.5-cm intervals
from Hidden and Cape Horn II lakes. Sampling resolution differed between sites
because of differences in sampling equipment used. When Decker Lake was initially
sampled, the finest resolution attainable with the equipment was 1cm increments while
equipment used at other sites allowed for resolution of .5cm. Samples were dried at
90°C to remove the water content and estimate sediment bulk density. Samples were
ignited for 2 hours at 550°C, burning off organics, and then at 900°C for 2 hours to burn
off carbonates. By measuring the weight loss after each step, it was possible to
calculate organic content and carbonate content (Dean, 1974).
In order to reconstruct the fire history, 1 cm3 samples were taken at 1-cm
intervals at Decker Lake and at 0.5-cm intervals at Cape Horn II and Hidden lakes for
charcoal analysis. Samples were soaked in a solution of 5% sodium hexametaphosphate
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and 6% bleach for 24 hours and rinsed through nested, 125 and 250 µm mesh sieves.
The residues were placed in Petri dishes and tallied under a stereoscope at
magnifications of 40-80X (Whitlock and Larsen, 2001).
A chronology was established from a series of 210Pb ages as well as a radiocarbon
age at the base of each core. The radiocarbon ages were converted to calendar years
using CALIB version 5.0.1 (Stuiver and Reimer, 1993) and by convention, 0 cal yr BP is
assigned to AD 1950. Age depth models were developed for all sites with a smoothing
spline procedure using software developed by P. Higuera
(http://www.montana.edu/phiguera/software/software.html). The procedure
estimated 95% confidence intervals through the course of 5000 Monte Carlo
simulations. In each of the 5000 trials, splines were fit to the probability density
function obtained from a calibration performed using CALIB 5.1.0 software (Stuiver and
Reimer, 1993).
Charcoal counts were divided by sample volume to calculate charcoal
concentration (particles cm-3), and charcoal accumulation rates (CHAR, particles cm-2
yr-1) were calculated by multiplying charcoal concentration by sediment accumulation
rate (cm yr-1). Charcoal data were converted to evenly spaced time intervals by
interpolating the data to the median deposition time for each lake (yr cm-1).
CHAR data are generally decomposed into two components, a slowly varying
background component and a high frequency peaks component (Clark et al., 1996; Long
et al., 1998). Background charcoal (BCHAR) has been interpreted as representing
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regional fire or as secondary charcoal washed in from the surrounding watershed and
littoral zone (Clark and Royal, 1996; Whitlock and Millspaugh, 1996). Positive
deviations above background charcoal are termed the peaks component, and
interpreted as fire episodes, i.e., one or more fires occurring during the particular
sampling interval.
Decomposition of these records was accomplished with the software program
CharAnalysis (www.montana.edu/phiguera/software/software.html; Higuera et al.,
2008). CharAnalysis is a freeware program used to analyze charcoal records, detect
charcoal peaks, and reconstruct fire history at a site-specific scale. BCHAR was modeled
using a LOWESS smoother robust to outliers. Window widths between 500 and 1000
years were considered to determine BCHAR, and 500 years was ultimately selected as it
maximized the signal-to-noise index. Charcoal peaks were identified using a Gaussian
mixture model, similar to that of Gavin et al. (2006). The 95 percentile of the
distribution was selected as a threshold separating significant charcoal peaks from a
noise component. Because overall charcoal production in the area surrounding a lake
may have changed over time, the Gaussian mixture model was applied to each sample
and the samples 500 years on each side of the sample. Identified peaks were further
screened by a minimum count test, which checks for peak significance by analyzing the
minimum charcoal value within 75 years before an identified peak. If the probability of
this minimum value coming from the same two-sided Poisson distribution as the
identified peak was less than α (in this case .05), then the peak was deemed significant.
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Fire frequency was calculated by summing the total number of peaks within a moving
1000-yr window. All figures were plotted in the statistical environment R (R core
development team, 2008).

Results

A 97-cm-long core from Cape Horn II Lake was composed of fine detritus gyttja.
A total of 21 dates (Table 3.1) was analyzed for 210Pb dating by Flett Research Ltd. of
Winnipeg, Manitoba. A radiocarbon date from a depth of 94.5-97.5 cm yielded an age
of 1269 ± 98 14C yr BP (1183 cal yr BP; AA70042). The two sets of dates were used to
reconstruct a chronology (Fig. 3.2). The median sedimentation rate at was 8 years cm-1.
At Cape Horn II Lake, organic content varied between 20 and 55%, and the
carbonate content fluctuated between 1 and 30% (Fig. 3.3). Organic content was
minimal in the lower part of the core with values ~30%, and increased to ~40% above 40
cm depth. Carbonate content was low below 80 cm depth and increased gradually
towards the top of the core. BCHAR varied between 0 and 1.5 particles cm-2 yr-1
throughout the record. Values were high at ~1000 cal yr BP with values of ~1 particle
cm-2 yr-1 and decreased to a low at ~200 cal yr BP (~0.75 particle cm-2 yr-1). In the last
200 years, BCHAR increased to ~1.5 particles cm-2 yr-1. Charcoal peaks identified 10 fire
episodes at 159 – 167 cal yr BP (AD 1791 – 1783), 223 – 231 cal yr BP (AD 1727 – 1719),
287 – 295 cal yr BP (AD 1663 – 1655), 375 – 383 cal yr BP (AD 1575 – 1567), 519 – 527
cal yr BP (AD 1431 – 1423), 839 – 847 cal yr BP (AD 1111 – 1103), 911 – 919 cal yr BP (AD
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1039 – 1031), 1047 – 1055 cal yr BP (AD 903 – 895), 1151 – 1159 cal yr BP (AD 799 –
791) and 1175 – 1183 cal yr BP (AD 775 – 767) (Fig. 3.4).
The Hidden Lake core was 84 cm long and composed of fine detritus gyttja. A
total of 21 samples were analyzed for 210Pb analysis (Table 3.1). A radiocarbon date at
75 cm depth had an age of 1078 ± 61 14C yr BP (996 cal yr BP; AA70027). The 210Pb dates
were used along with the calibrated radiocarbon date to develop a chronology for the
core (Fig. 3.2). The median sedimentation rate was 9 years cm-1.
Organic content varied between 70 and 30 % at Hidden Lake and carbonate
values were between 0 and 20% (figure 3.3). Organic content was ~25% below 30 cm
depth and values of ~40% were reached near the top of the core. Carbonate values
were low in the lower portion of the core and increased markedly above 15 cm depth to
values of ~20%. BCHAR was ~0.6 particles cm-2 yr-1 between 1200 and 600 cal yr BP,
decreased to ~0.3 particles cm-2 yr-1 at 350 cal yr BP and increased to ~0.9 particles cm-2
yr-1 in the last 100 years (Fig. 2.4). Significant charcoal peaks were identified at 97 – 106
cal yr BP (AD 1853 – 1844), 268 – 287 cal yr BP (AD 1682 – 1663), 475 – 484 cal yr BP (AD
1475 – 1466), 547 – 556 cal yr BP (AD 1403 – 1394), 664 – 673 cal yr BP (AD 1286 –
1277), 727 – 736 cal yr BP (AD 1223 – 1214), 1006 – 1015 cal yr BP (AD 944 – 935) and
1141 – 1150 cal yr BP (AD 809 – 800) (Fig. 3.4).
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Table 3.1

210

Pb activity and age determinations.
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14

Figure 3.2. Calibrated age-depth curves for each site including C age and

210

Pb age determinations.

At Decker Lake, a 101-cm-long core was recovered. The sediments were
composed of fine detritus gyttja. Eleven 210Pb dates (table 3.2) were used to build a
chronology for the upper portion of the core. One radiocarbon date obtained from a

40

depth of 98 cm yielded an age of 1873 ± 34 14C yr BP (AA70026), which was calibrated as
1816 cal yr BP. The median sedimentation rate at Decker Lake was 21 years cm-1.
Organic content of sediments from Decker Lake ranged from 15 to 55% and
carbonate percentages did not exceed 5% (Fig. 3.3). Organic content was approximately
40-50% throughout the record with one point at 25 cm depth where values were ~15%.
Carbonate content fluctuated slightly through the core. BCHAR was high between 1600
and 1500 cal yr BP with values of ~0.9 particles cm-2 yr-1 and decreased to ~0.5 particles
cm-2 yr-1 at 900 – 800 cal yr BP. BCHAR rose to ~0.7 particles cm-2 yr-1 at 600 – 500 cal yr
BP, decreased to ~0.35 particles cm-2 yr-1 near 300 cal yr BP and has been high in the last
100 cal years at ~0.9 particles cm-2 yr-1 (Fig. 3.4). Eleven significant charcoal peaks were
identified at 301 – 322 cal yr BP(AD 1649 – 1628), 469 – 490 cal yr BP (AD 1481 – 1460),
658 – 679 cal yr BP (AD 1292 – 1271), 868 – 889 cal yr BP (AD 1082 – 1061), 994 – 1015
cal yr BP (AD 956 – 935), 1036 – 1057 cal yr BP (AD 914 – 893), 1120 – 1141 cal yr BP (AD
830 – 809), 1288 – 1309 cal yr BP (AD 662 – 641), 1561 – 1582 cal yr BP (AD 389 – 368),
1645 – 1666 cal yr BP (AD 305 – 284) and 1834 – 1855 cal yr BP (AD 116 – 95) (Fig. 3.5).
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Figure 3.3 Carbonate and organic percentages, charcoal concentration
-3
(grains cm ), lithology and age determinations from Cape Horn II, Hidden
and Decker lakes.
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Figure 3.4. Charcoal accumulation rates (black bars) background charcoal accumulation rates (BCHAR;
smoothed lines), and identified fire events (+ signs) for all study sites.

Discussion

The charcoal records from Cape Horn II, Hidden and Decker lakes will be
discussed in relation to regional records of vegetation, climate and human activity. The
records will be described for three time intervals. The first time interval encompasses
2000 – 1200 cal yr BP (50 BP – AD 750) and is only described at Decker Lake. The second
period spans 1200 – 600 cal yr BP (AD 750 - 1350) and encompasses the period,
coinciding with the Medieval Climate Anomaly (MCA; 1050 – 650 cal yr BP; Pierce et al.,
2004). This middle period will be examined independently to determine if the climate of
the MCA helped explain the fire records from the three sites. The final period, 600 cal yr
BP – present day (AD 1350 - 2006) will be examined for evidence of a response to
climate changes during the Little Ice Age (LIA; 750 – 50 cal yr BP; Meyer and Pierce,
2003), as well as the activities of Euro-Americans, including early mining, ranching and
recent management practices.
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A pollen record from Decker Lake (C. Briles, unpublished data, 2008) provides a
history of vegetation and fuel conditions against which to compare the fire records. The
data indicate that modern forests composed of Pinus contorta were established by 4000
cal yr BP (Briles et al., in prep). Prior to the development of modern vegetation, forests
contained more Pseudotsuga menziesii. The development of modern forest between
2400 and 4000 cal yr BP is well documented in other pollen records from northern Idaho
and western Montana (Brunelle et al., 2005). For example, Brunelle et al. (2005) found
that modern forests were established in the Clearwater Range of Idaho by 4000 cal yr
BP as a result of cooler moister conditions than before. At Burnt Knob Lake in the
Bitterroot Range of western Montana, modern forests were present at 2500 cal yr BP
(Brunelle et al., 2005). Based on these studies, I assume that the present vegetation
was established at the study sites in the Sawtooth Mountains before 2000 cal yr BP and
that fuel composition was generally similar to present during the time span of this
study.
Reconstructions of the Palmer Drought Severity Index (PDSI, Cook et al., 2004)
disclose changes in drought severity over the last 2000 years. These data come from
tree-ring reconstructions that have been interpolated across the landscape. PDSI data
for the Sawtooth Mountains were downloaded from an interpolated grid point with
coordinates of lat. 45°N, long 115° W. PDSI data indicate that conditions were cooler
and wetter than at present between 1700 – 1150 cal yr BP (AD 250 – 800) (Fig. 3.6).
After 1150 cal yr BP (AD 800) PDSI values suggest that conditions were drier and warmer
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than at present; this period lasted approximately 400 years until 650 cal yr BP (1300
AD). After 675 cal yr BP (AD 1300), PDSI values remained near zero suggesting
conditions have not been anomalous in either the positive or negative direction.
Humans may have helped shape the fire regime by both igniting and suppressing
fires in the Sawtooth region. The earliest evidence of humans in the Stanley Basin dates
to 10,000 yr BP near Redfish Lake (Galagher, 1975). About 75 km to the south, near
Fairfield, ID, Clovis artifacts suggest humans were present as early as 11,000 – 12,000 yr
BP (Butler, 1963). In other regions, it is assumed that the ability of early huntergatherers to set fires would have been strongly dependent on climate and fuel
conditions (Barrett and Arno, 1982). Studies elsewhere in the Northern Rockies have
attributed increased fire activity during the 17th and 18th centuries to Native Americans
(Barrett and Arno, 1982), who may have used fire for a variety of purposes, including
clearing travel corridors, managing hunting areas and improving pastures for horses,
and food harvesting (Barrett and Arno, 1982).
Euro-Americans were present in the Stanley Basin after the 1820s, first trappers,
then miners, and most recently ranchers (Idaho Historical Society, 1982). Significant
settlement did not occur until mining booms late in the 19th century. In 1878
prospectors found signs of gold in the area indicating the potential for lucrative mining.
By 1881, the mining town of Sawtooth City, near present-day Stanley, had a population
of about 500 people (Miller, 1965) (Fig. 3.1). The mining boom was short-lived and
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mining towns were abandoned by 1888 (Miller, 1965). If early mining activities did have
an influence on fire regimes, it would be registered during the 1880s.
GIS data obtained from the USDA Forest Service illustrate patterns of burning in
the Sawtooth National Forest (Fig 3.5) since 1950 (USDA Forest Service, Fire Data, 2007).
These data illustrate the local fire regime and indicate three large events in the last two
decades and several smaller events since 1950. The three large fires (Valley Road,
Trapper Ridge and Trail Creek) burned between 33,217 and 155,500 acres in a variety of
low and high elevation forests. These data do not assist in deciphering the nature of
forest management and fire suppression, but do illustrate the location of fires in the
region over the last 50 years.

Figure 3.5. Fires in the Sawtooth National Forest since 1950
(shaded polygons). Study sites in text are indicated with white
circles. Data in text boxes include the name of each fire, year
and size of the burn (USDA Forest Service, Fire Data, 2008).
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2000-1200 cal yr BP (BC 50 – 750 AD)
At Decker Lake, four fire episodes occurred during this period, 1288 – 1309 cal yr
BP (AD 662 – 641), 1561 – 1582 cal yr BP (AD 389 – 368), 1645 – 1666 cal yr BP (AD 305
– 284) and 1834 – 1855 cal yr BP (AD 116 – 95) (Fig. 3.6). The mean fire return interval
(FRI) was 182 years (Fig. 3.7). These results are consistent with fire-history
reconstructions from low-elevation (<2400 m) Pinus contorta forests in Yellowstone
National Park, which indicate an average fire return interval of 135-185 years
(Schoennagel et al., 2003). This period was marked by positive PDSI values (Fig. 2.6),
suggesting cooler, moister conditions than present. The relatively long FRI values,
compared with Yellowstone data, are consistent with the effectively wetter conditions
at this time, inferred from positive PDSI values between 1700-1200 cal yr BP (AD 250750).

1200 – 600 cal yr BP (AD 750 – 1350)
Of the 14 fire episodes identified during this time period at all three sites, two
occurred at more than one site. A widespread fire episode was observed at Cape Horn II
and Decker lakes as a fire episode at ca. 1040 – 1060 cal yr BP (AD 890 - 910). Hidden
and Decker lakes also shared a fire episode at ca. 660-670 cal yr BP (AD 1280 - 1290).
No fire episodes were registered at all three sites, although on longer centennial time
scales, multiple fires occurred at 850 – 950 cal yr BP (AD 1000 - 1100), 1000 – 1100 cal yr
BP (AD 850 - 950) and 1100 – 1200 cal yr BP (AD 750 - 850) (Fig. 3.6).
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Figure 3.6. Simplified patterns of burning at all study sites. Black squares represent fire episodes and their
widths are proportional to the sample resolution from each site. The upper line represents annually
reconstructed values of the Palmer Drought Severity Index (PDSI) smoothed using locally weighted regression
(LOWESS) with a smoothing parameter of 200 years. Positive PDSI values indicate wetter cooler periods,
whereas negative values indicate warmer drier periods.

At Decker Lake during the time period 600-1200 cal yr BP (AD 750 – 1350), the
average time between fire events was 124 years, and fires were more frequent than
during previous time period (Fig. 3.7) although a t-test proved this difference to not be
significant (α= .05). BCHAR was also low during this period, suggesting smaller fires with
less charcoal production. At Cape Horn II, average FRI was 84 years, whereas nearby
Hidden Lake registered a FRI of 142 years. Both sites register FRI values that are lower
than observed at Decker Lake during the previous time period, although the differences
not statistically significant.
At Decker Lake, the average time between fire events decreased from 182 years
at 1200-2000 cal yr BP (AD 750 – BC 50) to 124 years at 600-1200 cal yr BP (Fig. 3.7).
Average FRI values were lower than present at Cape Horn II and Hidden Lake, although
not significantly. The FRI values observed at Cape Horn II and Decker Lake (although not

48

significant) were shorter than average FRI values for Pinus contorta forests in
Yellowstone National Park at present (135 – 180 years between fire events; Schoennagel
et al. 2003) suggesting that burning was elevated during this time period. Although
average FRI values decreased at Decker Lake, the change was not statistically significant
(α= .05) from the previous period. During this time period (600 – 1200 cal yr BP), FRI
among sites was also not significantly different.

Figure 3.7. Boxplots of fire-return intervals from each site (top row) and collectively between sites (bottom
row) for each time period. Dashed lines represent average fire return intervals for similar lodgepole pine
forests in Yellowstone National Park (Schoennagel et al., 2003)

Reconstructed PDSI data from central Idaho show that the warmest, driest period of the
last 2000 years occurred between 1120 and 780 cal yr BP (AD 830 – 1170) (Fig. 3.5; Cook
et al., 2004) during the broadly defined MCA ((MCA; 1050 – 650 cal yr BP; Pierce et al.,
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2004)). It is likely that greater drought in summer and drier fuels explain the observed
increase in fires in the three study sites, although the differences from present are not
statistically significant. Independent evidence of regional drought at 1200 – 600 cal yr
BP (AD 750 – 1350) comes from other records in the northern Rockies. For example, in
upper-elevation forests of Yellowstone National Park, Meyer and Pierce (2003) observed
an increase in fire-related debris flows at this time. A charcoal record from Burnt Knob
Lake, a high-elevation site in east-central Idaho, registered an increase in charcoal
accumulation rates associated with MCA warming (Brunelle and Whitlock, 2003).
Reservoir Lake in southwestern Montana also shows an increase in fire activity during
this time period (see Chapter 4 of this thesis).

600 cal yr BP – present (AD 1350 – 2005)
Eleven fire episodes were recorded among the sites, and one occurred at both
Cape Horn II and Hidden lakes at roughly 287 cal yr BP (AD 1663). On longer time scales,
periods of burning occurred at all sites between 280 and 320 cal yr BP (AD 1670 and
1630). Average FRI values at Cape Horn and Hidden lakes indicate no statistical change
in fire activity in the last 600 years from the previous period. Decker Lake appears to
have a higher FRI during this time period, although again the results are not significant.
PDSI data from central Idaho do not show wetter conditions during the LIA (750
– 50 cal yr BP; Meyer and Pierce, 2003) and values rarely exceed 0 (Cook et al., 2004).
The lack of a strong climate signal in the Sawtooth region may explain the insignificant
change in fire activity from the previous period. Average FRI at Cape Horn II Lake
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increased to 134 years between episodes during the period of 600 - -50 cal yr BP (AD
1350 – 1900), although it was not a statistically significant change from the previous
period.
Other proxy studies in the western United States show a stronger response to
climate changes during the LIA than was evident in this study. Meyer and Pierce (2003)
observed fewer fire-related debris flows in upper-elevation forests at Yellowstone
National Park at 750-50 cal yr BP (AD 1200 – 1900). They attributed this decrease to
wetter fuels and fewer fires during a period of cooler, wetter conditions than at present.
Carrara and McGimsey (1981) and Luckman et al. (1993) found that glaciers in the
Northern Rockies reached their maximum extent during the LIA. Brunelle and Whitlock
(2003) found that fire frequency decreased at Burnt Knob Lake in Idaho during the
period of 550-150 cal yr BP (AD 1400 – 1800). Thus, LIA cooling was registered in some
proxy records from the region.
The mining period of the late 19th century (70 cal yr BP; AD 1880) was not
associated with increased fire occurrence at the three study sites, although a fire
episode at AD 1853 – 1844 at Hidden Lake could have been caused by mining activities.
Ranching during the 20th century also does not appear to have altered the fire frequency
at the study sites, as no peaks are detected during this time period.
In the 1930s, fire suppression became effective to the point that the annual
extent of fires in the Northern Rocky Mountains was reduced (Arno et al., 2000). The
large fires in recent years (Fig. 3.5) include the Rabbit Creek, Valley Road and Trail Creek
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fires, which occurred in remote mountainous areas. It is likely that these fires were
allowed to burn, in accordance with a shift in Sawtooth Wilderness fire management
policy in the early 1980s from one focused on active fire suppression to one that aims to
restore natural fire patterns in wilderness areas (Fischer, 1984).

Conclusions

Charcoal data from Cape Horn II, Hidden and Decker Lakes provide a record of
how fire frequency has varied in the Sawtooth Mountains during the last 2000 years.
Comparing these data with other records of climate change, such as PDSI
reconstructions (Cook et al., 2004) and other paleo studies (Brunelle and Whitlock,
2003; Meyer and Pierce, 2003), helps clarify how fire activity may have responded to
landscape-scale climate variation. These comparisons also provide an opportunity to
test whether widely observed climate events, such as the MCA and LIA occurred in
central Idaho (as inferred through PDSI reconstructions) and if fire dynamics responded
to these changes.
There seems to be no statistically significant change in temporal trends in FRI at
the three sites, and little difference among sites for the same period. These results
suggest that climate variations at magnitudes of the MCA and LIA did not affect the fire
history of these forests. This was not the case in the forests in Yellowstone National
Park and other regions of Idaho, where fire activity did respond to MCA and LIA climate
variations (Meyer and Pierce, 2003; Brunelle and Whitlock, 2003).
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PDSI data indicate effectively drier conditions in the Sawtooth Mountains during
the MCA, but little climate change from present during the LIA. Decker Lake was the
only site that provided fire-history information prior to the onset of the MCA and it
shows a decrease in average FRI around the time of the MCA from previous values
(although not statistically significant). Two of the sites, show the same FRI in the MCA
as observed in present-day Pinus contorta forests in Yellowstone National Park,
suggesting increased fire activity at that time (Schoennagel et al. 2003). PDSI data from
the later part of the record (AD 1350 – 1950) do not indicate cooler, moister conditions
associated with the LIA. However, fire activity in the last 100 years do show less burning
(although not significantly so) that would suggest cooler moister conditions during this
period or possibly a response to forest management policies.
Of the 25 fire episodes recorded among the study sites, only three occurred at
the same time (AD 890 – 910, AD 1280 – 1290, AD 663).
The influence of humans in shaping the fire regime appears to have been
minimal throughout the last 2000 years, inasmuch as fires more closely tracked
variations in the PDSI than important events in human history. If Native Americans were
burning prior to Euro-American arrival, their influence on fire occurrence was ultimately
controlled by climate (e.g. PDSI).
The arrival of Euro-Americans and subsequent mining development also did not
appear to have influenced fire frequency. One fire episode in 1850s at Hidden Lake
could possibly have been set by humans, but there was no period of elevated burning to
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suggest a strong influence of early miners. The 20th century shows no charcoal peaks in
any of the records. This would suggest that none of the sites have burned during this
period; however, fires have occurred in the 19th and 20th centuries in the Sawtooth
National Forest (Fig. 3.5). Having more sites and higher sampling resolution would
produce a more spatially and statistically robust dataset and better illustrate spatial
variations in regional burning.
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CHAPTER 4
AN ANALYSIS OF HIGH-RESOLUTION RECORDS OF HOLOCENE FIRE FROM THE
NORTHERN ROCKY MOUNTAINS, USA

Introduction

Holocene climate variations in the northern Rocky Mountains has caused
changes in both wildfire dynamics (Millspaugh et al., 2000; Brunelle et al., 2005) and
vegetation composition (e.g., Whitlock, 1993; Lyford et al., 2003). Fire is and has been
an important natural form of disturbance in the Northern Rocky Mountains, influencing
forest composition and aiding in nutrient cycling (Boerner, 1982). Climate change
occurs on multiple time scales. On millennial time scales, variations in the seasonal
cycle of insolation have been a primary driver of changes in the strength and position of
atmospheric circulation and regional climate (Bartlein et al., 1998). On centennial and
shorter time scales, climate change is driven by processes such as the El Niño Southern
Oscillation and by distinct events such as volcanic eruptions. On shorter time scales tree
rings can provide annually resolved data illustrating changes in patterns of drought
variability (Cooke et al., 2004).
In the Northern Rocky Mountains, proxy records of changes in Holocene climate
are often widely spaced and derived from a variety of sources. Fossil pollen (Whitlock,
1993; Brunelle et al., 2005), plant macrofossils (Lyford et al., 2003), sediment charcoal
(Power et al., 2006) and tree rings (Biondi and Perkins, 1999; Pederson et al., 2004), for
example, show changes in vegetation and fire that indicate a response to climate
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variations at temporal scales ranging from millennial to annual time scales. On longer
time scales, a warmer drier period associated with increased summer insolation in the
early Holocene (c.a. 10,000 cal yr BP) is registered in lake-sediment records as a period
when xerothermic taxa increased, upper treeline expanded, and fire activity was
elevated (Millspaugh et al., 2000). On centennial-scale events, such as the Medieval
Warm Period (1150 – 650 cal yr BP; Cronin et al., 2003), are registered in Northern
Rocky Mountain lake-sediment records as changes in sedimentation, vegetation, and
fire regime (Campbell, 1998; Whitlock et al., 2003). On decadal and annual time scales,
lake sediments provide records of vegetation and landscape change in northwestern
Montana (Power et al., 2006). This study focuses on climate changes and their impacts
on fire regimes at centennial time scales.
In the northern Rocky Mountains, paleofire records reconstructed from charcoal
data in lake sediments show distinct changes in fire activity during the Holocene in
response to both climate and vegetation change occurring on millennial time scales. For
example, Brunelle et al. (2005) investigated changes in vegetation and fire frequency in
lake sites along a precipitation gradient in northwestern Montana and northern Idaho.
Based on the ratio of July vs. annual precipitation at present, sites were categorized as
either “summer wet” or “summer dry “ (Brunelle et al., 2005). At present, summer-dry
sites are more strongly influenced by the northeastern Pacific subtropical high, which
suppresses summer precipitation at present. Summer-wet sites, in contrast, receive
some level of rainfall from summer monsoonal circulation. During the early-Holocene
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period, paleoclimate model simulations suggest that increased summer insolation
strengthened both the subtropical high and summer monsoonal circulation (Bartlein et
al. 1998). Whitlock and Bartlein (1993) and Brunelle et al. (2005) speculated that
summer-wet areas became wetter than at present, and summer-dry regions became
drier in the early Holocene as a result. Both pollen-based vegetation and charcoalbased fire records have been used to test this hypothesis. For example, Brunelle et al.
(2005) found evidence of increased fire activity in the early Holocene at summer-dry
sites in the Northern Rocky Mountains, and evidence of decreased fires at a summer
wet site.
Mehringer et al. (1977) examined a postglacial record of vegetation and fire from
Lost Trail Pass Bog (45.692, 113.953, 2155 m elevation, .69 ha), located in subalpine
forest in the Bitterroot Range of southwestern Montana. Charcoal levels in last 2000
years were higher than in the previous 9500 years. This high fire activity was ascribed to
late-Holocene increases in anthropogenic burning but the signal is also typical of a
summer-wet response. The increase of xerothermic taxa and upslope shift in lowelevation conifers in the early Holocene was consistent with longer growing seasons
during the early-Holocene insolation maximum than at present.
At low elevations 43 km east from Lost Trail Pass Bog (LTPB), Pintlar Lake
(45.841° N,113.439° W, 1924 m elevation, 4.7 ha lake size) offers paleoecological
information from the lower forest border. A study of the pollen and charcoal was
described as a summer-wet response with low fire activity in the early Holocene,
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followed by increasing fires in the middle and late Holocene. Brunelle et al. (2005)
attributed the evidence of low fire activity in the early Holocene followed by an increase
in fires in the late Holocene to a weakening of the summer monsoon in response to
decreasing insolation in the last 9000 years.
My objective was to examine the fire history of another low-elevation site in
southwestern Montana to confirm the reconstruction offered by Pintlar Lake. This
chapter describes a high-resolution charcoal record from Reservoir Lake, MT (45.124° N,
113.456° W, 2155 m elevation, 14.5 ha), which was undertaken as part of a larger
project to reconstruct the ecological history of the Beaverhead Range, based on multiple
proxies. The project is headed by Dr. Eric Grimm at the Illinois State Museum. Reservoir
Lake is located at the southern end of the Big Hole valley, 79 km south of Pintlar Lake
but in a similar ecological setting (Fig. 4.1). To facilitate comparison with Reservoir Lake
data, charcoal data from Pintlar Lake (Fig. 3.1; Brunelle et al., 2005) were re-analyzed
using a new age model and a new decomposition approach (ref). The objectives of this
study were to address the following questions: 1) how has fire frequency varied during
the last 14,000 years at Reservoir Lake and what are the likely controls of past fire
activity, and 2) how does the fire record from Reservoir Lake compare with other
information on past climate and fire from the Northern Rocky Mountains, particularly in
Big Hole region as inferred from Pintlar Lake?
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Figure 4.1. Map of the study region showing Reservoir Lake, Pintlar Lake (Brunelle et al., 2005) and Lost Trail Pass
Bog (Mehringer et al., 1977)

Reservoir Lake is dammed by a terminal end moraine created by late-Pleistocene
glaciers emanating from the Beaverhead Range (Locke, 1990). An extrapolated age for
the base of the sediments is 14,000 cal yr BP, suggesting that ice recession and the
formation of the lake occurred sometime before then.
The Big Hole region receives most of its precipitation during the winter and the
spring. Temperatures vary widely throughout the year with summer highs in the upper
20°C and winter lows plunging well below -20°C. Present-day circulation patterns show
a distinct seasonal pattern. During summer months, precipitation comes from
convective thunderstorms with moisture derived from the Gulf of Mexico and Gulf of
California (Mock, 1996). In the winter and spring, storm tracks are generally from the
west, originating in the Pacific Ocean. Spatially interpolated precipitation data from the
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Reservoir Lake region for the time period of 1995-2005 (PRISM group, 2008) suggest
that all seasons receive moisture, but the majority of precipitation is received in winter
and spring. Spring precipitation (March , April and May) averages 185 cm, summer
precipitation (June, July and August) is 107 cm, fall precipitation (September, October
and November) is 125 cm, and winter (December, January and February) receives 154
cm, mostly as snow. Present vegetation at Reservoir Lake is dominated by Pseudotsuga
menziesii (Douglas-fir) and Pinus contorta (lodgepole pine). Steppe vegetation,
dominated by sagebrush (Artemisia tridentata) and grasses (Poaceae), lies just 3 km to
the southeast. The mixed conifer forest surrounding Reservoir Lake supports a modern
fire regime with return intervals of 30 – 70 years between fire events (Brown and Smith,
2000), but the site has not burned in recent decades (B. Bracht, pers. comm., 2008).

Methods

During winter 1996, a 15.65-m-long sediment core was recovered from Reservoir
Lake using a modified Livingstone corer (Wright et al., 1984). Cores were extruded and
wrapped in plastic wrap and aluminum foil before being transported to Illinois State
Museum Research and Collections Center in Springfield, IL for refrigeration.
For charcoal analysis, 2 cm3 of sediment were taken at contiguous 1-cm intervals
through the core. A total of 1600 samples were processed for charcoal analysis.
Samples were soaked in a solution of 5% sodium hexametaphosphate and 6% bleach for
24 hours, and then washed through nested 125µm and 250µm sieves. The residue was
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rinsed into Petri dishes and charcoal particles were tallied under a stereoscope at
magnifications of 40-80X. Charcoal counts were divided by sample volume to calculate
charcoal concentration (particles cm-3), and charcoal accumulation rates (particles cm-2
yr-1) were calculated by multiplying concentration by sediment accumulation rate (cm
yr-1) (Whitlock and Larsen, 2001).
At both Reservoir and Pintlar lakes, accelerator mass spectrometer (AMS) 14C
dating, 210Pb dating, and tephrochronology were used to build a chronology for the
sediment sequences (Table 4.2). Radiocarbon dates were calibrated using CALIB 5.1.0
software to cal yr BP, with AD 1950 as 0 cal yr BP (Stuvier et al., 1998). Tephra from the
eruption of Mt. Mazama in southwestern Oregon was found at a depth of ~728 cm and
assigned an age of 6730 ± 40 14C yr BP (7596 cal yr BP) based on Hallett et al. (1997).
Age-depth models (Fig. 4.2) were constructed using a spline based modeling
procedure (Higuera et al., 2008) that calculated 95% upper and lower confidence
intervals throughout the course of 1,000 Monte Carlo iterations. In each iteration, a
spline was fit to the probability density function obtained from the calibration using
CALIB 5.1.0 and IntCAL software (Stuvier et al., 1998).

65
Table 4.1. Age information used to construct chronologies for Reservoir and Pintlar lakes.
Top Depth
(cm)

Site
Reservoir
Lake

Pintlar
Lake1

Bottom
Depth (cm)

Age (14 C
yr BP)

14C Error
(years)

Cal yr
BP

Lab
Number

Information

0

1

na

na

-50

na

Sediment Surface

27

28

na

na

-30

na

210

Pb Date

210

Pb Date

51

52

na

na

40

na

226.0

227.0

1340

35

1275

CAMS118868

299.0

300.0

2095

35

2066

CAMS118867

357

358

2545

30

2631

CAMS116257

709.5

710.5

6150

35

7061

CAMS116258

724.5

725.5

6570

35

7470

CAMS116262

728

772

6730

40

7596

na

773

774

6885

40

7717

CAMS116263

910

911

9405

35

10634

CAMS116259

1076

1097

10070

40

11625

UCIAMS38382

1309

1310

11795

40

13668

CAMS116260

1563

1564

12290

35

14153

CAMS116261

0

1

na

na

-45

165

166

1795

50

1724

325

326

2130

160

2119

451

452

4120

60

4655

608

609

5830

70

6636

747

748

8220

80

9195

807

808

9860

90

11300

827

828

10690

100

12723

na
WIS2175
WIS2177
WIS2178
WIS2179
WIS2180
WIS2181
WIS2182

932

940

11200

na

13109

na

1

Data comes from Brunelle et al., 2005

2

CALIB 5.1.02Calibration program was used.

Mt. Mazama Tephra (Hallet
et al., 1997)

Sediment Surface

Glacier Peak Tephra
(Carrara and Trimble, 1992)
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The charcoal records at both Reservoir and Pintlar lakes were decomposed into
two components, a slowly varying background component (BCHAR) and a high
frequency peaks component (Clark et al., 1996; Long et al., 1998). BCHAR is usually
attributed to charcoal from regional fires or from secondary material washed into the
lake (Clark and Royal, 1996; Whitlock and Millspaugh, 1996; Marlon et al., 2006; Higuera
et al., 2007). The positive deviations above a prescribed BCHAR threshold comprise the
charcoal peaks component, which is interpreted as representing local fire episodes
occurring. within the local area of the site (i.e., 500 – 1000 m radius of lake; Lynch et al.,
1994). To distinguish between BCHAR and charcoal peaks, we used CharAnalysis
software (Higuera et al., 2008; www.montana.edu/phiguera/), which is a freeware
program for analyzing charcoal time series data.
BCHAR was modeled using a LOWESS smoother robust to outliers. Brunelle et al.
(2005) used a 600-year window width at Pintlar Lake, and that value was also used for
the Reservoir Lake data to facilitate comparison. Charcoal peaks were identified using a
Gaussian mixture model, similar to that of Gavin et al. (2006). The 95 percentile of the
distribution was selected as a threshold in separating significant charcoal peaks from the
noise component. Because overall charcoal production in the area likely varied over
time with changing fuel composition, climate, and fire regime, the Gaussian mixture
model was applied locally and only considered samples in the 500 years before and after
each level. The significance of charcoal peaks was further determined with a minimum
count test that compares the peak with the minimum charcoal value within 75 years
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window prior to the peak. If the probability that this minimum value came from the
same two-sided Poisson distribution as the identified peak (α < 0.05), then the peak was
deemed significant. Fire frequency was calculated by summing the total number of
peaks within a 1000-year moving window centered on each sample. Fire episodes were
summarized with a 2000-year moving window, in keeping with the original Pintlar Lake
analysis (Brunelle et al., 2005) to display millennial scale variations in fire-episode
frequency. Figures were plotted using the statistical environment R (R core
development team, 2008).

Figure 4.2. Age-depth relationships from Reservoir and Pintlar lakes. Black line indicates
interpolated age-depth values. Gray shading indicates 95% confidence interval of each age
depth model. Individual age determinations are indicated by black circles with standard error
bars. Software used for this analysis was CharAnalysis (Higuera et al., 2008;
www.montana.edu/phiguera/).

68

Results

Sediments from Reservoir Lake were composed of three distinct units. The
upper 1 meter of sediment (-50 – 700 cal yr BP) was homogenous fine-detritus gyttja
with no visible laminations (Fig. 3.3). The majority of the core (100 – 1350 cm depth,
700 – 11,800 cal yr BP) was homogenous fine-detritus gyttja with fine laminations.
Below 1180 cm depth (> 11,800 cal yr BP), the sediment was a clay gyttja with fine
laminations. The low organic content in the bottom of the core probably reflects less
organic productivity in the watershed during the late-glacial period.

14

Figure 4.3. Lithology, C dates, charcoal concentration and charcoal accumulation rates from Reservoir Lake.
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Figure 4.4. Fire-history information for Reservoir Lake (A and B) and Pintlar Lake (C and D). Interpolated episode frequency (A
and C). BCHAR (smoothed lines; B and D), charcoal accumulation rates (vertical bars; B and D) and identified, significant
charcoal peaks (X marks; B and D).

At Reservoir Lake, BCHAR levels were low from 13,500 to 8000 cal yr BP (.5
particles cm-2 yr-1) (figure 4.4 B). Values increased gradually to 2 particles cm-2 yr-1
reaching highest levels at 7000 cal yr BP. After 7000 cal yr BP, BCHAR levels decreased
until 5700 cal yr BP before remaining stable until late Holocene. A second period of high
BCHAR occurred at 1500 cal yr BP (Fig. 4.4 B).
At Pintlar Lake, BCHAR had high levels at 13,000 cal yr BP (.2 particles cm-2 yr-1),
then decreased at 12,800 cal yr BP followed by a slow increase until 7000 cal yr BP (.5
particles cm-2 yr-1) (Fig. 4.4 D). BCHAR remained steady at values of 2 particles per cm-2
yr-1 before rapidly increasing at 2000 cal yr BP. BCHAR was greatest at 1800 cal yr BP
and decreased to lower values near present day (figure 4.4 D).
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Fire frequency at Reservoir Lake was 15 episodes/1000 years during the lateglacial period > 13,000 cal yr BP (Fig. 4.4 A). Fire frequency slowly increased and peaked
at 10,500 cal yr BP with values of 17 episodes/1000 years. After 10,500 cal yr BP, it
decreased until 7200 cal yr BP when values reached 13 episodes/1000 years. After 7200
cal yr BP, fire frequency increased steadily and peaked at 2000 cal yr BP with the highest
values observed during the record (27 episodes/1000 years). Fire frequency has since
decreased in the recent part of the record (Fig. 4.4 A). Fire frequencies were not
interpreted for first and last 500 years of either record (Fig. 4.4 A and D, dashed lines)
because calculating the number of episodes with a 2000-yr smoothing window
produced erroneous results.
At Pintlar Lake, fire frequency was low during the late-glacial period (7
episodes/1000 years), formed a broad peak at 13,200 and 12,800 cal yr BP (10
episodes/1000 years) before decreasing to a low point at 11,400 cal yr BP (7
episodes/1000 years). After 11,400 cal yr BP, fire frequency steadily increased to 20
episodes/1000 years at 6000 cal yr BP before decreasing to a low point of 15
episodes/1000 years at 3200 cal yr BP. After 3200 cal yr BP, fire frequency increased to
the highest values of the record (1100 cal yr BP; 23 episodes/1000 years). Since 1100
cal yr BP, fire frequency has slowly decreased.
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Discussion
Pollen- and charcoal-based records of vegetation and fire history in the northern
Rocky Mountains (e.g., Mehringer et al., 1977; Brunelle et al., 2005; Millspaugh et al.,
2000; Brunelle and Whitlock, 2003) provide a framework for interpreting the data from
Reservoir and Pintlar lakes. A detailed pollen record from Pintlar Lake (Brunelle et al.,
2005) was used to infer the vegetation history at Reservoir Lake, until pollen is studied
at that site. Pollen and charcoal data from two other sites provided information from
high-elevation forests (see Fig.1). Lost Trail Pass Bog (45.693°N, 113.953° W; 2154 m
elevation) lies in the Bitterroot Range near the Continental Divide in subalpine forest of
Abies bifolia, Picea engelmannii, and Pinus contorta. Older less-developed charcoal
analysis methods were used for the Mehringer et al. (1977) study and those results
cannot be compared directly to these results. Burnt Knob Lake (45.7044° N, 114.9867°
W, 2250 m elevation) in the Clearwater Range, Idaho lies in forest composed of Abies
bifolia (Rocky Mountain Subalpine Fir), Pinus albicaulis (Whitebark Pine) and Pinus
contorta (Lodgepole Pine) (Brunelle et al., 2005). Charcoal analysis methods for this
study are outlined in Brunelle et al. 2005.

Late Glacial Period >11000 cal yr BP
Paleoclimate model simulations of 14,000 cal yr BP indicate that a shrinking
Laurentide ice sheet coupled with rising summer insolation led to warming in the
Northern Rocky Mountains compared with full-glacial conditions (Bartlein et al., 1998).
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At 14,000 cal yr BP, the North American jet stream was located south of its present
position, reducing winter precipitation, and summer insolation values were 6% higher
than present (Bartlein et al., 1998). Conditions were warm and dry as compared to
present-day conditions.
The late-glacial pollen data (>11,000 cal yr BP) from Pintlar Lake indicate that low
elevations in the Big Hole region supported subalpine parkland composed of Picea,
Artemisia, Poaceae and some Pinus (Fig. 4.5). The new fire reconstruction suggests that
fire-episode frequency was low at both Pintlar and Reservoir lakes (Fig. 4.4). At 13,000
cal yr BP, vegetation shifted at Pintlar Lake from subalpine parkland to more closed
forest dominated by Pinus. At high elevations, a similar vegetation change from Picea
parkland to closed pine forests at 13,000 cal yr BP is documented at Burnt Knob Lake
(Brunelle et al., 2005).

Figure 4.5. Pollen record from Pintlar Lake. Adapted from Brunelle et al. (2005).
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By 13,000 cal yr BP, high Pinus contorta-type pollen at Pintlar Lake and elevated
fire-episode frequency suggest that an increase in woody fuels (more pine) , probably as
a result of warmer-than-before summer conditions. The forests at Pintlar Lake were
composed of Pinus contorta and Pinus albicaulis until 12,900 cal yr BP after which, Pinus
contorta increased and Pinus albicaulis decreased. Fire-episode frequency decreased
after 12,800 cal yr BP at Pintlar Lake and remained steady at Reservoir Lake (Fig. 4.4 A
and C). Although fire-episode frequency remained steady at Reservoir Lake on
centennial time scales, the number of fire episodes that occurred was reduced (Fig. 4.6).
This period of moderate fire activity at both sites lasted until 11,500 cal yr BP and
corresponds in time with the Younger Dryas cold event (12,800 – 11,500 cal yr BP; Alley
et al., 1993) described in Europe and the North Atlantic. Cooler regional climate
conditions during the YD period have also been identified from proxy records in
Colorado (12900 cal yr BP – 11700 cal yr BP; Reasoner and Jodry, 2000) and Oregon
(13000 – 10900 cal yr BP; Briles et al., 2005). It is likely that drier or cooler conditions
are responsible for the lower fire activity noted at Reservoir and Pintlar lakes at this
time.

Early Holocene Period (11,000 – 6000 cal yr BP)
By 11,000 cal yr BP, the Laurentide ice sheet had decreased to 30% of its full
glacial extent and summer insolation was 8% higher than present day values (Bartlein et
al., 1998). One effect of higher-than-present summer insolation was a strengthened
northeastern Pacific subtropical high over the Pacific Ocean and stronger-than-present
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monsoonal circulation in the southwestern US, enhancing summer-wet and summer-dry
precipitation regimes (Bartlein et al., 1998). The overall climate was characterized by
enhanced summer-wet and summer-dry precipitation regime.
The early-Holocene vegetation history at Pintlar Lake shows characteristics of a
“summer-dry” site (Brunelle et al., 2005). Following an upward shift in treeline in the
late-glacial period, the pollen data indicate the development of Pinus contorta forest. In
the early Holocene (11,000 cal yr BP), Pinus contorta forest was replaced by a mixed
forest of Pinus contorta and Pseudotsuga (Brunelle et al., 2005), with steppe vegetation
nearby. The expansion of Pseudotsuga at this time is noted at high elevations as well
(Brunelle et al., 2005; Mehringer et al., 1977; Whitlock, 1993), and it is attributed to
warmer conditions, which allowed xerophytic taxa to extend their ranges upslope. After
8000 cal yr BP, the pollen record from Pintlar Lake suggests a shift from a forest of Pinus
contorta and Pseudotsuga and steppe vegetation to one composed of Pinus contorta,
with some Picea and Abies and Alnus in an expanding riparian zone. This shift marks the
beginning of cooler conditions than before in the middle and late Holocene.
At Reservoir Lake, a peak in fire-episode frequency at 10,500 cal yr BP was
followed by a decline to a low at 7000 cal yr BP (Fig. 4.6). This signal is typical of a
summer-dry site in which high fire activity is a result of dry conditions with the
expansion of the subtropical high pressure system during the early-Holocene summer
insolation maxima. It was followed by a decrease in fire activity as summers became
wetter than before.

75

At Pintlar Lake, the opposite trend occurred with low fire frequencies rising from
11,000 cal yr BP ( 7 episodes/1000 years) to 9000 cal yr BP, followed by high values at
6000 cal yr BP ( 20 episodes/1000 years). This trend is consistent with summer-wet
regions, where increased summer precipitation from strengthened monsoon circulation
in the early Holocene depressed fire activity. In the middle Holocene, as monsoons
weakened, drier-than-before summers led to more fire activity. Differences in the earlyHolocene fire history response between closely spaced sites have been noted elsewhere
in the Rocky Mountain region (Millspaugh et al., 2004), and seem to reflect the
heterogeneity of precipitation regimes in a complex landscape (Shafer et al., 2005).

Figure 4.6. Simplified patterns of fire activity at Reservoir and Pintlar lakes. X marks indicate identified charcoal peaks
in the sediment record. Boxes denote periods of high fire activity. The forest composition is inferred from pollen data
at Pintlar Lake (Brunelle et al. (2005). Dashed lines indicate climate events mentioned in text.

A widely observed cool period known as the 8200-year event lasted
approximately 500 years and has been attributed to the final draining of postglacial Lake
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Agassiz into the North Atlantic (Morrill and Jacobsen, 2005; Rohling and Pälike, 2005). A
lake-sediment record from the Idaho-Utah border shows this event as an abrupt
increase in precipitation of calcium carbonate, resulting from warmer water and
increased evaporation (Dean et al., 2006). Similarly, Elk Lake in Minnesota shows rapid
increases in windblown dust at this time that have been attributed to cooler conditions
and more open vegetation (Dean et al, 2002). Fire frequency data at Reservoir and
Pintlar lakes do not show an abrupt change at this time, although there does appear to
be a slight decrease in the occurrence of fire episodes at this time (Fig 4.6).

Middle Holocene Period (6000 – 2500 cal yr BP)
At 6000 cal yr BP, Northern Hemisphere ice sheets were near present-day size
and summer insolation was 6% higher than current values (Kutzbach et al., 1998).
Climate models for this period indicate that summer precipitation was lower in summerdry areas and higher in summer-wet areas (Harrison et al., 2003). During this time
period, summer-wet and summer-dry contrasts were weakening as compared to the
previous period.
The fire frequency at Reservoir Lake increased after 7200 cal yr BP, reaching 27
episodes/1000 years at 2000 cal yr BP (Fig. 4.4), and the trend is consistent with
summer-wet regions where summer precipitation decreased from the early Holocene
and conditions became progressively drier. At Reservoir Lake, low fire frequency
occurred ca. 7000 cal yr BP. At Pintlar Lake, fire frequency was high at 6000 cal yr BP (20
episodes/1000years), decreased to 15 episodes/1000 years at 3200 cal yr BP and
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increased to 25 episodes/1000years at 2000 cal yr BP (Fig. 3.4). Brunelle et al. (2005)
attribute high fire frequency at 6000 cal yr BP at Pintlar Lake to weakening monsoon
precipitation in summer-wet regions.

Late Holocene Period (2500 cal yr BP – present)
By 3000 cal yr BP, closed forests of Pinus contorta with minor amounts of Picea
and Abies grew near Pintlar Lake (Brunelle et al., 2005), and this period probably marks
the establishment of the modern forest-steppe ecotone around the Big Hole Valley.
Reservoir Lake had the highest fire frequency of the entire record at 2000 cal yr BP, with
values of >25 episodes/1000 years. Pintlar Lake shows high CHAR at 1800 cal yr BP, but
values decreased at 1000 cal yr BP as did fire-episode frequency. Lost Trail Pass Bog
registered high rates of charcoal accumulation throughout this period (Mehringer et al.,
1977), although individual fire episodes cannot be identified.
Between 5000 and 2000 cal yr BP, fire records from Pintlar and Reservoir lakes
do not behave synchronously, and I suggest that this is partly a function of the greater
sensitivity of new decomposition method. The decrease in charcoal peak detection at
Pintlar Lake is influenced by the high CHAR between 2100 and 1400 cal yr BP. The CHAR
levels clearly indicate that fire activity was high, but the signal-to-noise ratio is too low
to detect significant peaks. Reservoir Lake does not show similar variations in CHAR,
and as a result, the fire-episode frequency is probably more accurately reconstructed at
that site. The steady rise in fire frequencies at Reservoir Lake through the late Holocene
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is typical of summer-wet regions, and it suggests a long-term decline in summer
precipitation in recent millennia.
During the late Holocene, proxy records from the western US show drier
conditions during the Medieval Climate Anomaly (MCA, 1150 – 650 cal yr BP; Cronin et
al., 2003; Pierce et al., 2004) and cooler/wetter conditions during the Little Ice Age (LIA,
750 – 50 cal yr BP; Carrara and McGimsey, 1981; Luckman et al., 1993; Meyer and
Pierce, 2003). Meyer and Pierce (2003) observed an increase in fire-related debris flows
during the MCA where in Yellowstone National Park and more fires were recorded at
Reservoir Lake and at Burnt Knob Lake (Brunelle and Whitlock, 2003). Lost Trail Pass
Bog also registered a significant input of charcoal, which was attributed to increased
anthropogenic burning (Mehringer et al., 1977), but probably also reflects drier
conditions in the MCA.
During the LIA, glaciers in the Northern Rocky Mountains reached their
maximum extent since the late Pleistocene (Carrara and McGimsey, 1981; Luckman et
al., 1993). Meyer and Pierce (2003) found a reduction in the magnitude of fire-related
debris flows during the Little Ice Age (LIA). Burnt Knob Lake shows a slight decrease in
fire frequency during this time (Brunelle et al., 2005) , whereas Lost Trail Pass Bog
indicates higher charcoal values in the later part of the record (Mehringer et al., 1977).
At Reservoir Lake there also appear to be a reduction in fires during the LIA (Fig. 4.6).
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Conclusions

A high-resolution charcoal record was constructed from Reservoir Lake to
examine variations in fire activity during the late-glacial and Holocene periods.
Examination of the Reservoir Lake charcoal data and their comparison with other
paleoclimatic proxy and paleoclimatic model simulations provide better understanding
of the climate, vegetation and fire interactions in the Northern Rocky Mountains. Reanalysis of the Pintlar Lake charcoal record using a new chronology and new statistical
analyses revealed slightly different patterns than described in Brunelle et al. (2005) and
altered to some degree the original interpretation, as described below. The fire-episode
frequency reconstruction was generally similar at Reservoir and Pintlar lakes and both
reconstructions shared common features with the fire histories from nearby highelevation sites, Lost Trail Pass Bog and Burnt Knob Lake.
In the late-glacial period prior to 11000 cal yr BP, fires were infrequent at both
sites as a result of sparse vegetation cover and cool conditions. Increased summer
insolation during the early-Holocene period and warmer temperatures, led to longer
growing seasons in the region and this is manifest as an upward shift in upper treeline at
Burnt Knob Lake. At the same time, there was more Pseudotsuga than at present near
Lost Trail Pass Bog. Warmer, effectively drier conditions in the early Holocene are also
evidenced by the high fire activity at Reservoir Lake, consistent with a summer-dry
precipitation region. At Pintlar Lake, fire frequency was relatively low in the early
Holocene and reached a maximum at 6000 years. This pattern is consistent with the
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climate history at other summer-wet sites in the Northern Rocky Mountains and
Yellowstone, which were influenced by a stronger-than-present summer monsoon in
the early Holocene. The contrast between the two records suggests that summer-wet
vs. summer-dry patterns were evident during this time period.
After 6000 cal yr BP, the fire records from Reservoir and Pintlar lakes show
responses that are more typical of summer-wet regions with increasing fire activity in
the middle and late Holocene. At Reservoir Lake, fire activity is highest during the
Medieval Climate Anomaly (MCA, 1150 – 650 cal yr BP; Cronin et al., 2003; Pierce et al.,
2004) and decreases during the Little Ice Age (750 – 50 cal yr BP; Carrara and McGimsey,
1981; Luckman et al., 1993; Meyer and Pierce, 2003) . At Pintlar Lake, fire activity is
elevated during the MCA and decreases to the present day with no significant change
during the Little Ice Age.
The fire-climate linkages observed in the paleoecological record provide insights
that are useful in understanding future fire regimes with projected climate changes.
Temperatures in the western US have increased significantly in recent decades. In
western Montana, average temperatures over the last four years (2003 - 2007) are 1.1°C
higher than average values observed during the 20th century (Saunders et al., 2008).
The effects of warmer winter and spring temperatures have resulted in increased fire
frequency and a longer fire season in the western US (Westerling et al., 2006). Future
climate projections indicate that portions of the Northern Rocky Mountains could
experience an increase in mean annual temperatures of 3.2°C by 2070 and 6°C by the
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end of the century (CMIP3 data, 2007). The results from this study indicate that warmer
drier conditions in the early Holocene resulted in a small increase in fire activity
between 11,000 and 9500 cal yr BP. The highest fire frequency occurred from 6000 to
1500 cal yr BP, suggesting increased aridity in the middle and late Holocene. If the
response to warm dry conditions during the Holocene can serve as an analogue for
future conditions, more frequent burning is likely in the future in the Northern Rocky
Mountains.
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CHAPTER 5
CONCLUSIONS

This thesis examined forest disturbance history on centennial and millennial time
scales. In order to test if lake sediments record past infestations of mountain pine
beetle, sediments were sampled from small lakes in the Sawtooth Mountains, Idaho,
where severe infestations of mountain pine beetle have recently taken place. Two
other chapters of the thesis reconstructed fire histories from the Sawtooth Mountains,
Idaho, and the Beaverhead Range, Montana to better understand variations in forest
fire activity on centennial and millennial time scales.
Long-term variations in mountain pine beetle outbreaks are poorly understood.
This is due to the fact that records extending outside the range of historical data are
rare. The studies that have attempted to reconstruct past mountain pine beetle
outbreaks make many assumptions without fully understanding if and how beetle
remains would be incorporated into lake-sediment sequences. Chapter 2 of this thesis
outlines the study I undertook to better understand if mountain pine beetle remains
accumulate in lake sediments following an outbreak. The results from this study suggest
that, in the years following an outbreak, there is no large influx of mountain pine beetle
remains into sedimentary sequences. The scarcity of insect remains could be because a)
not enough time has passed for the insect remains to have washed into the lakes, or b)
lake sediments do not preserve the remains of mountain pine beetle. A future study in
the next 5-10 years might effectively test these alternative hypotheses.
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In chapter 3 of this thesis, the objective was to reconstruct fire history over the
last 2000 years in the Sawtooth Mountains, Idaho. High-resolution charcoal analysis
was undertaken at three lakes in lodgepole pine forest to better understand the
environmental history in central Idaho. Results from this chapter suggest that climate
variations of the magnitudes of the Medieval Climate Anomaly and Little Ice Age did not
change the fire frequency of the surrounding forests. This study investigated only three
sites from the Sawtooth Mountains and additional lake-sediment records will help
determine how fire regimes respond to long-term climate changes in the area.
Chapter 4 of this thesis investigates fire history over the last 15,000 years in the
Beaverhead Range, southwestern Montana. A high-resolution charcoal record was
studied at Reservoir Lake located at the lower forest steppe border to compare the fire
history with other paleoenvironmental records from the region. The fire-episode
frequency reconstruction was generally similar to a record from a nearby low-elevation
site, Pintlar Lake, and it shared features with the charcoal records from nearby highelevation sites, Lost Trail Pass Bog and Burnt Knob Lake. The fire-climate linkages
observed in the paleoecological record provide insights that are useful in understanding
future fire regimes with projected climate changes. As more records with a similar high
resolution become available, we will better understand the spatial and temporal
variations in postglacial fire history in the region.
This thesis research is important for a number of reasons. First, Chapter 2’s
investigation of lake sediment response to mountain pine beetle outbreaks provides a
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framework for understanding if and how lake sediments could be used to reconstruct
longer records of mountain pine beetle infestation. Second, Chapter 3 provides the first
fire-history information from the Sawtooth Mountains, Idaho. This pilot study provides
baseline information from which to undertake a more spatially robust investigation of
the fire history of the last 2000 years. The importance of the Chapter 4 is its
presentation of high-quality fire-history data from the lower forest steppe, an area that
has been little studied. The charcoal record from Reservoir Lake helps us better
understand the long-term fire history at low elevations and offers a benchmark for
future studies in the area.
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APPENDIX A
IMPORTANT COMMUNICATION IN REGARDS TO THESIS
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Communication with Ryan Bracewell

5/15/2008
Hello Josh,
Jim Vandygriff forwarded me your message and link to the photos. I have a little more
experience looking at different species of bark beetles than he does, but am by no means an
expert taxonomist and coleopterist. However, my limited experience would suggest that any
identifications from your parts would be difficult at best, and nearly impossible with the photos.
You do seem to have a few preserved elytra, (although I don't think they look like anything from
Scolytidae), and a few other parts that someone could get to order, and possibley family. I think
I did ID an ant head (or some hymenoptera thing for that matter ), with missing antenne and
eyes (photo attached of your pic and one of an ant that I pulled off of internet for comparison).
Unfortunatley many diagnostic characters on insects will be missing if you only have parts, and it
would be hard to get much better than an insect family. If all you care about is trying to
identifying scolytids, then Donald Bright at Colorado State might be able to help and tell you
what is definitely not a scolytid. I would be a little cautious in anticipating finding many scolytids
since there are so many other beetles (let alone insects) that could find there way into your
samples.

All the best,
Ryan
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Communication with Donald Bright

6/13/2008

Josh:
I received your e-mail with the images and the later e-mails. Sorry to be so long in
answering, no excuse, just busy.
I have looked again at the images and the only ones I could identify as possibly a
scolytid are:
bhl_b_02... = Dendroctonus pronotum
ch2_sc_192 ...= possibly a scolytid but can't be sure
mth_a_24... = Dendroctonus elytron
mth_b_02... = Possibly a Dendroctonus head
runelk_a_24... = Dendroctonus elytron
All the rest are pieces that I do not recognize. In many cases, the light reflection
makes it very difficult to see the features.
I'm afraid I was not of much help, but maybe something can be gleaned from these
results.
Best wishes,
D. E. Bright
Dr. Donald E. Bright
C. P. Gillette Museum of Arthropod Diversity
Dept. of Bioagriculture Sciences & Pest Management
Colorado State University,
Fort Collins, Colorado 80523
Phone (970) 491-0490
e-mail: dbright@mail.colostate.edu
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Communication with Wyatt Cross
6/8/2008

Hi Josh,
I'd be happy to meet with you sometime to discuss. Unfortunately, I will be in the field for the
rest of this month. Can we meet in early July? My knee-jerk reaction is that if huge amounts of
pine beetles washed into (and settled in) lakes, you should see some remains. There are
certainly predatory insects in these lakes, but the exoskeletons of those beetles are pretty
resistant to consumption and digestion. Get back in touch in July if you want to chat then.
Wyatt
__________________
Wyatt F. Cross
Assistant Professor
Department of Ecology
Montana State University
Bozeman, MT 59717
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RAW CHARCOAL COUNTS
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Raw Charcoal data from Cape Horn II Lake
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Raw Charcoal data from Hidden Lake
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Raw Charcoal data from Decker Lake
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Raw Charcoal data from Reservoir Lake
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APPENDIX C
SITES VISITED FOR THESIS CHAPTER 2
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Name

Lat

Long

Cored?

Water Depth (m)

Decker Lake

44.069

-114.889

y

6.250

Martha Lake

44.287

-115.095

y

3.000

Sawtooth City

43.894

-114.838

y

0.700

Hellroaring Moraine

44.032

-114.862

y

1.740

Goat Meadow

44.195

-114.987

y

1.180

Marshall Lake

44.159

-114.985

y

2.840

Hidden Lake

44.296

-115.115

y

5.370

Decker Lake 2

44.041

-114.892

y

0.960

Cabin Creek 1

43.917

-114.906

y

8.600

Cabin Creek 2

43.921

-114.907

y

5.600

Running Cow Pond

43.929

-114.894

y

2.250

Big Bench

44.116

-114.959

y

5.740

Lil Bench

44.146

-114.951

y

5.270

Fishhook Pond

44.143

-114.959

y

1.500

Dutch Lake

44.345

-115.166

y

3.250

Cape Horn

44.413

-115.131

y

4.71

Cape Horn II

44.404

-115.136

y

4.16

Elk Lake

44.413

-115.038

y

4

KES Lake

44.373

-115.038

y

4.5

F-82

44.398

-115.074

y

3.77

Bayhorse

44.412

-114.402

y

6.69

Bull Trout Lake

44.300

-115.253

n

na

Martin Lake

44.303

-115.263

n

na

Ankle Roll

44.146

-114.986

n

na

Heart Lake

44.029

-114.677

n

na

Six Lakes 1

44.025

-114.676

n

na

Six Lakes 2

44.025

-114.672

n

na

Six Lakes 3

44.020

-114.671

n

na

Phyllis Lake

44.023

-114.647

n

na

Arrastra

44.850

-114.360

n

na

Unnamed 1

44.291

-115.278

n

na

Unnamed 2

44.308

-115.251

n

na

Unnamed 3

44.312

-115.246

n

na

Unnamed 4

44.304

-115.257

n

na

Unnamed 5

44.304

-115.257

n

na

Unnamed 6

44.344

-115.167

n

na

Unnamed 7

44.345

-115.165

n

na

Unnamed 8

44.347

-115.167

n

na

Unnamed 9

44.320

-115.105

n

na

Unnamed 10

44.303

-115.114

n

na

Unnamed 11

44.279

-115.113

n

na

Unnamed 12

44.193

-114.998

n

na

Unnamed 13

44.198

-115.004

n

na

Unnamed 14

44.209

-115.007

n

na
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Name

Lat

Long

Cored?

Water Depth (m)

Unnamed 16

43.932

-114.901

n

na

Unnamed 17

43.930

-114.904

n

na

Unnamed 18

43.926

-114.900

n

na

Unnamed 19

43.929

-114.893

n

na

Unnamed 20

43.929

-114.891

n

na

Unnamed 21

43.929

-114.890

n

na

