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The fire history in two geovegetation provinces in Yellowstone National Park was
reconstructed to determine relations between postglacial climate change. fire frequency,
and vegetation. Fire reconstructions were based on charcoal preserved in lake-sediment
cores from the Central Plateau and Yellowstone-Lamar Provinces, and fire-related
erosional events were inferred from changes in sediment magnetism. The fire records
were compared with pollen data and paleoclimatic reconstructions for the past 17,000
years.

In the Central Plateau Province, infertile soils restricted the vegetation response to
Holocene climate changes, but fire frequency changed continuously as a result of
variations in the intensity of summer drought. Fire frequency was highest (ten to 15

events/1000 years) when summer temperatures were high and effective precipitation was
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low in the early Holocene (ca. 10,000 cal yr BP). These conditions were caused by
greater-than-present summer insolation and the expansion of the eastern Pacific
subtropical high pressure system, which affected temperature and moisture conditions in
the southern and central part of Yellowstone National Park. After 8000 cal yr BP, fire
incidence decreased to present frequencies (two to three events/1000 years). The trend
towards fewer fires coincided with decreasing summer insolation and cooler, effectively
wetter conditions than before.

In the Yellowstone-Lamar Province, fire frequency was moderate (six to ten
events/[000 years) in the early Holocene. Pollen data indicate that summters then were
warmer and wetter as a result of stronger-than-present monsoonal circulation that brought
increased precipitation to the northern part of Yellowstone National Park during the
summer insolation maximum. In the last ca. 2000 years, xerophytic vegetation has
increased in the Yellowstone-Lamar Province, and fire frequency reached its highest levels
(12 to 17 events/1000 years).

The contrast in the two fire histories suggests that fire regimes reflect variations in
the intensity of summer drought that resulted from variations in the seasonal cycle of
insolation. Fire regimes in both provinces have been non-stationary during the Holocene
as fire frequency changed continuously with millennial-scale climate variations. Fire
incidence has also changed on submillennial-time scales. Several ca. 500-year periods
were characterized by high fire occurrence in both provinces, including the period from ca.

500-1000 cat yr BP, which corresponded with the Medieval Warm Period.
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CHAPTERI
INTRODUCTION

The vegetational changes associated with postglacial climate transformations are
generally known in many regions, yet there is little information on the changes in fire
regimes that accompanied long-term changes in climate. Few fire records have both the
temporal resolution and the length to address questions about the relations between
changes in climate and fire frequency, and vegetational response on centennial-to-
millennial time scales.

Most information on prehistoric fire regimes is based on dendrochronological
records of fire scars and forest-age classes. These data allow reconstruction of fire
chronologies that have high spatial and temporal resolution, and are used to determine the
frequency and magnitude of fires on annual-to-centennial time scales (e.g., Romme, 1982,
Swetnam, 1993). In regions where fires are often severe and stand-replacing, including
the northern Rocky Mountains, the fire record is only as long as the age of the last fires,
generally less than ca. 500 years (e.g., Barrett, 1994; Barrett ef a/., 1991 Johnson and
Larsen, 1991; Romme, 1982). Dendrochronological records from the northem Rocky
Mountains are not long encugh to describe variations in fire regimes on time scales that
span the entire postglacial period when large-scale climate and vegetation changes

occurred.



Long-term fire reconstructions are obtained from particulate charcoal and other
fire indicators preserved in lake sediments. Stratigraphic changes in charcoal can be
compared with variations in pollen from the same core to determine relations between
changes in fire incidence and vegetation. Fluctuations in magnetic properties in lake-
sediment cores provide information about changes in sedimentation events associated with
variations in fire occurrence in the watershed (Thompson and Oldfield, 1986; Millspaugh
and Whitlock, 1995).

The earliest studies of charcoal in lake sediments focused on microscopic particles
(<50 microns in diameter) encountered when analyzing pollen (e.g., Iversen, 1941; Swain
1973; 1978; Tolonen, 1978; Cwynar, 1978). Because microscopic particles are carried
aloft and transported great distances from a fire, these records provide information on
trends in regional burning rather than on the occurrence of individual fire events. Clark
(e.g., 1988a,b; 1990) refined fire history reconstructions by analyzing macroscopic
charcoal particles (>50 microns in minimum diameter) in laminated sediments.
Macroscopic charcoal particles settle close to the source area and their abundance in
laminated lake sediments allows for the precise dating of fires that bumn in the watershed.
Lakes that preserve annually-laminated sediments are uncommon, so it has not been
possible to apply these methods in many ;'egions. Whitlock and Millspaugh (1996) and
Millspaugh and Whitlock (1995) contributed to the understanding of how macroscopic

charcoal in unlaminated sediments registered local fires by 1) monitoring charcoal inputs

‘to small lakes following modern fires, and 2) examining the relationship between

macroscopic charcoal in unlaminated sediments and dendrochronologic records of fires in



the vicinity of the lakes. In turn, this research laid the groundwork for the present study in
which contiguous-interval sampling of macroscopic charcoal in long sediment cores
provides both the spatial and t-emporal re#olution to address questions about the linkages
between changes in climate, fire frequency and vegetation during the postglacial period.

In 1988, ca. 45% (730,000 ha) of Yellowstone National Park (YNP) was burned
by a few, very large fires. In partial response to the negative publicity surrounding the
1988 fires (i.e., the public's perception that the fires were "bad"” and that they could have
been prevented if it were not for YNP's "natural bumn policy"), scientists have sought to
leam more about the natural variability of fires prior to Euro-American settlement and
about the role of fire in shaping the Yellowstone landscape. Information about past fire
regimes in YNP is provided by 1) dendrochronological records for the past ca. 400 years
(Romme and Despain, 1989, Barrett, 1994; Houston, 1973) and 2) a 7000-year record of
fire-related sedimentation events (Meyer er al., 1992; 1995). While the record of fire-
related sedimentation events provides evidence of fire occurrence on longer time scales
than the dendrochronological record, it does not have the temporal resolution to
determine how intervals between fire events have changed through time.

Lake-sediment records of fires in YNP build upon this knowledge by providing the
opportunity to determine whether fire regimes have been stationary (i.e., cyclic or
regularly occurning) on long time scales and how fire regimes have responded to changes
in climate and vegetation during the entire postglacial period. Furthermore, these data
help infer the changing size of fires through time and assess whether the Yellowstone

landscape has been characterized by "non-equilibrium" or non-steady-state conditions (i.e.,



whether proportions of different stand-age classes have changed continuously through
time) on longer time scales than those of the past ca. 400 years (Romme, 1982).

YNP is divided into distinct geovegetation provinces that are characterized by
different geology, local climate, vegetation, and modern fire regimes. These
heterogeneous patterns of local climate, vegetation, and modern fire regimes are partially
attributed to the effects of two large-scale climate regimes that provide different amounts
of precipitation to northern and southem/central YNP (Whitlock and Bartlein, 1993).
Today, southern and central areas of YNP experience dry summer conditions with a
maximum of precipitation during the winter. In contrast, northern YNP receives a
maximum of precipitation in the spring and summer. Paleoecologic data suggest that the
climatic and vegetational history of northern YNP has differed from that of
southern/central YNP during the Holocene as well (Whitlock and Bartlein, 1993; Whitlock
etal., 1995). Increased insolation in the early Holocene intensified both regimes and the
contrast between northern and southern/central climates was more extreme. Until now,
there has been no evidence about the fire regimes that accompanied the large-scale
climatic and vegetational changes during the Holocene in either northern or
southern/central areas of YNP.

The objective of this research was to reconstruct the postglacial fire history for
two geovegetation provinces, including the Central Plateau Province of southern/central
YNP and the Yellowstone-Lamar Province of northern YNP. The reconstructions were
compared to local climate and vegetation histories to evaluate the relations between

changes in climate, vegetation, and fire frequency during the postglacial period.



Comparison of the fire records from northern and southern/central provinces on millennial
time scales provided information on how fire regimes in diverse regions respond to the
same large-magnitude climate controls (i.e., changes in summer insolation). Comparison
of the two records on submillennial time scales provided information on how fire
occurrence responds to climate changes on shorter time scales and whether responses are
linked between provinces.

The dissertation is organized into four chapters. Chapter II describes a 17,000-
year history of fire from Cygnet Lake in the Central Plateau Province. Summer conditions
there were warmer and drier in the early Holocene when summer insolation was greater
than at present. Infertile soils in this province limited the response of vegetation to
Holocene climate changes following the transition (ca. 11,300 cal yr BP) from
tundra/meadow communities to Pinus forest. Thus, the charcoal record from Cygnet
Lake allowed examination of the long-term variations in fire frequency that were primarily
the result of climate. Furthermore, these data enabled me to evaluate whether warm and
dry conditions in the early Holocene led to more frequent fires. It also provided the
opportunity to consider the impact that changes in the fire regimes had on the landscape
mosaic through time (i.e., how the size of patches has shifted through time).

Chapter Il compares the record from Cygnet Lake in the Central Plateau Province
with a ca. 14,500-year record from Slough Creek Lake in the Yellowstone-Lamar
Province. In the Yellowstone-Lamar Province, vegetation shifted from mesic species in
the early Holocene when conditions were warmer and wetter to xeric species in the

middle-to-late Holocene with increasing dry conditions. Thus, the charcoal record from



Slough Creek Lake allowed examination of whether fire frequency increased with
increasing warm and dry conditions in the late Holocene. Because the climate and

vegetation history of the two provinces have differed throughout the Holocene, the

comparison of the two records allowed evaluation of controls of fire incidence on different

spatial and temporal scales. Chapters I and III are written as manuscripts that will be
revised and submitted to scientific journals.

Chapter IV summarizes the main points of the dissertation. Appendix A contains
raw charcoal and magnetic susceptibility data from Cygnet Lake. Appendix B contains
log-transformed charcoal accumulation rates (integrated over 10-year intervals),
background (determined by a locally-weighted moving average), peaks (determined by
selection of a “threshold ratio”), detrended charcoal accumulation rates (determined by
subtracting background), and fire frequency (a locally-weighted average of peaks) for
Cygnet Lake (see Chapter II, Data Analysis). Appendices C and D contain the same data

for Slough Creek Lake.



CHAPTER II

A 17,000-YEAR HISTORY OF FIRE FOR THE CENTRAL PLATEAU PROVINCE
OF YELLOWSTONE NATIONAL PARK

The nature of vegetational changes associated with postglacial climate
transformations are well known in many regions, yet little is known of the changes in fire
regimes that accompanied long-term climate changes. Dendrochronological analysis of
fire scars and forest age classes is the most common method used to reconstruct
prehistoric fire regimes. This method allows reconstruction of fire chronologies with high
spatial and temporal resolution and can be used to determine the frequency and magnitude
of fires on annual-to-centennial time scales. Estimates of the average time period between
fires (mean fire intervals) for different forest ecosystems are derived from
dendrochronological determinations of fire frequency. In ecosystems where fires are
severe and stand-replacing, the fire record is only as long as the age of the last fire,
generally less than ca. 500 years (e.g., Barrett, 1994; Barrett ef al., 1991; Johnson and
Larsen, 1991; Romme, 1982). In ecosystems where fires are not stand replacing, fire

- histories have extended as far back as 2000 years (Swetnam, 1993). A critical limitation
of all dendrochronologic studies, however, is that they are not long enough to describe
variations in fire regimes on time scales that span the entire postglacial period when large-

magnitude climate and vegetation changes accurred.



Long-term fire reconstructions are based on charcoal and other fire indicators
preserved in lake sediments and their association with pollen records that disclose
vegetational changes. Lake-sediment records span several thousands of years and thus
provide information on a wide range of climatic and vegetational conditions in the past.
Sedimentary records of microscopic charcoal particles (<100 microns in diameter) have
been used to describe the history of regional fires, because small particles are carried aloft
and transported long distances before deposition (e.g., Clark and Royall, 1995; Cwynar,
1978; 1987, Hom, 1993; MacDonald er al., 1991; Mehringer et al., 1977, Patterson et al.,
1987; Smith and Anderson, 1992; Swain, 1973, 1978). Macroscopic charcoal particles
(>100 microns in diameter) settle close to the source area, and their abundance in
laminated and unlaminated lake sediments allows reconstruction of fires in the vicinity of
the watershed (e.g., Clark, 1988a,b,¢; Millspaugh and Whitlock, 1995). Analysis of
magnetic properties of lake sediments in combination with macroscopic charcoal, provides
information about erosion associated with fires in the watershed (Thompson and Oldfield,
1986; Millspaugh and Whitlock, 1995).

On annual-to-centennial time scales, fire frequency and severity are important
determinants of the vegetation composition and mosaic. The character of the vegetation,
in tumn, plays an important role in determining the location, intensity, and timing of
subsequent burns (Shugart, 1984; Pickent and White, 1985; Turner and Romme, 1994).
For example, in modern Pinus contorta (see Table 2.1 for common names of plants)
forests of YNP, the distribution of young and mature stands may constrain or encourage

fire spread (Tumer and Romme, 1994). Fires are more likely to spread in mature stands



Table 2.1. Common names of plant taxa referred to in text *.
e —————ee— e

Scientific name Common name
Abies lasiocarpa Subalpine fir
Abies grandis Grand fir
Agropyron spicatum Bluebunch wheatgrass
Alnus incana Mountain alder
Alnus rubra Red alder

Alnus sinuata Sitka alder
Artemisia tridentata Big sagebrush
Betula occidentalis Water birch
Compositae Composite family
Cyperaceae Sedge family
Festuca idahoensis Idaho fescue
Juniperus scopulorum Rocky Mountain juniper
Larix occidentalis Western larch
Picea engelmannii Engelmann spruce
Picea sitchensis Sitka spruce
Pinus albicaulis Whitebark pine
Pinus contorta Lodgepole pine
Pinus flexilis Limber pine
Pinus ponderosa Ponderosa pine
Poaceae Grass family
Polygonaceae Buckwheat family
Populus tremuloides Quaking aspen
Pseudotsuga menziesii Douglas fir
Rosaceae Rose family

Salix Willow

Sequoia Redwood

Thuja plicata Western red cedar
Tsuga heterophylla Western hemlock

* Nomenclature follows Hitchcock and Cronquist (1990).
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of P. contorta (trees >150 years old) than in younger stands because dense understory and
dead fuels create continuity between woody fuels on the ground and the living tree canopy
(Romme and Despain, 1989a,b,c).

Knowledge of the importance of vegetation in influencing fire on short time scales
has led to the assumption that fire occurrence is a stationary process, i.e., one that is cyclic
or regularly occurring through time. For example, Johnson and Van Wagner (1985)
suggested that, although fire is a stochastic process, the intervals between fires in a forest
ecosystem remain more or less constant (i.e., fire intervals can be described by a
probability density function) in the absence of large-magnitude climate change.
Dendrochronologic fire records are generally too short to test whether fire regimes are
stationary on long time scales, with the exception of those from the Sequoia ecosystem
where fire occurrence was found to be non-stationary for the last 2000 years. Whether
fire occurrence has been non-stationary on longer time scales cannot be addressed from
dendrochronological data.

A conceptual model regarding vegetation-fire interactions is that the continual
process of bumning and post-fire regeneration maintains a “steady-state” or “equilibrium”
landscape. Equilibrium conditions exist when the creation of new patches by bumning is
balanced by the maturation of old patches (Sprugel, 1991), and thus proportions of
different stand-age classes are roughly equal through time (Borman and Likens, 1979,
Shugart, 1984). Equilibrium landscapes occur where fires are frequent and small
compared with natural landscape units (Pickett and White, 1985; Sprugel, 1991; Turner et

al., 1993). In forests characterized by infrequent large fires, however, non-equilibrium
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conditions prevail because large portions of these landscapes become covered by stands of
the same age (Hemstrom and Franklin, 1982; Romme, 1982; Baker, 1989a b; Johnson,
1992; Tumer and Romme, 1994). For example, 430,000 ha of YNP were bumed in 1988
by a few, very large fires (Schullery, 1989). As a result, extensive areas of YNP are
covered by young, regenerating forests today and the proportions of different stand-age
classes are unequal. It is uncertain whether non-equilibriumn conditions can exist on longer
time scales under different climate conditions or whether equilibrium conditions have been
present during any period.

The linkages between fire, vegetation, and climate on millennial time scales are less
clear than on shorter time scales. Are changes in fire frequency driven by climatic changes
in the absence of vegetation change? Most charcoal studies shed little light on this
question because Holocene changes in fire frequency coincide with large-scale shifts in
vegetation (e.g., Cwynar, 1987; Mehringer et al., 1977, Smith and Anderson, 1992).

In this chapter, I discuss the fire history of the past 17,000 cal yr BP in the Central
Plateau Province of YNP, based on charcoal and pollen data and sediment magnetism
from Cygnet Lake. Cygnet Lake (Lat. 44°49'N, Long. 110°36'W, altitude 2530 m} is the
largest (10.7 ha) of a series of small lakes within a large sedge fen (Fig. 2.1). The fen lies
in a glacially-scoured shallow depression characterized by low-gradient slopes (ca. 1°-11°)

and has a small intermittent inflow and outflow; the watershed is ca. 1215 ha. The Central
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Figure 2.1. Location of study area in (A) Yellowstone National Park. (B) Central Plateau
Province (shaded) and Cygnet Lake which consists of a series of small lakes within a
sedge fen surrounded by low gradient (1-11°) slopes. (C) Coring location (*) (USGS 7-
1/2’ Crystal Falls Quadrangle, WY, 1986).
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Plateau Province was chosen because poor soil conditions there have limited the response
of Holocene vegetation to large-scale climate changes that have affected the Northem
Rocky Mountains as a whole (Whitlock, 1993). Lack of Holocene vegetation changes on
the Central Plateau permits the linkages between climate and fire to be considered in the

absence of major changes in forest composition.

The Central Plateau Province

Modern Setting

The climate of southern and central YNP, including the Central Plateau Province
(Fig. 2.1), is characterized by dry summers and wet winters. Summer conditions are
produced by large-scale subsidence associated with the eastern Pacific subtropical high-
pressure system. In the winter, storms following the path of the jet stream bring moisture
from the Pacific Ocean via the Columbia River Basin and the Snake River Plain (Bryson
and Hare, 1974) to southem and central YNP (Whitlock and Bartlein, 1993). Climate
data from Lake Station at the north end of Yellowstone Lake indicate a mean January
temperature of -11.8°C and a mean July temperature of 12.8°C for the pericd from 1948
to 1970. Annual snowfall averages 508 cm for the same period. Prevailing winds are
generally from the southwest (Dirks and Martner, 1982).

The Central Plateau Province is characterized by glaciated rhyolitic plateaus that
average 2400 m in elevation. Pirnus contorta forest covers approximately 80% of the total

forested area of the Central Plateau. Alluvial and lacustrine soils support meadows of
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Late-Pleistocene and Holocene History of Climate, Glaciation, and Vegetation

The climate variations that have occurred since deglaciation in YNP have been a
response to large-scale changes in the climate system that affected the western U.S. as a
whole. These variations are known from paleoclimate model simulations and a network of
paleoecologic sites (e.g., Thompson et al., 1993). The recession of the Laurentide ice
sheet after 21,000 cal yr BP led to an increase in temperature of 4-10°C in northern middle
latitudes (Kutzbach and Guetter, 1986; Broccoli and Manabe, 1987). As the ice sheet
decreased in size, the latitudinal position of the jet stream moved north, increasing
precipitation in the northwestem U.S. Concurrently, changes in the seasonal cycle of
insolation, as a result of variations in the earth's orbit, caused major changes in the climate
system. In the early Holocene (beginning ca. 10,000 cal yr BP) insolation was 8.5%
greater in summer and 10% less in winter at the latitude of YNP (ca. 45° N) as a result of
the greater tilt of the earth's axis and the occurrence of perihelion in the summer then
(Berger, 1978). The direct result of greater summer insolation was to increase
temperatures, which resulted in increased evaporation and decreased effective moisture.
Indirectly, increased summer insolation affected atmospheric circulation. An expansion of
the eastern Pacific subtropical high-pressure system during the early Holocene intensified
summer drought in much of the northwestern U.S,, including southem and central regions
of YNP (Whitlock, 1993). After its maximum in the early Holocene, summer insolation
gradually declined to present values. The influence of the subtropical high pressure system

declined in the middle and late Holocene, and conditions became progressively cooler and
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moister in the Central Plateau Province (Whitlock, 1993; Whitlock and Bartlein, 1993).

Deposits from the Pinedale Glaciation (ca. >40,000 to 14,000 '*C yr BP; Pierce,
1979) are present in the Central Plateau Province of YNP (Richmond and Waldrop, 1975;
Richmond, 1976). The age of basal sediments in Cygnet Lake, ca. 17,360 cal yr BP
(14,490 *C yr BP; Whitlock, 1993), suggests ice had receded from the Central Plateau
Province prior to that time. No glacial deposits of Holocene age are found in the
province.

Several pollen records are available from southern and central YNP (Baker, 1976,
1983; Waddington and Wright, 1974; Whitlock, 1993; Whitlock ef al., 1995). Whitlock
(1993) summarizes the climate and vegetation history of this region as follows: prior to ca.
13,400 cal yr BP (ca. 11,500 "*C yr BP), pollen assemblages from all of the sites record a
period of tundra or meadow vegetation characterized by high percentages of Artemisia,
Poaceae, and Cyperaceae. After ca. 13,400 cal yr BP (ca. 11,500 "*C yr BP) the
vegetation history of areas underlain by non-thyolitic substrates diverges from that of the
Central Plateau rhyolite region.

Pollen records from lakes on non-rhyolitic soils show changes in vegetation that
are attributable to variations in summer insolation. Picea parkland developed between ca.
13,400 and ca. 12,400 cal yr BP (ca. 11,500 and 10,500 "C yr BP), followed by a Picea-
Abies-Pinus albicaulis forest between ca. 12,400 and ca. 11,000 cal yr BP (ca. 10,500 and
9500 '*C yr BP), and P. contorta forest after ca. 11,000 cal yr BP. Warmer and drier
conditions in the early Holocene resulted in the expansion of Pseudotsuga menziesii and

Populus tremuloides on non-rhyolite substrates, and cooler and moister conditions in the

- .



17

late Holocene led to an increase in Picea and Abies.

In contrast, a pollen record from Cygnet Lake reveals that tundra or meadow
communities persisted until ca. 11,300 cal yr BP (ca. 10,000 ““C yr BP) on the rhyolitic
Central Plateau. The establishment of P. contorta forest at the site occurred at ca. 11,300
cal yr and has persisted with little modification in composition. In the Central Plateau,
Pinus albicaulis-type, Picea and Abies were not an important component of the forest at
any time. The persistence of P. contorta forest surrounding Cygnet Lake for the past
11,300 cal years suggests the infertile rhyolitic soils limited the vegetational response to

large-scale climatic changes recorded elsewhere in YNP.

Methodology

Particulate charcoal and magnetic susceptibility were analyzed in a short core and a
long core from Cygnet Lake. Variations in the abundance of charcoal particles provided
the primary record of past fires. Magnetic susceptibility analysis identified the presence of
allogenic minerals in the sediment and thus provided an index of erosional events in the
watershed of each lake (Thompson and Oldfield, 1986). Charcoal and magnetic
susceptibility data were compared with pollen data from the core to determine whether the

frequency of fires and sedimentation events changed in response to changes in vegetation.

Field and Laboratory

A 6.10-m-long core (CL#88A) was taken in 1988 from the fen margin at Cygnet

Lake to reconstruct the vegetation history of the Central Plateau Province (Whitlock,
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record from CL#88A with the charcoal and magnetic susceptibility records from CL#91B.

Pollen was also analyzed in CL#91B at 4- and 8-cm intervals above and below
(4.38-5.80 m depth) the lithologic transition from clay to gyttja (5.13-5.16 m depth), to
compare the charcoal and pollen stratigraphy during the late-glacial to early Holocene
transition in a single core.

Pollen samples were processed according to standard laboratory procedures
(Faegri et al., 1989). The residue was mounted in silicon oil and examined at
magnifications of 400 and 1000x. At least 400 terrestrial pollen grains were counted for

each level and used as the denominator to calculate the percentages of each terrestrial

polien type.

Charcoal

To detect individual fire events in the record, the sampling interval had to
represent a shorter amount of time than the likely interval between fires (Long et al. in
review). Thus, a sampling interval of 1-cm was selected, which represents, on average,
ca. 20 years of deposition (based on *'°Pb and "*C age-versus-depth relations) and is

'suﬂiciemly short to resolve fire events in the charcoal record given that the mean fire
interval is estimated to be ca. 200 to 400 years (Romme and Despain, 1989a,b,c).

Subsamples of 5 cm’ volume were taken from contiguous 1-cm intervals of both
cores and carefully washed through an analytical sieve with a mesh size of 0.125 mm.
Sieved samples were put in a gridded petri dish, and macroscopic charcoal (>0.125 mm in

minimum diameter) was tallied under a stereomicroscope (Millspaugh, 1991; Millspaugh
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Data Analysis
Stratigraphy and Chronology

The short core consisted of fine detritus gyttja from a 40 cm depth to the mud-
water interface. Samples were dated by the *'°Pb method at the University of Minnesota
Limnological Research Center to determine ages and sediment accumulation rates for the
last ca. 200 years (Table 2.2). Dates and sedimentation accumulation rates were

determined by a c.r.s. (constant rate of supply) model (Appleby and Oldfield, 1978). Age

versus-depth relations were used to extrapolate the record back to 600 years (Fig. 2.2).
The average sediment accumulation rate for the top three cm of sediment was 0.0225 g
em” yr!, and 00124 g cm? yr'! for the next 12 cm. The standard deviation of the ages
was calculated by a first-order error analysis of the counting uncertainty (D. R. Engstrom,
personal communication, 1995). One standard deviation ranged from +0.82 yr at the top
of the core to +31.3 yr at ca. 200 years (Table 2.2).

The long core (CL#91B) was characterized by inorganic clay and silt from 6.69 to
5.16 m depth and overlain by fine-detritus gyttja from 5.16 m depth to the sediment-water
surface. The ages of two tepliras, Mazama O (7630 cal yr BP; 6845 *C yr BP; Bacon,
1983) and Glacier Peak B (13,755 cal yr BP; 11,800 "*C yr BP; Whitlock, 1993), were
used in combination with nine radiocarbon (including six AMS) dates to establish age-
versus-depth relations (Table 2.3). Radiocarbon ages were converted to calendar years
(cal yr BP) using the program CALIB 3.0 (Stuiver and Reimer, 1993).

A weighted third-order polynomial regression (constrained to pass through age 0)



Table 2.2. *°Pb for Cygnet Lake.

; Depth  Age EmorofAge Date  Sediment Accum.
) Gy) (rAD) (gem’yr’)
0-1 4.67 0.82 1987 0.0225
2-3 16.01 0.85 1976 0.0188
4-5 35.48 0.8 1956 0.0128
! 5-6 46.16 0.87 1945 0.0142
6-7 58.07 0.94 1933 0.0125
7-8 72.87 1.02 1919 0.011
8-9 90.66 1.42 1901 0.0095
9-10 109.7 1.96 1882 0.0084
10-11  129.12 2.91 1862 0.0088
11-12 14897 4.96 1843 0.0091
12-13  161.99 7.14 1830 0.0128
14-15  191.95 10 1800 0.0128
16-17 2415 31.28 1750 0.0063

Data from D. R. Engstrom, Limnological Research Center
University of Minnesota (1994)

22



Cygnet Lake, YNP 23

@ dd s N O

10
12

Core Depth (cm)

14
16

18

0 40 80 120 160 200 240 280
Age (yr before 1991)

3707
o 4150

100 s 5350 B

200

300

Core Depth (cm)

17360

0 3000 6000 9000 12000 15000 18000
Age (cal yr BP)

Figure 2.2. Age-versus-depth models for Cygnet Lake. (A) Ages for the short core
derived by the *'°Pb method (Table 2.2). Error bars represent 1 + SD. (B) Age-versus-
depth model for the long core based on a weighted third-order polynomial regression of
calibrated "C ages (see Table 2.3 for age conversions). Ages of 0 and Mazama O tephra
were assigned the highest weight of 1.00
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was used to interpolate between calibrated radiocarbon ages for the long core (Fig. 2.2).
Each calibrated date was assigned a weight of 0.1, 0.5, or 1.0 depending on my confidence
in its accuracy (Table 2.3). A weight of 1.0 was assigned to both age 0 (1991 AD) and to
7630 cal yr BP (the accepted age of Mazama O tephra; see Bacon, 1983; Brown e al.,
1989). Low confidence in the calibrated ages for the late Holocene is evidenced by
assignment of weights of 0.1 to each age. The basal age of the core (17,360 cal yr BP)
was also assigned a weight of 0.1 because it was obtained from sediment with Little
organic material. Calibrated ages for the early Holocene were given weights of 0.5
because I had moderate confidence in their accuracy. The age assignments based on this
weighted polynomial regression were compared with a :c,impler model based on linear
interpolation between 0, 7630 cal yr BP (Mazama O tephra), and 13,760 cal yr BP
(Glacier Peak B tephra). Age assignments based on linear interpolation were similar to
those based on the polynomial model (with the exception of two dates in the late

Holocene that are out of order; Fig. 2.2).
Identification of Fire Events in the Sedimentary Record

In order to select a data-analytical method that could identify fire events in the
charcoal record, it was important to consider the processes that contribute charcoal to the
deep-wate.r sediments of a lake. Following a fire event, the rate of charcoal accumulation
in lake sediments depends on 1) the abundance of charcoal produced by a fire (which
varies with standing biomass, fuel load, and fire severity), 2) the atmospheric and

geomorphologic processes that entrain and transport charcoal to a lake, and 3) the
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Background charcoal includes several sub-components, which cannot be distinctly
separated from one another. These sub-components include 1) charcoal that is
sequestered in the watershed and littoral zone of the lake for a protracted period before it
is deposited in deep-water sediments (e.g., Whitlock and Millspaugh, 1996; Bradbury,
1996), 2) charcoal that varies in abundance depending on standing biomass and fuel load
(i.e., charcoal production), and 3) charcoal from regional fires that do not bum within or
adjacent to the watershed of the lake (Clark and Royall, 1996). The relative importance of
the first two sub-components varies with large-scale changes in vegetation (i.e., standing
biomass, fuel load), and depositional systems within the watershed. Levels of charcoal
contributed by regional sources may also vary with large-scale changes in climate and
vegetation (Long ef al,, in review).

The charcoal record from the short core was decomposed into peaks and
background by visual inspection. The record of CHARs from the long core CL#88A was
decomposed by using a locally-weighted (moving) average to define background and
assigning a CHARs threshold ratio to define the peaks component. These procedures
made it possible to distinguish between charcoal from fire events and charcoal related to

the effects of charcoal production and sedimentation.

Decomposition of the Charcoal Record

Short core

In the short core, charcoal concentration was divided by deposition time (yr cm*1)
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for each 1-cm interval to determine CHARs. Differentiation of peaks of CHARs from
background CHARs was based on visual inspection. The short temporal length of the
core (i.e., 600 years) made it unfeasible to decompose CHAR's into peaks and background

by the same method applied to the long core.

Long core

Variations in sedimentation rate and compaction of sediment with depth preclude
the possibility of sampling at equally-spaced time intervals. Furthermore, direct
interpolation of CHARs to constant depth intervals may not conserve the quantity of
charcoal within intervals. Thus, charcoal concentration data and deposition time were
interpolated to pseudo-annual values. Subsequently, the averages of these concentration
values were integrated over ten-year intervals and divided by average deposition time to
produce a series of CHARS spaced at ten-year time intervals (Long et al., in review).

Background CHARs were determined by use of a locally-weighted (moving)
average. Locally-weighted averages were calculated by moving a window along the
CHARSs, and at each point determining a weighted average of CHARs within the window
(Long er al., in review). Weights were determined using a "tri-cube” weight function
(Cleveland, 1979), which allowed points closer to the center of the window to influence
the weighted average more than points near the edges of the window. Specification of a
window width was necessary to perform this function. Because the width of the window
controls the smoothness of the background component, short window-width parameters

(e.g., <500 years) produce "noisy" background curves that are highly variable and
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fluctuate closely with the peaks component. Long window-width parameters (e.g., >900
years) produce relatively flat background curves that probably do not adequately represent
true long-term variations in charcoal productivity.

To determine the peaks component of the charcoal record, a CHARs threshold
was established by selecting a "threshold ratio” (individual CHAR at a point in time
divided by background CHAR at the same point in time; Long ef a/., in review). CHARs
above the threshold were considered peaks, i.e., fire events. For example, a threshold-
ratio parameter of 1.00 would identify any CHAR greater than background as a peak,
whereas assignment of 1.20 would mean a CHAR had to be 1.20 times greater than
background at a particular point to be designated a peak. The beginning of a peak ("peak
start") occurred if an individual CHAR exceeded the background level by the
predetermined threshold ratio and the end of the peak occurred when a subsequent CHAR
was less than the threshold. Many peaks spanned several samples. When a series of
contiguous samples with CHARs greater than the threshold occurred, the age of the peak
was set equal to the first of the contiguous samples because it was inferred that this was
the time of fire event. The frequency of peaks (e.g., peaks/1000 years = fire events/1000
years) was calculated by smoothing a binary series of peaks (I = peak, 0 = no peak) using
3 locally weighted average with a 2000-year window width (Long ef al., in review).

A specific set of parameters for window width and threshold ratio was selected
based on comparison with the dendrachronological record of mean fire intervals for the
Central Plateau. Threshold ratios ranging from 1.00 to 1.20 were combined with different

window-width parameters (i.e., 200 to 1000 years) for both untransformed and
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transformed (loganthmic) CHARs. These series of iterations were carried out to test the

- robustness of the method and to test the sensitivity of the results to different combinations
of parameters. CHARs were transformed to logarithmic values because it was assumed
that charcoal entered the lake from a three-dimensional area during a fire, and thus

charcoal abundance would increase by orders of magnitude when a fire was nearby.

Spectral Analysis of Charcoal

Spectral analysis was applied to interpolated CHARS to determine if there were
inherent periodicities in the charcoal record that might indicate a long-term fire cycle.
Individual autoregressive (MEM) spectra were calculated every 200 years between 16,000
and 1,000 cal yr BP, using overlapping 2000-year-long segments of data. A 10th-order
autoregressive model was fit to each data segment, and the associated spectrum was
plotied at the age of the midpoint of the data segment. This order was selected by fitting

| models of order one to 200 to individual segments of data, and calculating the Akaike
Information Criterion for (AIC) each order. Frequent global or local minima in the AIC
values occurred for models of order ten, and so this order was selected for use throughout

the record (Priestley, 1981).
Decomposition of the Magnetic Susceptibility Record

Records of magnetic susceptibility, like those of charcoal, consist of a stowly

varying component that can be described as background and a rapidly varying component,
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which define peaks. Like peaks of CHARs that represent fire events, peaks of
electromagnetic accumulation rates (EMARs) probably reflect individual sedimentation
events caused by disturbance events, including floods or fires.

The background component of EMAR:s likely consists of subcomponents including
1) magnetic minerals that vary in abundance depending on the degree of soil stabilization
of the surrounding landscape (i.e., more allochthonous minerals were deposited in the lake
during the late-glacial period than the Holocene when soil formation and stabilization
occurred), and 2) magnetic minerals that are sequestered in the watershed and littoral zone
of the lake for protracted periods before they are transported to deep water,

Because an objective of the magnetic susceptibility data analysis was to separate
the component of EMARSs that signaled sedimentation events from that which was related
to more gradual pedologic and geomorphologic processes that contributed magnetic
minerals to the lake, the EMARs were decomposed into background EMARs and EMAR
peaks by the same method that was applied to the CHARs.

In the short core, magnetic susceptibility values (emu cm *) were divided by the
deposition time (yr cm ') to determine EMARSs (emu cm yr™'). All positive EMARS were
considered to be "peaks". In the long core, emu concentration data were transformed to
EMARSs and were decomposed into background and peak components by the same

method that was applied to CHARs.
Correlation of Charcoal with Magnetic Susceptibility

To determine if CHARs were correlated with EMARs and whether charcoal peaks
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were associated with the occurrence of sedimentation events during the last 17,000 cal yr
BP, the two series were detrended (CHARs and EMARS minus their background
components) and Pearson Correlations were determined between them. CHARs and
EMARs were detrended so Correlations would reflect how closely primary charcoal (i.e.,
charcoal from local/extralocal fires) fluctuated with that of allochthonous minerals. If the
series were not detrended, results of Pearson Correlations would reflect long term trends
in background CHARs and EMARSs (i.e., in the late-glacial period, background CHARs
are relatively low compared to the Holocene, whereas background EMARS are relatively
high compared with those in the Holocene).

To test whether erosion occurred at the same time as a fire or in the decades
following a fire, possibly as a response to burning, CHAR "peak starts" were compared
with EMAR "peak starts” at the same level and at one and two levels higher in the core by
cross-tabulation. Cross tabulations tallied the number of times a peak of CHARSs started
at the same time as a peak of EMARSs and were constructed for the entire data set (17,000
cal yr BP to present) and for a subset of the data, including Holocene values from 11,300

cal yr BP to present (the period of P. contorta forest).
Results
The Last 600 years

The AD 1988 fire is recorded at Cygnet Lake by peaks in charcoal and magnetic

susceptibility in the surface sediment (0-3 ¢cm below the mud/water interface) of the short
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core (Fig. 2.3). The period from ca. AD 1720 to 1760 features high CHARs that suggest
nearby fires and positive EMARs indicate fire-related sedimentation in the watershed.
Dendrochronologic data confirm that large areas of the Central Plateau Province burned
between AD 1730 and 1750 (Romme and Despain, 1989a,b,c). High CHARs between ca.
AD 1500 and 1560 most likely signify local fires and a single EMAR peak at ca. AD 1540
suggests associated allochthonous sedimentation. An EMAR peak at ca. AD 1400-1450
is not concordant with high CHARs and may reflect nonfire-related erosion or ﬂo;:ding
events.

The Last 17,000 Years

The pollen record from core CL#91B revealed the transition from tundra or
meadow vegetation, dominated by Arremisia ard Poaceae to Pinus forest (Fig. 2.4). At
12,900 cal yr BP Artemisia accounted for ca. 60% and Poaceae for ca. 10% of the pollen.
Pollen from herbaceous and shrub taxa, including Asteraceae, Rosaceae, Polygonaceae,
and Apiaceae, was present in small amounts. Between ca. 12,900 and 11,300 cal yr BP,
Artemisia percentages gradually declined to ca. 15-20% and Poaceae percentages declined
to ca. 5%. Percentages of Haploxylon pine, Diploxylon pine, and undifferentiated pine
gradually increased during this period. Haploxylon pine could be attributed to either P.
albicaulis or Pinus flexilis, but in this study, it was assigned to . albicaulis-type based
on modern phytogeography. Diploxylon pine was attributed to P. contorta, the dominant

conifer in YNP today. By ca. 11,300 cal yr BP, total Pinus pollen comprised ca. 60-70%
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Figure 2.3. Charcoal and magnetic susceptibility stratigraphy back to AD 1400 for Cygnet
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EMARSs at ca. AD 1750 and 1530 likely represent fire-related sedimentation.
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of the terrestrial pollen, indicating the presence of closed Pinus forest. Between ca.
11,300 and 10,700 cal yr BP, the majority of the Pinus pollen was undifferentiated,
however, P. albicaulis-type percentages ranged between ca. 8-15% and were slightly
higher than P. contorta-type percentages at ca. 1-5%. Afier ca. 10,700 cal yr BP, P.
contorta-type increased to 10-20% and P. albicaulis-type decreased to 1-5%.
Percentages of Picea and Abies were low (1-3%) throughout the entire record.

Results from core CL#91B are consistent with the previous pollen interpretations
of core CL#88A described by Whitlock (1993) (Fig. 2.4), with the exception of higher
percentages of P. albicaulis-type pollen between 11,300 and 10,700 cal yr BP. This

discrepancy could be a result of different sampling intervals in the two studies.

Charcoal

An intermediate window width of 750 years and a threshold ratio of 1.00 were
chosen to decompose CHARSs because they generated results that suggested the mean fire
interval ranged between 200 to 500 years during the last 2000 years. This mean fire
interval is similar to the 200- to 400-year mean fire interval determined for the last several
centuries in the Central Plateau Province (Romme, 1982; Romme and Despain,
1989a,b,¢).

Charcoal was present throughout the sedimentary record indicating that fires have
occurred near Cygnet Lake since deglaciation (Fig. 2.5). Background CHARs increased
by an order of magnitude (from 0.07 to 1.5 t:m"z yr'*) between the late-glacial period and

early Holocene suggesting a change in the amount of burnable biomass. The time between
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Figure 2.5. Comparison of pollen and charcoal data from Cygnet Lake with the July insolation anomaly at Lat. 45° N. (A)
Pollen percentages of Ariemisia and Pinus (data from Whitlock, 1993). (B) Log-transformed CHARs decomposed into
background (slowly-varying linc) and peaks using a window width of 750 years and a threshold ratio of 1.00. (C) CHAR peaks.
(D) Fire frequency, represented by fire events/1000 years, (E) July insolation anomaly, calculated as the difference from present
of average daily insolation at Lat. 45° N in mid July (Berger, 1978),
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CHAR peaks has varied over the past ca. 17,000 years, indicating changes in fire
frequency. The frequency of fires was four events/1 000 years at ca. 17,000 cal yr BP
indicating low fire frequency in the late-glacial period (Fig. 2.5). Fire frequency gradually
increased from four to six events/1000 years between 17,000 and 11,700 cal yr BP. After
. ca. 11,700 cal yr BP, fire frequency increased rapidly and reached its highest rate (15
events/1000 years) at ca. 9900 cat yr BP. Fires occurred every century or less between ca.
11,000 and 8,000 cal yr BP (>ten events/1000 years). After 9900 cal yr BP, the number
of fires gradually decreased to the present frequency of <two to three events/1000 years,
signifying a reduction in fire occurrence over this period. From 11,000 cal yr BP to the
present day, the level of background CHARSs remained relatively high and relatively
constant.

The robustness of the results is confirmed by the series of graphs in Figure 2.6.
Different combinations of parameters for window width (200 to 1000 years) and threshold
ratio (1.00 to 1.20) performed on both untransformed and transformed (logarithmic)
CHARS generated results that showed the same dominant trends in fire frequency as those
described above. Minor variations occurred in the timing of changes in fire frequency and

-in the number of fire events/1000 years during a given millennia. All of the graphs
revealed that fire frequency was initially low (four events/1000 years) at 17,000 yr BP, but
gradually increased to six-eight events/1000 years during the late-glacial period (Fig. 2.6).
A sharp increase in fire frequency occurred at some point between 11,000 and 11,700 cal
yr BP. In all of the graphs, fire frequency was highest at 9900 cal yr BP, however, the

maximum number of fires varied during this time from ten to 17 events/1000 years
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