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Abstract. Paleoecological records indicate that subalpine forests in western North
America have been resilient in response to multiple influences, including severe droughts,
insect outbreaks, and widely varying fire regimes, over many millennia. One hypothesis for
explaining this ecosystem resilience centers on the disruption of forest dynamics by frequent
disturbance and climatic variability, and the resulting development of non-steady-state
regimes dominated by early-successional conifers with broad climatic tolerances, such as
lodgepole pine ( Pinus contorta var. latifolia Engelm. ex Wats.). To evaluate this hypothesis, we
independently reconstructed the vegetation, fire, and effective-moisture histories of a small,
forested watershed at 2890 m elevation in southeastern Wyoming, USA, using sedimentary
pollen and charcoal counts in conjunction with sedimentary lake-level indicators. The data
indicate that prominent vegetation shifts (from sagebrush steppe to spruce—fir parkland at ca.
10.7 ka and spruce—fir parkland to pine-dominated forest at ca. 8.5 ka [ka stands for
thousands of years before the present, defined as AD 1950]) coincided with changes in effective
moisture. However, after lodgepole pine forests established at ca. 8.5 ka, similar hydroclimatic
changes did not produce detectable vegetation responses. Fire history data show that other
aspects of the ecosystem were responsive to changes in effective moisture at centennial
timescales with prolonged fire-free episodes coinciding with periods of low effective moisture
ca. 7.2-5.6 and 3.7-1.6 ka. Throughout our record, the ratio of ecosystem perturbation time
(i.e., fire frequency and changes in effective moisture) to recovery time (assuming 200—600-
year successional processes) falls within estimates of the ratio for non-steady state ecosystems.
Frequent perturbations, therefore, may have prevented this ecosystem from reaching
compositional equilibrium with the varied climatic conditions over the past 8.5 ka.
Equilibrium states could have included more abundant spruce (Picea spp.) and fir (Abies
spp.) than presently observed based on brief increases in pollen abundances of these taxa
during prolonged dry, fire-free intervals. Our results show that, although current climate
changes favor widespread disturbance in Rocky Mountain forests, the composition of these
ecosystems could be highly resilient and recover through successional dynamics over the next
few decades to centuries.

Key words:  climate—vegetation relationships; ecosystem resilience; effective moisture; fire frequency;
palynological analysis; Rocky Mountains, USA.

INTRODUCTION

Recent warming and drought in the western United
States has caused substantial regional ecosystem change,
including increased background rates of tree mortality
(van Mantgem et al. 2009), drought-induced ecotone
shifts (Breshears et al. 2005, Worrall et al. 2008), large-
scale insect outbreaks (Raffa et al. 2008, Wulder et al.
2010), and extended fire seasons with increased annual
area burned (Westerling et al. 2003, 2006). Such changes
have raised concerns that climate change could produce
widespread ecosystem regime shifts (Fagre et al. 2009).
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Paleoecological records provide a unique opportunity to
examine regime shifts and to evaluate their long-term
outcomes. In the western United States, however, many
paleoecological records from subalpine forests show little
vegetation change over many millennia. For example,
forested ecosystems in the northern Rocky Mountains
were repeatedly disturbed by severe fires and insect
outbreaks, but many sites maintained similar vegetation
composition for >8000 years (Baker 1983, Macdonald
1989, Millspaugh et al. 2000, Brunelle and Whitlock 2003,
Brunelle et al. 2005). The basis for the apparent stability
has not been well explained, beyond edaphic controls in
the case of the Yellowstone Plateau. Some of these
western ecosystems may act as “self-organized” systems
where species effects and interactions among system
components determine ecosystem composition and struc-
ture more than abiotic factors (Suding and Hobbs 2009);
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interactions among vegetation and disturbance, particu-
larly fire, can be one such determinant (Wright 1974,
Romme and Knight 1981, Green 1982, Davis and Botkin
1985, Overpeck et al. 1990, Turner et al. 1993).

Ecosystem resilience has been defined as “the amount
of change a system can undergo and.. .stay in the same
regime,” (Suding and Hobbs 2009). Such resilience can
result from intrinsic dynamics that rapidly return an
ecosystem to its prior state or trajectory following
perturbation (e.g., succession following severe fire
[Turner et al. 1993]). Climatic changes can often push
ecosystems beyond their range of resilience, and as a
result, paleoecological records commonly include evi-
dence of past ecosystem regime shifts (exemplified by
transitions from one phase of vegetation history to
another recorded as boundaries between stratigraphi-
cally distinct fossil pollen assemblages). We use the term
“regime” to denote a particular ecosystem state (i.e.,
vegetation composition and fire regime), and “phase” to
represent distinct time periods when our study site
remained within one regime. (Conceptually, a single
“regime” could be repeated during different “phases.”)

Many paleoecological records show multiple regimes
shifts over a period of several millennia (e.g., Jacobson
and Grimm 1986, Grimm and Jacobson 1992, Lytle
2005), but records from the Rocky Mountains contain
few such shifts. Forest composition has remained similar
at many sites for multiple millennia (Baker 1983,
Macdonald 1989, Whitlock and Bartlein 1993, Fall
1997, Brunelle et al. 2005, Minckley et al. 2007). In
contrast to the apparent stability of Rocky Mountain
subalpine forests, northern boreal, deciduous, and
mixed forests in eastern North America and Europe
have undergone repeated regime shifts since the last ice
age (Deevey 1939, Davis 1969, Huntley and Birks 1983,
Gaudreau and Webb 1985, Huntley and Webb 1989,
Anderson and Brubaker 1994), which have been well
explained by both temperature and hydroclimatic
changes (Dean et al. 1984, Shuman et al. 2004, Nelson
and Hu 2008). In this context, the stability of Rocky
Mountain forests is surprising given evidence of severe
regional droughts and rapid hydroclimatic changes
(Stone and Fritz 2006, Shuman et al. 2009, 2010),
including episodes of aridity severe enough to prohibit
persistent water flow in major regional rivers (Shinker et
al. 2010) and to activate mid-continent and intermon-
tane dune fields (Ahlbrandt and Andrews 1978, Mayer
and Mahan 2004, Miao et al. 2007).

Modern climate—vegetation relationships provide a
framework for anticipating high resilience and resulting
stability of pine-dominated forests in the Rocky
Mountains, as well as the potential for more frequent
regime changes in other forest types (Minckley et al.
2008). In particular, many western tree taxa occupy
broader climatic niches (sensu Jackson and Overpeck
2000) than taxa in other regions, and western pines
(Pinus spp.) tolerate a wider range of moisture
availability than any other tree taxon in North America
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(Fig. 1) (Thompson et al. 1999, Williams et al. 2006,
Minckley et al. 2008, Williams and Shuman 2008). The
broad climatic niches may result from the strong
influence of fire and other disturbances (Wright 1974).
Severe disturbances prohibit the development of steady
states in subalpine forests (Romme and Despain 1989),
and as a consequence, favor generalist pioneer taxa,
exemplified by lodgepole pine (Pinus contorta var.
latifolia Engelm. ex Wats.).

Multiple studies have identified that lodgepole pine
forests can experience little compositional turn-over
because of limited successional replacements, particu-
larly on dry sites (Whipple and Dix 1979, Peet 1981,
Despain 1983). Fire especially limits the recruitment of
other taxa (Romme and Knight 1982), as has also been
noted in fire-prone forests in eastern North America
where Holocene climatic changes have induced little
compositional change (Wright 1974, Green 1982,
Winkler 1985, Maenza-Gmelch 1997, Tweiten et al.
2009). One reason for such stability may be that similar
time scales of forest succession, disturbance (fire), and
climatic variability favor compositionally stable and
structurally variable disequilibrium states (Webb 1986,
Turner et al. 1993); frequent disturbance potentially
obscures responses to temperature (and likely moisture)
changes by limiting the age and biomass of tree cohorts
(Davis and Botkin 1985). Perturbations do not neces-
sarily push these forests beyond their historic range of
compositional variability, but instead ensure the dom-
inance of pioneer taxa across a wide range of climatic
conditions. The potential role of large, high-severity
disturbances in homogenizing and stabilizing the com-
position of forested landscapes is not clear, however
(e.g., Weir et al. 2000), and needs to be understood in the
context of future changes in climate and disturbance
regimes (Dale et al. 2001).

Here, we hypothesize that severe hydroclimatic
changes affected the Rocky Mountain region during
the past 17 000 years (17 ka [ka stands for thousands of
years before the present, defined as AD 1950]), but that
regional forests remained highly resilient in the context
of these climatic “pushes” because of (1) the broad
climatic tolerance of the forest constituents and (2)
repeated perturbations that maintained non-steady-state
landscapes dominated by pioneer species (Romme and
Knight 1982, Romme and Despain 1989, Turner et al.
1993). To test this hypothesis, we evaluate the response
of forest composition and fire regimes to past millennial-
scale, hydroclimatic changes in a subalpine watershed of
the Medicine Bow Mountains, southeastern Wyoming,
and compare the history of vegetation change to the
timing, magnitude, and frequency of ecosystem pertur-
bations including fires and climatic changes. To do so,
we reconstruct vegetation and fire history from fossil
pollen and sedimentary charcoal data for comparison
with an independent reconstruction of the hydroclimatic
history based on sedimentary evidence of lake-level
change in a small kettle lake. In doing so, we use the
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The relationship of the modern pollen percentage abundance for selected western North America pollen types (relative

to all the pollen in a sample) to a moisture index (the ratio actual evapotranspiration to potential evapotranspiration, AET/PET),
calculated using the Priestly-Taylor equation (Prentice et al. 1992, Minckley et al. 2008). Pollen types are inclusive of all
contributing species in 1514 surface samples from the intermountain West between 30° to 60° N latitude and 100° to 120.5° W
longitude (Minckley et al. 2008). The y-axes are scaled independently to show maximum variance for each pollen type.

term “effective moisture” to refer to the balance of
precipitation and evapotranspiration (P-ET) within our
study watershed as represented by the lake-level history;
P-ET is linearly related to the ratio of actual to potential
evapotranspiration (AET/PET) except when soils are
saturated (AET/PET = 1; Priestley and Taylor 1972).

Study site

Little Windy Hill Pond (41.432928° N, 106.336342° W,
2980 m elevation), Carbon County, Wyoming, USA, is a
small, groundwater-fed lake (1.32 m deep, 2.2 ha surface
area) on the margin of a recessional moraine in the
Medicine Bow Mountains with no in-flowing streams and
an ephemeral outflow channel (Fig. 2). The watershed
itself is small (10.7 ha) with shallow slopes surrounding
the lake basin (see Plate 1). Shinker et al. (2010) used
preliminary sediment data from Little Windy Hill Pond
to calculate past changes in effective moisture of up to
>250 mm/yr based on reconstructed changes in lake
volume.

The forest surrounding the lake is composed of old-
growth lodgepole pine (Pinus contorta var. latifolia
Engelm. ex Wats.) and Engelmann spruce (Picea
engelmannii Parry ex Engelm.), with subdominant
subalpine fir (Abies bifolia A. Murray) in the lower
canopy. The open understory is comprised of shrubs
(Juniperus communis var. depressa Pursh., Artemisia
spp., Rosa spp., Ribes spp., and Ericaceae spp.), grasses,
and forbs (Poaceae, Asteraceae, and Amaranthaceae).
Similar high-elevation subalpine forests in this region
experience infrequent, high-severity crown fires as well
as large disturbances caused by wind and phytophagus
insects (Veblen 2000). These forests represent 46% of the
forested region of the Rocky Mountains, and 91% of the
Medicine Bow Mountains, Wyoming (with 28% of the
area dominated by spruce—fir forest and 63% by
lodgepole pine forest [Dillon et al. 2005]). The thin-
barked conifer species are highly susceptible to mortality
during fire events (Schoennagel et al. 2004), but post-fire
succession favors lodgepole pine and Engelmann spruce
initially with subalpine fir abundance increasing as
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Fic. 2. The Little Windy Hill watershed and location in the Medicine Bow Mountains of southeastern Wyoming, USA. Ten
ground-penetrating radar (GPR) transects (dashed lines in panel A) were used to characterize subsurface sediment limits
interpreted as past shoreline features, and are shown along with locations of sediment cores (white circles in panel A) collected for

this study.

stands mature (Veblen et al. 1991). Wind-throw events,
insect outbreaks, and other parasites, however, can lead
to different successional trajectories (Baker and Veblen
1990, Kipfmueller and Baker 1998, Kulakowski and
Veblen 2003, Kipfmueller and Kupfer 2005, Raffa et al.
2008), and the response to such events can be detected
using pollen analyses (Anderson et al. 2010, Minckley
and Shriver 2011).

Presently, fire sizes in similar subalpine ecosystems
can reach >150 000 ha, but more commonly individual
fires are <3000 ha, in part because barriers to spread
often limit fire size within small watersheds (Baker and
Kipfmueller 2001). High-elevation plateaus with little
relief within the Medicine Bow Range and pollen source
area of Little Windy Hill Pond, however, could allow for
large fires, although topographic barriers may be
important near the lake. The rotation time of high-
severity fire has been estimated at 225-350 years in
subalpine forests of Wyoming and Colorado (Baker
2009), but varies with elevation with ~150-200 year
rotation times in low-elevation lodgepole pine forests
and ~400-700 years in high-elevation spruce—fir forests
in northern Colorado (Sibold et al. 2006). Baker (2009)
notes that forests in mesic western Colorado have
shorter fire-rotations than similar forests in the more
xeric eastern slopes of the Colorado Front Range (Howe
and Baker 2003, Buechling and Baker 2004, Sibold et al.
2006). Interannual climate variation (i.e., annual
drought periods affecting fuel moisture) also strongly

influences the severity and frequency of disturbance in
these forests (Schoennagel et al. 2005).

Important for paleoecological interpretations, Little
Windy Hill Pond likely also receives pollen from the low-
elevation (<2500 m) basins that surround the Medicine
Bow Range including the Laramie, Shirley, and Hanna
basins, as well as the valley of the North Platte River to
the west and North Park, Colorado, to the south.
Important plant associations in these basins include
mixed-prairie grasslands in the basins to the east and
sagebrush—steppe and salt-tolerant desert shrub lands in
the basins to the west (Knight 1994). Riparian corridors
can be dominated by many genera including Populus,
Salix, or Artemisia depending on perennial vs. ephemeral
stream flow and local soil salinity (Knight 1994).

METHODS
Lake-level reconstruction

To constrain the hydroclimatic history of the Medi-
cine Bow Mountains for comparison with the vegetation
history, we reconstructed the past water levels of Little
Windy Hill Pond. We followed a well-established
approach (Digerfeldt 1986, Shuman et al. 2009, 2010),
which depends on the concept that sandy, inorganic
sediments tend to accumulate slowly in nearshore
(littoral) areas of small lakes and that organic-rich
muds accumulate relatively rapidly where water depths
exceed ~1 m (Shuman 2003). Changes in the lateral
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Sediment core locations, distance from shore, water depth, and core length for Little

Windy Hill Pond, Carbon County, Wyoming, USA (cores collected July 2008).

Distance Water
Core Latitude (°N) Longitude (°W) from shore (m) depth (m) Length (cm)
1A 41.43304 106.33724 66 1.32 332
SA 41.43334 106.33709 31 1.37 153
3A 41.43340 106.33707 24 1.22 90
4A 41.43344 106.33704 19 1.02 30

position and elevation of the boundary between sandy
littoral sediments and organic lacustrine muds can
therefore track changes in shoreline position and
water-surface elevation. The boundary between littoral
and deeper water sediment types has been widely
referred to as the “sediment limit” (Digerfeldt 1986).

By using ground-penetrating radar and transects of
sediment cores, we determined the position of the
sediment limit, and thus the lake level, through time as
an indicator of effective moisture. Layers of sand in our
sediment cores are taken to indicate basinward shifts in
the sediment limit if they (1) have low net sedimentation
rates and (2) are evident around the basin (e.g., appear
like “bathtub rings”). Slow net sedimentation rates
indicate prolonged accumulation in shallow water where
wave action interacts with the substrate, winnows the
sediment, and limits rapid accumulation. In contrast,
rapid flood events, landslides, or other mechanisms of
washing sand into a lake would be associated with high
net sedimentation rates, and would tend to be localized
rather than encircling the entire lake.

Ground penetrating radar (GPR) surveys

To image the sediment stratigraphy, we used a
Geophysical Survey Systems, Inc. (GSSI, Salem, New
Hampshire, USA) SIR-3000 ground-penetrating radar
(GPR). The antennae (400 and 200 MHz) were floated
across the lake in a small inflatable raft. Ten transects
across the lake were made with the GPR along six lines
(each between 105 and 240 m length) spanning most
areas of the lake (Fig. 2).

Sediment coring and analyses

Sediment core locations were chosen to sample a
representative section of the stratigraphy based on the
GPR data. A series of four sediment cores were collected
from near shore to the center of the lake basin (Table 1)
using a modified Livingstone piston corer with individ-
ual polycarbonate barrels for each section of core.
Polycarbonate barrels were detached from the piston
device, capped, and returned to the University of
Wyoming for description, subsampling, and analysis.

The sediment stratigraphy of the cores was charac-
terized using gamma-ray attenuation bulk density and
magnetic susceptibility measured at 1-cm intervals on a
Geotek Multi-Sensor Core Logger at the University of
Wyoming (Geotek, Inc., Daventry, Northants, UK).
Additionally, the mineral and organic contents of the
sediments were approximated using loss-on-ignition

(LOI) analysis (Dean 1974, Shuman 2003). Subsamples
(1 cm? volume) of each core were taken at contiguous 1-
cm intervals, dried at 100°C, and burned at 550°C. The
mass difference between the dried and burned samples
was divided by the mass of the dry sample to obtain the
percentage of loss on ignition (LOI). Low LOI is typical
of sandy littoral sediments; high LOI is found in deeper
water settings (Shuman 2003).

Sediment age control

To obtain the ages of stratigraphic transitions (i.e.,
from low density, organic-rich muds to high density,
sandy littoral sediment) in the cores, we obtained
macrofossil charcoal for accelerator mass spectrometry
(AMS) radiocarbon analysis. Samples were selected to
bracket the major stratigraphic changes in the cores, and
thus provide age-depth relationships for each core
(Table 2). Ages were calibrated using IntCal09 (Reimer
et al. 2009), and we use the standard geological term,
kiloannum (ka), to refer to thousands of calibrated years
before AD 1950. Intervals of each nearshore core that
were not directly dated were assigned ages by linear
interpolation between the calibrated AMS dates. For the
central core, used for pollen and charcoal analysis, we
used repeated overlapping linear regressions through
each consecutive set of three calibrated radiocarbon
ages. Line segments were joined at the intersection of
two overlapping regressions to minimize inflections
points in the age—depth relationships, which could cause
artificial features in the charcoal analysis (Whitlock and
Larsen 2001).

Charcoal and macrofossil analysis

Charcoal analysis and fire history was based on
contiguous 1-cm?® samples along the length of the entire
core. Samples were soaked in water, allowed to
disaggregate, and sieved through 250- and 125-um
screens. The residuals were transferred to a Petri dish,
where charcoal and macrobotanical remains (>125 pm)
were identified to the lowest possible taxonomic level
and tallied using a stereo microscope at 25-50X
magnification. Charcoal fragments in these size classes
derive from local fires (Clark and Patterson 1997, Clark
et al. 1998, Gardner and Whitlock 2001, Lynch et al.
2004), which are commonly ~3000 ha in subalpine
Rocky Mountain forests (Baker 2009) and thus may
encompass much of the relevant source area for ~70%
of the pollen in our samples (~200 ha; cf. Sugita 1993).
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TaBLE 2. Accelerator mass spectrometry (AMS) radiocarbon date determinations for cores 1A, SA, and 3A used for determining
age—depth relationships for Little Windy Hill Pond.

Calibrated age (yr BP)f

Radiocarbon age

Lab Sample no. Core Depth (cm) (yr BP)T SD Maximum Median Minimum
UCI 63 879 1A 53.5 1735 20 1694 1651 1613
ucCl 58 941 1A 59.5 2270 20 2341 2316 2210
UClI 63 880 1A 69.5 3040 20 3323 3267 3218
UCI 63 881 1A 91.5 4430 20 5045 5010 4872
UCI 58939 1A 105.5 5160 20 5928 5921 5909
ucCl 58 940 1A 126.5 6 640 25 7 566 7 530 7 506
UCI 63 882 1A 172.5 8785 25 9 888 9799 9709
UCI 58938 1A 195 9235 45 10 494 10 401 10297
UCI 63 883 1A 240.5 9 700 35 11 198 11 154 11125
UGA} 4602 1A 330 14 200 33 17 444 17 135 17115
UCI 78 239 SA 13 1 345 45 1306 1275 1185
UCI 78 240 SA 34 3545 35 3890 3837 3730
UCI 78 241 SA 60 4885 25 5643 5618 5594
UClI 78 238 SA 62 4955 40 5724 5682 5618
UCl 78 237 SA 119 7130 160 8 156§ 7 955§ 7 793§
ucCl 58935 3A 30.5 4110 50 4 806 4642 4529
UCI 58936 3A 37.5 4480 40 5281 5160 5044
UCI 58937 3A 79.5 9 460 30 10 740 10 698 10 609

Notes: Median values were used to calculate continuous age models for each of the cores. Material dated was >125-um charcoal

pieces except as noted.
+ Years before AD 1950.
i Material dated was bulk sediment.

§ Date not used in analysis; inconsistent with stratigraphic position.

Fire history was determined using CharAnalysis
(Higuera et al. 2009), which decomposes the time-series
of charcoal accumulation rates into two components: (1)
the slowly varying background and (2) highly variable
peaks in charcoal accumulation rates. The peaks
indicate local fire episodes, but their magnitude may
not be meaningful (Conedera et al. 2009). To decompose
the charcoal record, charcoal concentrations (pieces/
cm’) were binned into regular time intervals (19 and 55
yr) and then converted to charcoal accumulation rates
(pieces-em™>-yr~!; binned into 19- and 55-yr intervals,
respectively) by dividing by the net sedimentation rate
(yr/cm). The two different binning intervals were used to
assess the sensitivity of the charcoal analysis to varying
sedimentation rates, and based on the highest (19 yr)
and median (55 yr) sedimentation rates determined in
the age—depth calculations. Given the age—depth rela-
tionship, the temporal resolution of the charcoal data
ranges from a high of 19 yr/cm from 11.1 to 10.0 ka to a
low of 101 yr/cm from 2.7 to 1.8 ka.

Background charcoal accumulation rates were estab-
lished based on a 1000-yr lowess smoother, robust to
outliers. Peaks in the charcoal accumulation rates were
identified using a locally determined threshold based on
the 95th percentile of the noise distribution determined
by a Gaussian mixture model (Higuera et al. 2009).
Inferred fire-episode frequencies were then smoothed
over a 1000-yr moving window (Long et al. 1998).

Pollen analysis

Pollen sampling was conducted every 4-8 cm on the
centermost core (1B), representing a median temporal
sampling rate of 220 years (19 years minimum, 788 years
maximum). High sampling frequency (<150 years

between samples) focused on periods of observed change
in the pollen record: 11.7-10.4, 7.4-7.1, and 0.8-0.6 ka.
Pollen samples underwent standard acid-base digestion
(Faegri et al. 1989). A minimum of 300 terrestrial pollen
grains was tallied for each sample. Pollen percentages
were based on relative proportions of each identified
taxon to the terrestrial pollen sum.

To measure rates of change in the pollen record, we
measured the dissimilarity between every fourth sample
(to capture changes that persisted >500 years); close
sample spacing (<150 years between samples) at major
transitions decreased the amount of time included in our
dissimilarity calculations and thus made our comparison
with background rates of change conservative. Dissim-
ilarity was calculated using the squared-chord distance
metric, which is weighted to maximize the signal-to-
noise ratio among the changes in taxon-specific abun-
dances (Overpeck et al. 1985).

As in all palynological analyses, different pollen types
vary in their level of representation of the local plant
populations. For example, a small percentage (1-5%)
change in Abies or Picea pollen at Rocky Mountain
lakes may be as ecologically important as a large
percentage (20-60%) change in Artemisia or Pinus
pollen (Whitlock and Bartlein 1993, Lynch 1996, Fall
1997, Minckley et al. 2008). For a lake the size of Little
Windy Hill Pond, the majority of pollen is assumed to
be derived locally (within ~200 ha; Sugita 1993). Within
this context, small changes in the abundance of taxa
from distant intermontane basins (e.g., Sarcobatus)
provide information about valley environments, which
may have had a different local climatic history than
high-elevation locations near Little Windy Hill Pond.
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FiG. 3.  Ground-penetrating radar (GPR) and sediment core data from Little Windy Hill Pond, Carbon County, Wyoming. (A)

GPR data represent a profile through the lake from the north shore toward the center of the lake where the sediment cores (shown
as vertical lines) were collected (see core locations and solid white line indicating GPR profile 033 in Fig. 2). GPR data appear
relative to two-way travel time (TWT) of the radar signal, which is not linearly related to depth through the profile, but represents
approximately 3 m. (B) Sediment loss-on-ignition (LOI) at 550°C represents the stratigraphy of each core from shallowest (on left)
to deepest (on right). Gray bands indicate the extent of littoral sediment units associated with intervals of low water, and that
correlate with reflectors 1-3 and associated unconformities in the GPR data. Solid black circles mark the locations of accelerator
mass spectrometry (AMS) radiocarbon dates; maximum and minimum ages listed for each date represent the spread of calibrated
ages derived from one standard deviation of the analytical uncertainty. Lines and letters are used to mark correlative features in
cores 5SA and 1A. The dagger represents a date not used in the analysis.

However, pollen representing different environmental RESULTS
regimes through time likely derive from different pollen

Lake level and moisture history
source areas (Jacobson and Bradshaw 1981). Generally, are feveb and mosture Hstory

the influence of extra-local (intermontane basin) pollen
should decrease as local forest density increases (Minck-
ley et al. 2008).

The sediment stratigraphy of Little Windy Hill Pond
(Fig. 3) contains evidence of past shifts in the position of
the sediment limit (Fig. 4), which we interpret to
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FiG. 4. Core loss-on-ignition (LOI) and age—depth data, and the inferred history of the sediment limit and water level. (A) LOI
data for nearshore cores 3A (dashed line) and SA (solid line) are plotted with respect to time. The vertical gray bar marks the range
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which we assume has remained parallel to the water surface, and thus also represents the water-level history. Age is measured in ka

(thousands of years before AD 1950).

represent parallel changes in lake level and effective
moisture. A lack of organic sediment accumulation in
nearshore cores 4A and 3A before ca. 10.7 ka constrains
the initial position of the sediment limit (Fig. 3), and
indicates that it was likely >2 m below its modern
position (Fig. 4). If the sediment limit and water levels
had been high, organic-rich silts would have been able to
accumulate across the basin, including in the nearshore
core locations. GPR profiles confirm a confined area of
sediment accumulation prior to the initial accumulation
of organic-rich silts in core 3A, which AMS-dated
charcoal fragments from 79—80 cm depth in the core
indicate began at ca. 10.7 ka (Fig. 3). Prior to 10.7 ka,
sand layers at the base of core 5A, marked by intervals
of near zero LOI and correlating with a prominent
reflector (1 in Fig. 3) in GPR profiles, provide evidence
of additional early fluctuations in the position of the
sediment limit. Potentially, its position fell to a
minimum during the Younger Dryas chronozone

(12.9-11.6 ka), based on similar evidence from other
sites (e.g., Shuman et al. 2010), but the layers are not
directly dated here.

At 10.7 ka, LOI in cores 3A and 5A increased from
<10 to >20% consistent with a rise in the elevation of
the sediment limit and a shoreward shift in the littoral
zone (Figs. 3, 4). High LOI in the cores after 10.7 ka
likely represents a high position of the sediment limit
and widespread organic-rich accumulation. We then
infer a decline in the elevation of the sediment limit and
a basinward shift in the littoral zone from a decrease in
the LOI of core 3A to <20% above 57 cm depth in the
core. The decline likely began by 8.4 ka and continued
until 7 ka when the LOI declined abruptly (above 77 cm
depth) in core SA, which is dated based on correlative
features and ages in core 1A (Figs. 3, 4).

The low LOI sediments dating from >7 ka to 5.6-5.2
ka in cores 3A and 5A correlate with a prominent
reflector (2 in Fig. 3A) and evidence of nearshore
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unconformities (breaks in the constant sediment accu-
mulation) in the GPR data. This inorganic layer likely
represents a period when the littoral zone expanded
basinward of core 5A, which would require the sediment
limit to have been approximately 1 m lower than today.
Such a change would be the equivalent to ~1 m decline in
water level and potentially a >200 mm/yr reduction in
effective moisture across the watershed, which is compa-
rable in magnitude to (but longer in duration than) the
most severe historic annual drought in the region (AD
2002; Shinker et al. 2010). The sediment limit then likely
rose because organic-rich silts accumulated as far
shoreward as core 3A from 5.2 to 4.6 ka (Fig. 4). Low
water levels then resumed until ca. 1.2 ka based on a
subsequent drop in the LOI to <15% above 30 cm depth
in both cores 3A and 5A. Reflector 3 in the GPR profile
correlates with this uppermost low LOI interval, and
truncates underlying nearshore sediments consistent with
winnowing and erosion during low water (Fig. 3). The
expansion of high-LOI silts shoreward to the location of
core 4A marks the rise to the modern position of the
sediment limit (and water level) after ca. 1.2 ka.

Fire history

Charcoal concentration was low, averaging 3.6
particles/em® prior to 11 ka (Fig. 5). After 11 ka
charcoal concentrations increase markedly averaging
11.1 particles/cm? prior to a distinct peak (123 particles/
em’) centered on 7.1 ka. After this peak, charcoal
concentration was slightly higher than before and
averaged 16.3 particles/em® until ~1.5 ka, when
charcoal concentration decreased toward the present
(6.4 particles/cm®). Charcoal accumulation rates were
low throughout the record, and never exceeded 1
particleem™?/yr~!. Charcoal accumulation rates in-
creased, however, to maxima at 11 to 10 ka, 8.5 to 7.5
ka, and near 1.5 ka.

Several multi-century (>500 yr) periods contain no
evidence of fire episodes based on both the 19- and 55-yr
binning of the charcoal time series: 14.1-11.1, 10.0-9.5,
8.6-7.9, 7.2-<6.2, 4.1-3.4, 3.1-2.3, and 2.2-1.6 ka (Fig.
5). The frequency of peaks in charcoal accumulation
depends, in part, on changes in net sediment accumu-
lation and the binning interval selected, but the fire-free
episodes appear regardless of binning intervals and
occur across a range of net sedimentation rates, 44—101
yr/cm.

The highest calculated fire-episode frequencies (three
to five episodes per millennium) were based on 19-yr
binning intervals for 11.1-8.7 ka, when spruce and fir
were most abundant, but the frequencies may not have
been higher than those reconstructed on average since
8.7 ka (i.e., dashed line in Fig. SE). If treated as fire-
episode return intervals, the 19-yr bin produced return
intervals of 131-261 yr, but the 55-yr bin produced
intervals of 255-353 yr and likely provides a more robust
comparator with the low sedimentation rate interval
after 8.7 ka. Fire-episode return intervals from 8.7 ka to
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present had median values of 356 and 359 yr, based on
the 19- and 55-yr binned analyses respectively. By 8.7
ka, fire-episode frequency declined to <1 episode per
millennium, but then increased to a peak of nearly 4
episodes per millennium by ~1.5 ka.

Vegetation history

Overview.: major phases and periods of change.—The
Little Windy Hill Pond pollen record (Fig. 6) shows
evidence of three major phases: an early Artemisia-
dominated zone (>10.6 ka), a Picea—Abies—Pinus zone
(10.6-8.5 ka), and a Pinus-dominated zone (<8.5 ka).
These three phases can be further subdivided into seven
distinct pollen zones (Fig. 6) described in the following
subsections, but squared-chord distances (SCDs) mea-
sured across adjacent sets of samples reveal that large,
rapid change (SCDs > 0.05) only took place at 10.6 and
8.5 ka (Fig. 7). SCDs also peak, indicating additional
small changes (0.03-0.05) at 14.0, 11.3, 10.2, 7.2, and
1.5 ka.

Beginning of record to 13.9 ka—High percentages of
Artemisia, Cupressaceae (likely Juniperus communis),
Rosaceae, Asteraceae, and Poaceae pollen, and low
percentages of Picea and Pinus pollen characterize the
earliest portion of the record, and indicate an open
alpine landscape. Occasional spruce trees may have been
locally present, but closed forests had not yet formed
around the lake based on the pine pollen percentages of
<20% (Minckley et al. 2008). Pines were likely lodgepole
pine based on the abundance of Pinus subgenus Pinus
type pollen.

13.9 to 11.1 ka—From 13.9 to 11.1 ka, Cupressaceae,
Picea, and Pinus pollen percentages decreased while
Artemisia, Amaranthaceae, and Poaceae pollen percent-
ages increased or remained constant. These trends along
with a slight increase of Sarcobatus pollen percentages
indicate that the regional vegetation was likely more
open than before 13.9 ka.

11.1-10.6 ka.—This short interval (500 years) shows a
rapid transition from open vegetation to woodlands or
parkland marked by increases in Abies, Picea, and Pinus
pollen percentages, a decrease in Artemisia pollen
percentages, and the absence of many other common
taxa. Macrobotanical remains show that local popula-
tions of fir and spruce had established by 10.8 ka.
Maximum Betula (possibly B. occidentalis) pollen
percentages differentiate this interval from subsequent
forest phases (Fig. 6).

10.6-8.5 ka.—By 10.6 ka, peak Abies and Picea pollen
percentages (3—10%) and intermediate Pinus pollen
percentages (~40%) indicate increased forest cover
based on comparison with modern pollen—vegetation
relationships (Minckley et al. 2008). Spruce and fir likely
dominated the forest during this period, but local
populations of lodgepole and limber (Pinus flexilis
James) pines were probably also present. Artemisia
pollen percentages decreased through this interval,
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whereas Amaranthaceae pollen abundance reached a
peak.

8.5-7.3 ka—Turnover in forest composition occurred
over the 1200 year period between 8.5 and 7.3 ka, with
decreasing Abies, Picea, and Artemisia pollen percent-
ages and increasing Pinus pollen percentages. The
changes likely indicate further closure of the forest
canopy and a shift from spruce—fir to pine dominance,
which is analogous to moving downward in elevation
through the modern Medicine Bow Range (Dillon et al.
2005). Sarcobatus pollen percentages increased and
mesic taxa were largely absent, which may indicate

changes not only locally but also in the intermontane
basins.

7.3—1.4 ka.—Pinus pollen percentages reach a maxi-
mum, but vary between ~50-70%. The oldest lodgepole
pine needle is observed at 6.5 ka, which would be
consistent with the presence of a lodgepole-pine-
dominated forest. Infrequent but consistently present
Abies and Picea pollen (>2%) and macrobotanical
evidence indicates that these taxa remained as important
constituents of the forest community. In fact, Picea
pollen percentages rose briefly to >5% at ca. 6 and 2 ka
(Fig. 7) during two prolonged fire-free periods (Fig. 5).
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PraTte 1. View south toward Little Windy Hill Pond, Carbon County, Wyoming, USA. Sediments in the lake provide evidence
that changes in effective moisture over the past 8000 years shifted local fire regimes and caused the water level to fluctuate by ~1 m
but did not shift the local forest composition, which remained in a persistent non-steady state dominated by lodgepole pine. Photo

credit: T. A. Minckley.

Artemisa pollen percentages also remain near ~15%, but
rise to occasional peaks of up to 25%.

1.4 ka to present.— Pinus pollen percentages remained
high (>60%) but were lower than the previous interval.
Increased Artemisia pollen percentages (>20%) may
suggest an opening of the forest environment or a
change in the composition of the adjacent basin
vegetation.

Discussion
Comparison of moisture balance and vegetation histories

Lake-level changes coincided with the prominent
vegetation changes recorded in the pollen record (Fig.
7), which represent transitions from (1) sagebrush steppe
to spruce—fir parkland at ca. 10.7 ka and (2) spruce—fir
parkland to pine-dominated forest over the interval
from ca. 8.7-7.3 ka (Fig. 5). The inferred moisture
balance was probably lowest prior to 10.7 ka when only
cores 1A and 5A accumulated sediment and indicate a
smaller lake than exists today or throughout much of the
Holocene. The dominance of sagebrush in the pollen
record until 10.7 ka is consistent with low effective
moisture, inferred from the lake-level evidence, because
sagebrush pollen is most abundant today where the
moisture index (the ratio of actual evapotranspiration to
potential evapotranspiration, AET/PET, calculated us-
ing the Preistly-Taylor equation as in Prentice et al.
[1992]) is less than 0.5 (Fig. 1). After 10.7 ka, tree pollen
representative of spruce—fir parkland became abundant
(>50% tree pollen), and effective moisture likely

increased to levels that were similar to today as indicated
by the onset of organic sediment deposition in nearshore
core 3A (Fig. 4).

The rise in lake level could represent changes in
hydrology as the basin formed and filled with sediment
(e.g., Davis and Davis 1980), but the correspondence
with vegetation change supports a climatic driver for
both phenomena. The rise of Picea and Abies pollen
percentages to >6% and 2%, respectively, is consistent
with high effective moisture because these taxa become
abundant above AET/PET values of >0.4 (Fig. 1).
Because both Abies and Picea pollen tend to be
underrepresented relative to Pinus and Artemisia pollen,
the observed changes indicate meaningful shifts in forest
composition (Minckley et al. 2008). Likewise, the
change in lake area (from <l to >2.5 ha) probably
did not result in a substantial shift in pollen source area
that favored tree-pollen deposition (Jacobson and
Bradshaw 1981); even very small ponds in sagebrush-
dominated parks today capture >50% tree pollen (e.g.,
Lynch 1998) and thus have pollen assemblages that
differ markedly from those (<25% tree pollen) preserved
in the sediments of a small, shallow Little Windy Hill
Pond before 10.7 ka. Forest-derived paleosols in modern
sagebrush steppe in nearby Middle Park, Colorado, also
provide consistent regional evidence for expanded
forests and high effective moisture from 10.5-9.5 ka
(Mayer et al. 2010).

Effective moisture began to fall again between 8.5 and
7.3 ka when sand began to accumulate in cores 3A and
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Pollen percentage diagram for Little Windy Hill Pond Core 1A showing major pollen taxa identified. Percentage

abundance (x-axis) shown by time (y-axis). The relative abundance of the trees, shrubs, and forbs was calculated using the sum of
taxa placed in those groups. Macrophytes and riparian percentages were calculated on a sum of that group plus the terrestrial taxa.
Cluster analysis (CONISS) was used to determine boundaries of significant changes in the pollen assemblages.

SA respectively, marking a basinward shift in the littoral
zone of the lake (Figs. 3, 4). Severely low effective
moisture (>100 mm/yr lower than today [Shinker et al.
2010]) appears to have been established by ca. 7 ka when
the macrofossil and pollen records (including Pinus
pollen percentages of >70%) indicate that the vegetation
had become a lodgepole pine forest. Today Pinus pollen
percentages are high across a broad range of moisture
levels, but when Picea and Abies pollen percentages are
low (<5%), Pinus pollen percentages are high only
where AET/PET is <0.4 (Fig. 1).

High SCDs at 10.7, 10.2, 8.4, 7.2, and 1.5 ka indicate
rapid transitions between vegetation phases, and corre-
spond with large shifts in LOI in the nearshore cores
(Figs. 4, 6). For example, a rise and then fall in LOI in
the nearshore cores between 10.7 and 7.2 ka appears to
track a sequence of rising and then falling lake level and
effective moisture (Fig. 4), corresponding with transi-

tions into and out of the period of spruce-fir parkland
(Fig. 7). Changes in the composition of nearshore
sediments also mark a rise in water levels by 5.6 ka and a
second decline by 3.7 ka (Fig. 4), which is consistent
with evidence for extensive mid-continental aridity from
>7.2 to 5.6 ka and again at ca. 3.7-2.3 ka (Miao et al.
2007, Shuman et al. 2010).

Changes in effective moisture after 7.2 ka, however,
do not appear to have generated major vegetation
changes (Fig. 7). Lodgepole pine forest was established
at the site throughout these episodes, and changed only
slightly at 1.5 ka when moderately high SCDs corre-
spond with the rise to modern water levels and a sharp
rise in LOI in cores 3A and 5A (Fig. 7). The continued
presence of lodgepole forest after 1.2 ka, despite the
increased effective moisture, could represent hysteresis
within this ecosystem with pine-dominance maintained
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(once established) by high-severity fire regimes (partic-
ularly at ca. 1.5-1.0 ka, see Figs. 5, 7).

Based on the magnitude of the LOI changes between
7.2 and 1.5 ka, the changes in effective moisture that
punctuated the period of lodgepole pine dominance were
as large as those that mark the end of the spruce—fir
parkland phase (Figs. 4, 7). Indeed, based on the shift in
the position of the littoral zone to below core 5A,
Shinker et al. (2010) estimated that regional moisture
levels were insufficient to sustain permanent flow in the
nearby North Platte River; estimates based on other
lakes in the region are also consistent with the inference
of severely low effective moisture (Shinker et al. 2010,
Shuman et al. 2010). Dunes were active in nearby North
Park (Ahlbrandt and Andrews 1978), and carbonate
soils indicate an upslope shift in the forest-steppe
ecotone along the eastern margin of the Medicine Bow
range (Reider 1977). Submerged paleoshorelines at
Hidden Lake, Colorado, 105 km to the south, also date
to >4.4 ka and 3.7-1.2 ka (Shuman et al. 2009). The
magnitude of these effective-moisture changes might be

expected to have produced vegetation responses given
the earlier effects of effective moisture levels on local
vegetation, but pine pollen percentages simply varied
about a mean of 62% (Figs. 6, 7).

High SCDs at 14.0 and 11.3 ka are not related to
documented lake-level changes, but are close in time to
well-documented hemispheric temperature changes,
including during the Younger Dryas (YD) interval
(Reasoner and Jodry 2000, Clark et al. 2001). Peak
abundance of Artemisia pollen (>50%) during the YD
interval may indicate severe aridity, which has been
inferred at other lakes in the Rocky Mountains (Stone
and Fritz 2006, Shuman et al. 2009, Shuman et al. 2010).
Sand layers (low LOI) near the base of core 5A may
mark a YD-age low water level at Little Windy Hill
Pond, but we were unable to obtain close dates on this
event.

A small post-YD rise in water levels may be consistent
with high birch pollen percentages at 11.3-10.7 ka (Fig.
6). Today, birch pollen is abundant in areas with high
AET/PET (~0.8), but can also reach percentages similar
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A summary of the vegetation, fire, and effective moisture history at Little Windy Hill Pond. Squared-chord distances

(SCDs) measure the rate of vegetation change through time (top), and capture the major transitions in the pollen data below
including the major transitions at 10.7 and ca. 8 ka BP. The frequency of peaks in the sedimentary charcoal record per thousand
years (ka) provides a reconstruction of the fire episode frequency (solid line, 19-yr bins; dashed line, 55-year bins); individual fire
episodes identified by 19-yr (circles) and 55-yr (crosses) bins show the robustness of peak determination and peak-free periods in the
analysis as in Fig. 5. Vertical gray bars denote arid periods, with dark gray representing times when the lake level was sufficiently
low for littoral sediments to accumulate in both cores 3A and SA (see Fig. 4).

to those in core 1A (>15%) in areas where AET/PET
falls to <0.6 (Fig. 1). Because the pollen may indicate
the presence of river birch (B. occidentalis), which is
presently considered a riparian obligate, the high birch
pollen percentages could be consistent with modest
expansion of the lake. However, the effect of rising
atmospheric CO, concentrations to >240 ppm after the
YD (Monnin et al. 2001) may have also improved the
water-use efficiency and pollen productivity of local

birch populations during this interval, which remained
substantially drier than the subsequent 10.7 ka (Fig. 4).

Comparison of fire regime and moisture histories

Fire, like climate change, was an important source of
ecosystem perturbation at Little Windy Hill Pond.
Sedimentary charcoal data indicate repeated fire epi-
sodes in the watershed throughout the period of record,
but also include periods of >800 years without major
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fires (Fig. 5). Fire episodes were least frequent during
the late-Pleistocene, but increased to two to five episodes
per millennium with the development of forests (Fig. 7).

Prior studies in the Rocky Mountains associate
increases in fire-episode frequency over millennial scales
with periods of warmer- and effectively drier-than-
present conditions (Millspaugh et al. 2000, Brunelle et
al. 2005, Whitlock et al. 2011). We find, however, that
fire episodes were most frequent during periods of high
water at Little Windy Hill Pond (Fig. 7). As noted by
Baker (2009), “this moisture trend is repeated in
northern Colorado, where the wetter western slope
(Howe and Baker 2003, Sibold et al. 2006) had shorter
rotations than the drier eastern slope (Buechling and
Baker 2004).” Fire rotation represents the time required
for an area equal in size to the landscape of interest to
burn, which may be approximated but is not completely
constrained by charcoal analyses because of the
temporal and spatial resolution of these records (Agee
1993, Whitlock and Larsen 2001, Baker 2009). The
temporal resolution of our charcoal record (particularly
at ca. 6-2 ka) may lead to overestimating fire rotation
when charcoal peaks combine the effects of multiple
closely timed fires (e.g., compare fire episodes identified
in 19- and 55- year bins in Fig. 5E). The absence of
charcoal peaks during several >800 year intervals,
however, indicates that fires were infrequent during
episodes of low effective moisture (e.g., 7-5.6 and 3.7—
1.5 ka).

Millennial-scale periods of high effective moisture,
particularly during the spruce—fir parkland phase from
11.3-8.5 ka, correspond with frequencies of 3-5 fire
episodes per millennium. If considered to represent fire
rotation periods of 131-261 yr, the result is similar to fire
rotations documented for recent centuries in low-
elevation subalpine forest in northern Colorado:
~160-280 yr (Buechling and Baker 2004, Sibold et al.
2006).

In contrast, periods of low effective moisture at Little
Windy Hill Pond coincide with the long intervals with
no fire episodes (Fig. 7), which may indicate long (>800
yr) fire rotations in both high-elevation steppe before
11.1 ka and subalpine forests at 7.0-5.6 and 3.7-1.5 ka
(Fig. 5). Low background charcoal accumulation rates
during dry episodes (Fig. 5C) underscore the inferred
reduction in fire activity. High-elevation forests in
northern Colorado may represent a modern analog to
dry intervals at Little Windy Hill Pond because the
Colorado forests have historically experienced fire
rotations of ~400-700 years (Sibold et al. 2006), a time
scale resolved even at 101 yr per sample.

One explanation for the long intervals (>800 years)
between fire episodes during periods of low effective
moisture includes the possibility that reduced primary
productivity creates low fuel loads and acts to prolong
post-fire succession (regeneration). The time frame of
successional recovery may lengthen during episodes of
low effective moisture because of potential effects of
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drought on factors such as area burned (Buechling and
Baker 2004, Schoennagel et al. 2005), seed dispersal
(Turner et al. 1999), serotiny (Schoennagel et al. 2003)
and mycorrhizae establishment (Miller et al. 1998).

Intervals of high effective moisture may have experi-
enced more frequent high-severity fires than intervals of
low effective moisture because of a complementary
interaction between long-term biomass accumulation
and interannual climate variability. Dendrochronologi-
cal and historic data indicate that annual droughts
facilitate high-severity fires because of fuel drying in
stands that are typically not fuel limited (Schoennagel et
al. 2004). Annual and decadal-scale droughts are
undoubtedly nested within the millennial scale periods
of moisture variation detected in lake records.

Regime shifts

The pollen and charcoal records from Little Windy
Hill Pond indicate at least two major ecosystem regime
shifts. The first regime shift marks the transition from
sagebrush steppe to spruce—fir parkland at ca. 10.7 ka,
and was likely both rapid and climate driven (i.e., the
system crossed a threshold in the “driver” rather than a
threshold in the ecosystem or “state” sensu Andersen et
al. 2009). The pollen and charcoal data indicate that
both vegetation and fire regimes changed together as
effective moisture increased; fires were most frequent
from 10.7-10.3 ka during the initial period of parkland
establishment, but had been least frequent just prior to
development of forests (Fig. 7). The lake-level record
indicates that the rise of birch populations prior to 10.7
ka was not the beginning of a gradual transition from
open vegetation to parkland, but rather a separate
vegetation state associated with less effective moisture
than existed after 10.7 ka when the lake expanded. If so,
fire, temperature or atmospheric carbon dioxide con-
centration were likely also a strong control on the
vegetation change because birch species are often more
abundant in moist regions than spruce and fir (Fig. 1).

The second regime shift (from parkland to lodgepole
pine forest by ca. 8 ka) was also climate driven based on
comparison with the lake-level reconstruction. Abrupt
ecosystem and climatic changes took place across the
region (e.g., Brunelle et al. 2005, Huerta et al. 2009) and
the continent at this time because of the collapse of the
Laurentide Ice Sheet over Hudson Bay (Shuman et al.
2002, 2006, Williams et al. 2010). The shift in conditions
in western North America was also influenced by a
change in the state of tropical Pacific (Koutavas et al.
2002, Miao et al. 2007, Barron and Anderson 2011). Just
as the birch interval prior to 10.7 ka did not represent a
slow transition from steppe to parkland, the sprucefir
parkland does not appear to have been an intermediate-
state between steppe and pine forest. Rather, the
parkland developed under unusually high levels of
effective moisture between two arid phases. The regime
shifts between phases were driven by hemispheric
climatic changes rather than by local forest dynamics.
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A conceptual framework for considering the vegetation effects of different frequencies of disturbances and climatic

changes (“perturbations”) in subalpine forests, such as near Little Windy Hill Pond. The state-space diagram follows from Turner
et al.’s (1993) diagram representing disturbance-vegetation interactions but was expanded to incorporate concepts of climate—
vegetation equilibrium from Webb (1986). The diagram represents the state space determined by temporal and spatial parameters
that govern equilibrium: the temporal ratio of perturbation time to recovery interval (used by both Webb [1986] and Turner et al.
[1993]) and the spatial ratio of perturbation extent to landscape extent (used by Turner et al. [1993]; Webb [1986] assumes that
climate change affects the entire landscape). Different regions within the state space have qualitatively different vegetation
dynamics determined by processes such as those noted on the upper and right-hand borders of the figure; boundaries and dynamics
within the state space noted by Turner et al. (1993) and Webb (1986) are shown. The gray box marks the position of the Little
Windy Hill Pond record within the state space, including the major regime shift at ca. 8 ka.

Resilience and the >6000-year persistence
of lodgepole pine forests

In contrast to these regime shifts, and those in other
regions (Dean et al. 1984, Shuman et al. 2004, Nelson
and Hu 2008), the regional climate and vegetation
histories differed after ca. 8 ka because to the stability of
the pine forests. Moisture availability continued to
fluctuate, but vegetation type did not. The correlation
between lake level and fire-episode frequencies indicates
that ecosystem processes (i.e., fire) were responsive to
the climatic changes. Variable Pinus pollen percentages
during periods when lake levels were low from ca. 8.0—
5.6 and 3.7-1.2 ka suggest that forest composition and
structure may have been modestly affected by the
climate changes (Fig. 7), but the ecosystem appears to
have consistently returned to pine-dominated forest
based on the repeated occurrences of >70% Pinus
pollen.

As proposed by Turner et al. (1993), repeated fire
episodes may generate a highly variable, non-steady

state pine forest with fires disturbing the ecosystem at or
before the time of successional maturation. Numerous
fires could readily facilitate a structurally diverse
landscape within the pollen source area (Turner et al.
1993). By doing so, fires may prohibit the development
of forests dominated by late-successional taxa, such as
spruce and fir (Romme and Knight 1981), and thus
minimize compositional changes associated with the
moisture balance changes of the Holocene. Consistent
with this idea of succession, long fire-free intervals (7.2
to <6.1, 4.1-3.4 and 2.2-1.6 ka) during episodes of low
effective moisture appear to have favored short-lived
increases of late-succession spruce populations ca. 5.9,
4.1-3.3, and 1.9 ka (Fig. 7). Picea pollen percentages
declined, however, after subsequent fire episodes and
effective moisture increased. Such brief persistence of
high spruce abundance in the forest surrounding Little
Windy Hill Pond compares well with simulated vari-
ability of forests disturbed on this time scale (Turner et
al. 1993, Schoennagel et al. 2006), and indicates that an
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interaction between fire regimes and climatic conditions
facilitated pine dominance over the last 8000 years. High
moisture availability prior to ca. § ka favored spruce-fir
communities, even in the presence of frequent fire (which
had an unknown level of severity). Low moisture
availability after 8 ka, however, does not appear to
have prohibited abundant spruce and fir except in
combination with frequent fire (Fig. 7).

The time scales of perturbation and recovery in the
lodgepole pine ecosystem around Little Windy Hill Pond,
thus, favored persistent disequilibrium after ca. 7.3 ka
(Fig. 8). The landscape was more often perturbed by fires,
drought, and other disturbances than required to allow
the ecosystem to reach compositional equilibrium with
the varied climatic conditions. This equilibrium state
could have included more abundant spruce and fir than
observed for much of the past 8 ka based on the increases
in Picea and Abies pollen abundances during fire-free
intervals (Fig. 7). Given the large spatial scale of both
climatic shifts and fires in lodgepole forests, the ratio of
perturbation area to the area of the landscape represented
by the fossil pollen was high (~3000:200 ha based on a
common high-severity fire size and the “relevant pollen
source area” of Little Windy Hill Pond; Sugita 1994,
Baker and Kipfmueller 2001). Likewise, given that either
fires or climatic shifts took place every 200—500 years, the
ratio of perturbation time to recovery time in forests with
200—600 years of succession (e.g., Romme and Knight
1981, Kipfmueller and Baker 1998, Kashian et al. 2005)
was close to 1. Both of these spatial and temporal
perturbation-to-recovery ratios fit well with the frame-
works proposed for non-steady state ecosystems (Fig. 8)
(Webb 1986, Turner et al. 1993). The system may not
have reached a steady state, but was highly resilient and
remained within a similar “disequilibrium” regime for
8 ka.

The lack of correspondence between vegetation and
climatic change during the lodgepole pine phase,
therefore, suggests that such systems may be resilient
and will recover despite current climate changes favoring
widespread disturbance in Rocky Mountain forests (e.g.,
Westerling et al. 2003, Brown et al. 2010), the
composition of such systems may recover through
succession dynamics over the next few decades to
centuries. Disturbances are changing the structure of
Rocky Mountain forests dramatically, but the structure
may never have reached a stable state in 8000 years.
Alternatively, the rapid regime changes in our record
indicate that when climatic changes are sufficiently large
to cross species’ climatic limits (e.g., Fig. 1), successional
pathways can change and new forest composition can
develop. Given the projected magnitude of future
regional climate change (IPCC 2007) such a regime
change may indeed be possible (Jackson et al. 2009).

CONCLUSIONS

Regime changes in Rocky Mountain ecosystems
appear to have been driven by large, millennial scale
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climatic changes, which affected regional moisture
availability. However, broad climatic niches and repeat-
ed disturbances associated with important regional
forest taxa have also facilitated resilient ecosystems.
Repeated severe fires and other disturbances, including
drought and abrupt climatic shifts, appear to maintain
ecosystem composition by re-establishing early-succes-
sional trajectories. Our results indicate that highly
disturbed ecosystems may be less likely than undisturbed
ecosystems to experience long-term composition chang-
es in the face of ongoing and future climatic change.
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