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ABSTRACT

Herb- or shrub-chronology, a technique adapted from dendrochronology, is the study of
the annual growth rings in roots of certain perennial dicotyledonous plants. The presence
of annual growth increments in high-elevation plants is significant as it highlights the
applicability of herbchronology for climatic, ecological and geomorphologic applications
in alpine and other extra-arboreal regions. For alpine sites along the eastern crest of the
Sierra Nevada range I present the first shrub-ring chronologies of the species Linanthus
pungens (Torr.) J.M. Porter & L.A. Johnson. L. pungens individuals were collected at,
and are especially ubiquitous at rock glacier sites in north-east trending glacial-cirque
valleys. Rock glaciers are an increasingly recognized and studied feature on the alpine
landscape, supporting floristically diverse plant populations, distinct thermal regimes
decoupled from the external air and perennial water sources fed by interstitial ice. These
landforms are expected to be refugia for alpine flora and fauna in some regions for
projected warmer and drier climates. To evaluate plant growth on rock glaciers as
compared to adjacent talus slopes in the central Sierra Nevada range of California, USA,
a series of five cirque basins were selected as sites for paired rock glacier- talus slope
vegetation comparisons. Vegetation cover, species richness, diversity measures and plant
functional traits were recorded at ten sites (five rock glaciers, five talus slopes) along a
100-kilometer latitudinal span of the eastern slope of the Sierra Nevada range. Canonical
correspondence analysis was used to evaluate general patterns in cover, diversity and
functional traits for the 10 sites and inform subsequent statistical analyses. Both
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vegetation cover and species richness were significantly greater on rock glacier sites than
on adjacent talus slopes even though mean slope values for the rock glacier sites were
higher. Significantly, for the present study, rock glaciers support a higher number of the
species Linanthus pungens, a climatically sensitive, long-lived alpine sub-shrub, showing
that these periglacial landforms are not only floristically distinct but are also habitats
containing natural climate archives useful to the field of herbchronology. L. pungens
shrub-ring chronologies are determined to be distinct from Pinus albicaulis chronologies
growing at the same five sets of sites in the Sierra Nevada study location. P. albicaulis
(PIAL) tree-ring chronologies and L. pungens (LIPU) shrub-ring chronologies were
constructed for four cirque basin sites. Comparisons were made between chronologies
based on growth form (shrub or tree) and site, and on chronology response to average
monthly temperature, total monthly precipitation and April 1 snowpack values.
Chronologies are significantly more similar to other chronologies of the same growth
form (PIAL-PIAL or LIPU-LIPU) than are same-site chronologies of different growth
form (i.e. PIAL-LIPU chronologies) (p < 0.05). This holds true for comparisons based
on Pearson’s correlation coefficients or Gleichläufigkeit (GLK) values. Growth response
to monthly temperature and precipitation values is highly variable for same-site
chronologies and also for same growth form chronologies. Topographical position and
proximity to treeline was held constant at all sites so differences in climate-growth
response within sites and within species may be attributed to factors that are unrealized in
the sampling design. Based on composite climate anomaly maps, wide ring widths in
PIAL chronologies occur after average winter and spring precipitation and with warm
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growing seasons while narrow PIAL rings fall after wet springs and with average summer
temperatures. Years in which all LIPU rings are wide are found to occur during warm
dry springs and growing seasons while years in which all LIPU rings are narrow occur in
conjunction with wet winters and springs. Investigation into the longest and most
replicated chronology at the Barney Lake (BL) site allowed a climate-growth comparison
over a longer period of time (the BL chronology is 112 years in length with sufficient
sample replication (EPS > 0.85) to capture a robust common signal from 1952 through
2007). Marker years in the BL chronology correspond to drought (wide rings) and
persistent snowpack (narrow rings). Response function analysis indicates significant
correlations with July minimum temperatures and the previous year's November
precipitation. Increase in the radial growth of the taproot of L. pungens at BL has not
decreased over the past century and is more highly correlated to temperature (positively)
and snowpack and precipitation (negatively) during the latter half of the chronology
period. Predictions of decreasing snowpack and warming temperatures for the alpine
Sierra Nevada could indicate increased shrub growth over the next century and possible
shrub range expansion if unprecedented drought does not prove to limit growth in the
future. Work at BL and the other four alpine L. pungens chronology locations
demonstrate a potential for additional research on climate-shrub growth interactions and
in particular for investigations into climate controls on upper shrubline growth and
movement in the Sierra Nevada range in California.
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CHAPTER 1
INTRODUCTION

1.1 Statement of the Problem

The effect of warming temperatures at the highest elevations and latitudes has been tied
to changes in alpine and arctic plant densities, changing growth rates, and changes in
species’ distributional ranges (Sturm 2001, Pauli et al 2007, Van de Ven et al 2007,
Hallinger 2010). Observational records and historical climate station data, where
available, are important for documenting these changes, especially over the past century
of accelerated warming (IPCC 2007). For areas where observations and station data are
scarce, such as in mountaintop environments, natural archives of climate are utilized:
chironomid and pollen records from tarns, mountain glacier stratigraphy and timberline
tree-ring chronologies all document ecological and climatic changes in remote locations
(Anderson and Davis 1988, Porinchu et al 2002, Bunn et al 2005, Clark et al 2007).
Tree-ring records provide the most dense spatial network of temperature and precipitation
sensitive archives that extend to latitudinal and elevational timberline (Briffa et al 2001,
Mann et al 2008), however much of the change at high elevations occurs in the alpine
zone above treeline (Bradley et al 2004).
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The range of alpine shrubs and sub-shrubs can extend several hundreds of meters above
local treeline and into areas such as less stable talus slopes and rock glaciers. As research
over the past decade has shown, shrubs and perennial dicotyledonous plants from
temperate areas of the globe, and alpine zones particularly, consistently show annual
growth increments in their perenniating tissues (i.e. bud scars, leaf internodes, and in
secondary xylem rings in branches, central stems and rootstocks). This research has
initiated the fields of herb- and shrub-chronology (Schweingruber and Dietz 2001, von
Arx and Dietz, 2006), where plants in alpine and other extra-arboreal areas are
investigated for their dendrochronological potential. Studies in shrubchronology above
latitudinal treeline document trends of annual increment growth and range distribution
changes (Forbes et al 2010, Schmidt et al 2010, Hantemirov et al 2011), but similar
studies are not common for mountain regions at lower latitudes (von Arx et al 2006,
Rayback et al 2010). The following research questions need to be addressed for sensitive
alpine environments: Which alpine plants produce annual growth increments? How long
of a record can be constructed for alpine plant chronologies? Do alpine plants with annual
growth increments show a common response to local or perhaps regional climate
patterns? Where alpine plant chronologies overlap tree ring chronologies, spatially and
temporally, are the chronologies and climate-growth response patterns similar?
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1.2 Background

1.2.1 Sierra Nevada Range

1.2.1.1 Physical Setting

The Sierra Nevada mountain range spans 650 kilometers of latitude along the central and
eastern portions of the state of California, U.S.A. and ranges approximately 110
kilometers from west to east. During the Mesozoic period, the granite that would
comprise the Sierra Nevada was formed but uplift of the range itself is relatively recent,
occurring within the Pliocene and starting approximately 4 million years ago. Although
the Sierran batholith is comprised of granite, sites at the study area are located on three
separate substrate types. These are Jurassic marine metasedimentary bedrock (with
Lithnip-Rock outcrop-Fishsnooze complex soils), found north of Mono Lake near the
eastern margin of the Sierran batholith; Mesozoic granitics (with rock-outcrop-typic
cryorthents, rock outcrop complexes, typic cryorthents, Torriorthents-Haplargids-Rock
outcrop complex and Rock outcrop-Biglake-Salt Chuck families complex soils); and
Mesozoic metavolcanic bedrock (with rock-outcrop-Meiss-Andic Cryumbrepts), found at
the geologically active central eastern margin of the Sierran batholith (Hill 2006, NRCS
2012). In general, soils found in the study area have little development and are typically
cryepts or cryorthents (NRCS 2012).
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The elevational range encompassed by the Sierra Nevada contains several biotic zones,
ranging from sagebrush (Artemisia spp.) desert in the east and Ponderosa pine (Pinus
ponderosa) forests in the west, to subalpine and then alpine-nival zones at the mountain
peaks. In general, the vegetation at the elevation range of the dissertation study sites is
comprised of upright to krummholtz-form Pinus albicaulis (whitebark pine) and Pinus
flexilis (lodgepole pine) at timberline with low alpine subshrubs, grasses and perennial
forbs in higher alpine fellfields and talus slopes (Arno and Hammerly 1984, Barbour et
al. 2007).

1.2.1.2 Climate

The Köppen climate designation of the study location in the Sierra Nevada is Continental
Upper Boreal Cold Climate (Dsc), a highland climate found near areas of Mediterranean
climate with cool wet winters and warm dry summers. The highland climate of the Sierra
Nevada is characterized by cool dry summers with occasional thunderstorms and cold
snowy winters (Köppen 1936). Decadal- and shorter-scale climate variability such as the
Pacific Decadal Oscillation and the El Nino–Southern Oscillation, can bring warmer and
wetter conditions to the Sierra Nevada and the southwestern United States during positive
phases, and can bring cooler and drier conditions during negative phases (Cayan et al.
1998). The eastern slopes of the Sierra Nevada, which lie in the rain shadow of the range
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are relatively arid compared to the western side of the range due to orographic
precipitation.

Average snowfall at one dissertation metasite, Barney Lake, is higher than the regional
average and is the result of winter storm tracks that proceed eastward relatively
unimpeded through the wide San Joaquin River canyon that traverses the range. The BL
site also has a slightly warmer temperature profile than the other five metasites included
in the present dissertation research.

As with the European Alps (Bӧhm et al. 2001), the Sierra Nevada range in California is
expected to warm at a greater rate than the global average (Cayan et al. 2008) with effects
on snowpack levels and timing of melt (Dettinger & Cayan 1995, Hayhoe et al. 2004,
Kapnick and Hall 2010). Modeled future temperature changes will be greater in high
elevation/high latitude ecosystems, home to many endemic and geographically isolated
species (Bradley et al. 2004, IPCC 2007, Chen et al. 2011, Pauli et al. 2012), making
their flora and fauna especially vulnerable to the effects of a warming climate. Although
decreases in snowpack and increases in average temperatures are expected in the coming
century for the Sierra Nevada (Dettinger and Cayan 1995, Hayhoe et al. 2004, IPCC
2007, Kapnick and Hall 2010), the heterogeneity of the mountain landscape may provide
thermal relief for high elevation species as surface temperature variations between alpine
microhabitats are found to be up to 10 °C in some mountain regions (Scherrer and Körner

17
2011), indicating that there may be local refugia for plants in these high elevation
habitats.

1.2.2 Rock glaciers

This area contains a number of periglacial and rock-ice features (c.f. Millar et al. 2008),
with cirque rock glaciers featuring prominently. These periglacial landforms can be
glaciogenic or form in situ from accumulation of interstitial ice and snow in talus slopes.
At sites in the study area, rock glaciers are cooler than expected for their elevations
(Millar et al. 2008, Julissen & Humlum 2008). Mean annual temperature of outlet
springs below 0°C and observed flow throughout the dry season after snow melt indicate
persistent interstitial ice and a perennial source of water (Millar et al., In Review).
Millar et al. also found that surrounding talus slopes have warmer matrix temperatures
compared to adjacent rock glaciers and have outlet streams with mean temperatures
above 0°C during the summer.

Millar and Westfall (2008, 2010) describe rock-ice geomorphologic features of the
Sierran alpine landscape (occupying a mean elevation 3300 m.a.s.l. in the Sierra Nevada)
as being able to buffer projected warming and snowpack decline for high elevation flora
and fauna. Rock glaciers are a feature on the landscape with the potential to store water
(in the form of ice) into the summer months until it is released as meltwater. Often this
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water source beneath talus or rock fields is not recognized. High-elevation rock glaciers
represent a natural experiment in which plants in closely adjacent locations are exposed
to markedly different conditions persisting over decades and even centuries. These local
differences can be considered a proxy for macroclimate and represent an opportunity to
investigate how plants might respond to changes in temperature and precipitation.

Rock glaciers and debris covered glaciers have been shown to support floristically and
structurally diverse populations of plant species in many regions globally (Tomaselli and
Agostini 1990, Fickert et al. 2007, Caccianiga et al. 2011). These geomorphological
features are a significant component of the alpine landscape in arid and semi-arid
mountainous areas and have been recognized as potential perennial sources of ice and
water for these regions (Clark et al 1994, 1996, 1998, Haeberli et al.2005, Barsch 1996,
Millar and Westfall 2008).

Studies on vegetation patterns on rock glaciers have emphasized determining
relationships between vegetation, substrate stability and rock glacier movement as well as
creating a diagnostic way of determining the differences between active, inactive and
relict rock glaciers (Tomaselli and Agostini 1990, Cannone and Gerdol 2003, Burga et al
2004, Caccianiga et al. 2011). Vegetation research on debris-covered glaciers has
focused on understanding how such systems serve as important habitats for alpine flora,
facilitate distribution and dispersal of high elevation species and how such features may
have served as refugia for plants during glacial periods (Fickert et al. 2007, Caccianiga et
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al. 2011). Differences in vegetation patterns have been analyzed within single rock
glaciers and between several rock glaciers with different movement regimes and in one
study with vegetation in a number of off-rock glacier sites (Cannone and Gerdol 2003)
close to the rock glacier study sites. These studies on intra-rock glacier dynamics have
extensively sampled a single or a set of two rock glaciers to quantify in detail the
dynamics of one to several morphological features.

1.2.3 Linanthus pungens

Linanthus pungens (Torr.) J.M. Porter & L.A. Johnson, (Polemoniaceae) is a one to
three-decimeter tall fruticose plant with a dense multi-branching crown. L. pungens
grows on rocky well-drained soil at elevations of 1000 to 3500 m.a.s.l. throughout its
native range of the western United States and British Columbia (USDA, NRCS 2010). It
is a perennial and semi-evergreen, with a reedy long-branching growth form at lower
elevations and a dense, cushion plant-like growth form at alpine elevations. Its roots can
be deep and are generally consist of a single taproot from 2 – 10 decimeters long. L.
pungens can occupy a variety of habitats, from low-elevation sage and salt-flats and
pinyon-juniper (Pinus-Juniperus spp.) woodlands to alpine talus slopes and boulderfields. The species also occupies all zones between and is common in subalpine
whitebark pine (Pinus albicaulis) and bristlecone pine (Pinus longaeva) forests.
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1.2.4 Shrubchronology

Herb- and shrubchronology are techniques adapted from dendrochronology, which
utilizes annual growth increments in the rootstock or other perennial structures of the
plant (e.g. internodes, see Rayback and Henry 2006) as a way of gathering ecological or
climatic information recorded by the growth of individuals or groups of plants. Clearly
demarcated and annual growth rings are widespread in dicotyledonous perennial plants,
especially in temperate zones and at high latitudes and elevations (Dietz and Ullman
1997, Schweingruber and Dietz 2001, von Arx and Dietz 2006). Initial work on the
herbchronology of perennial forbs focused on ecological questions such as growth and
reproductive strategies (Perkins et al. 2006, von Arx et al. 2006) and plant size-age
correlations (Kuen and Erschbamer 2002). Dendrochronology of shrubs was investigated
by Ferguson (1964) for sagebrush (Artemisia spp.) in the Great Basin. Recent studies
include long-lived shrubs and focus on growth responses to local and regional climate
change, as well as reconstructions of temperature, precipitation, and atmospheric
circulation patterns (Woodcock and Bradley 1994, Rayback and Henry 2006, Xiao et al.,
2007, Bӓr et al. 2008, Srur and Villalba 2009).

Warming of Arctic and alpine ecosystems can be tracked through the growth increment
patterns of shrubs growing in these regions. Stem internode lengths of Cassiope
tetragona in the Canadian Arctic compare well with region-wide temperature trends and
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contributed to a century-long reconstruction of summer temperature (Rayback & Henry
2006). Summer growing season climate conditions also control radial increments of stem
growth for mountain crowberry (Empetrum hermaphroditum) in Norway and elsewhere
in Scandinavia increases in both radial growth and upslope colonization of juniper shrubs
indicate current shrub expansion and colonization at higher elevations (Hallinger et al.
2010). Sturm et al. (2001a,b, 2005a,b) have found that increased shrub growth and
abundance in the Arctic tundra could increase snowpack depths and change winter soil
temperature and spring runoff depending on shrub density and height. They also describe
snow–shrub feedback models that indicate the potential for an increase in solar
absorption during the snow-cover period and also an increase in summer heating.
However, shoot elongation and radial increment growth response to climate is not
uniform at all sites. At mid-elevation (~2500 m.a.s.l.) sites in North America, Artemisia
spp. was positively correlated with winter precipitation values at some sites and with
summer temperature on other sites (Ferguson 1964, Bauer et al. 2002, Poore et al. 2009).
Work by Perfors et al. (2003) shows that radial stem growth of Artemisia tridentata at
higher elevations (2920 m.a.s.l. vs ~1000 m.a.s.l.) is limited by growing season length,
not soil moisture. At similar elevations in South America, shrubs had both positive and
negative correlations with growing season temperature (Srur & Villalba 2009) along a
latitudinal gradient.

The above variability in climate response does not exclude the possibility of even finer
scale variations in shrub growth response to climate. Annually resolved records of shrub
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growth over broad spatial scales and their differing responses to changing climate are
thus important tools for quantifying shrub-climate relationships and predicting future
growth responses to future climates in Arctic and alpine shrub communities. Micro-sites
in mountainous and alpine areas encompass a significant amount of temperature
variability (Scherrer and Kӧrner 2011). Topographic influences are pronounced in treering chronologies (Bunn et al. 2005, 2011) and therefore may be apparent in shrub- and
herbchronologies..

1.3 Explanation of Research Approach

To address the research needs identified above, I chose to focus on the alpine subshrub
Linanthus pungens (LIPU), at sites along the central eastern slope of the Sierra Nevada
range in California. I selected five meta-sites, one at each of five different cirque basins,
spanning approximately 100 km in latitude. At each cirque basin meta-site, several
smaller sites were installed: a rock glacier LIPU collection site, an adjacent talus slope
(non-rock glacier) LIPU collection site, a Pinus albicaulis (PIAL) tree-ring collection site
and pair of vegetation-cover plots, one located on a rock glacier and one located on a
talus slope adjacent to the rock glacier. With the collected LIPU and tree-ring samples, I
was able to compare, using standard dendrochronological practices, the ring width
chronologies and climate-growth responses of both LIPU and PIAL tree ring species for
the same sites and along a latitudinal transect of four sites. I attempted to set a more

23
stringent standard for constructing shrub chronologies, documenting the need for high
sample replication, for crossdating of samples, and for using standardization techniques
accepted for tree ring studies.

The paired rock glacier and adjacent talus slope vegetation-cover plots were measured for
species presence, cover, richness, and several diversity values. Comparisons were made
for all vegetation metrics between rock glacier and adjacent talus slope sites. In all
cases, the sampling design enables well-replicated comparisons to be made of LIPU
chronologies and vegetation plots both between rock glacier and talus slope for each of
the five individual meta-sites and between all rock glacier and talus slopes.
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CHAPTER 2

PRESENT STUDY

The research in this dissertation is primarily focused on the annual growth ring
chronologies and dendroclimatic and dendroecological applications of the alpine
subshrub, Linanthus pungens. The fieldwork, labwork, and chronological analyses have
all been part of a journey to discover which high-elevation sub-shrubs found in the alpine
Sierra Nevada range produce annually resolved and climatically or ecologically sensitive
secondary xylem in their main stem or taproot. I initiated my work by investigating a
series of high elevation sites in the eastern Sierra Nevada for potentially long lived shrub
species. In a pilot study (unpublished) of annual secondary root xylem of commonly
found alpine species, I determined that the subshrub, Linanthus pungens (Torr.) J.M.
Porter & L.A. Johnson, ubiquitous at rock glacier sites, was the longest lived of the plants
sampled and that its root rings if sampled from the highest elevations, were crossdateable with other L. pungens individuals at sites over 50 km distant, indicating a
common regional control of growth increment, potentially climatic in nature. The
research presented in this dissertation builds on my initial investigation and identifies L.
pungens growth rings as unique high elevation archives of temperature, precipitation and
snowpack levels at alpine sites over the past century.
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2.1

Rock glaciers and vegetation: identifying Linanthus pungens collection sites.

Individuals selected for L. pungens chronologies were sampled at the highest elevations;
at these altitudes individuals were typically found only on landscape features known as
rock glaciers. Rock glaciers, glaciogenic in origin or formed by accumulating layers of
snow and rockfall, can occupy the upper reaches of northeast-oriented cirque basins and
often have a core of interstitial ice that is a cohesive matrix for large boulders which
allows plastic flow of the rock glacier body. To test whether these features do indeed
have a higher incidence of shrub species –and to test for L. pungens species in particularsimple random vegetation observation plots were installed at a series of five site pairs in
separate cirque basins spanning 100 km in latitude along the central eastern Sierra
Nevada range. At each basin a paired vegetation observation plot was also installed on a
talus slope adjacent to the rock glacier but with slope inclination, slope aspect and
substrate all held constant. Ocular estimates were made of cover and species presence for
all species present at the plots. From these values, species diversity, richness, frequency,
evenness and percentage by growth form, leaf longevity and woodiness were calculated.
Results from canonical correspondence analyses (CCA) and Mann-Whitney Wilcoxon
tests show higher vegetation cover, species richness at rock glacier sites over surrounding
talus slope sites. Rings from L. pungens were not significantly wider or narrower in
width and these measurements did not have a greater or lesser standard deviation values
than those from non-rock glacier talus slope sites. L. pungens individuals also were not
significantly older (having longer ring width series) on either site type. Rock glaciers are
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already recognized as thermally and hydrologically distinct (Millar et al. 2012). Results
from this study show that these locations can also be recognized as supporting an above
average density of long-lived woody shrubs that may be utilized for future dendroclimatic
and dendroecological research in above-treeline and other extra-arboreal ecosystems.

2.2

Comparison of Linanthus pungens chronologies with adjacent tree-ring

chronologies

At the series of four alpine rock glacier sites along the eastern Sierra Nevada, Linanthus
pungens individuals were sampled and prepared according to standard
dendrochronological techniques. The expressed population signal (EPS, a measure of
common signal for all series in a chronology) was calculated for all chronologies and a
common period of 1962 – 2005 was identified as the time span where all chronologies
have EPS values above 0.7, a value chosen to represent a strong common signal for these
sites. L. pungens chronologies for this period were compared against Pinus albicaulis
tree ring chronologies growing at nearby sites. L. pungens chronologies were more
similar to all other L. pungens chronologies than they were to P. albicaulis chronologies,
even for those growing at the same sites. This indicates that L. pungens growth responds
differently to climate than does P. albicaulis. Tree ring chronologies were also more
similar to other tree ring chronologies that then were to any L. pungens chronologies.
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Monthly climate data from local meteorological stations (or from the PRISM climate data
set (Daly 2002) if no stations were close to the chronology sites) was regressed against
the L. pungens and P. albicaulis chronologies using the program Dendroclim2002
(Biondi and Waikul 2004) to determine climate-chronology relationships using a
bootstrapped correlation for the previous October through current August for the period
1962 – 2005. Growth response to monthly temperature and precipitation values is highly
variable for same-site chronologies and also for same-growth form chronologies for both
P. albicaulis and L. pungens. Topographical position and proximity to treeline was held
constant at all sites so differences in climate-growth response within sites and within
species may be attributed to factors that were unrealized in the sampling design.

Chronologies were also aggregated into groups by species and marker years were
identified when all site chronologies for the species group respond with a wide or narrow
year. Based on composite climate anomaly maps, wide ring widths in P. albicaulis
chronologies occur after average winter and spring precipitation and with warm growing
seasons while narrow P. albicaulis rings fall after wet springs and with average summer
temperatures. Years in which all L. pungens rings are wide fall during warm dry springs
and growing seasons while years in which all L. pungens rings are narrow have wet
winters and springs. A visual examination of climate anomaly maps show wide and
narrow ring in L. pungens chronologies coinciding with temperature and climate
anomalies that extend over a smaller local region, but wide and narrow rings in P.
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albicaulis coincide with temperature and precipitation patterns that extend further beyond
the local site.

2.3

Linanthus pungens and climate-growth relationships

Greater sample replication, higher EPS values, and longer chronology length for L.
pungens at the Barney Lake rock glacier site (BL) provided an opportunity to use this
chronology for a more in-depth investigation into L. pungens growth dynamics and
growth-response to temperature, precipitation and snowpack over a longer period of time.
The BL L. pungens chronology has a robust common signal back through to the year
1946 (EPS > 0.75). Multiple radii measured for each individual for a subset of the BL
chronology show that the average ring width measurements of multiple (up to six) radii
are no better at approximating the basal area increment of growth for the individual than
are one to two radii measured per individual. If individuals are separated according to
individual aspect by location on the rock glacier, growth rate proves to be no different for
ring width series by aspect.

Marker years in the BL chronology coincide with drought (wide rings) and heavy spring
snowpack/heavy April 1 snowwater equivalent (SWE) levels or (narrow rings). The BL
chronology index values are significantly correlated with June and July temperatures
before 1969 and after 1968 are significantly correlated with previous November
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precipitation and April 1 SWE values. At the 1968/1969 shift, there is a significant
increase in the variability of April 1 SWE values and an increased anti-correlation
between summer growing season temperatures and winter precipitation. Over the entire
period of the chronology (1946 – 2007), there is a significantly higher than expected
coincidence of narrow rings with high SWE values and of wide rings with low April 1
SWE values. Because of the wide distribution of this and other similar shrubs in the
alpine Sierra Nevada, shrubchronology is a useful tool for tracking ecological and
climatic changes in these highly sensitive alpine environments.
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Vegetation comparisons at five paired rock glacier-talus slope sites along the eastern
Sierra Nevada range of California, USA.
Rebecca S. Franklin1
1. Laboratory of Tree-Ring Research, The University of Arizona, Tucson, AZ

A.1 Abstract

Rock glaciers are an increasingly recognized and studied feature on the alpine landscape,
supporting floristically diverse plant populations, distinct thermal regimes decoupled
from the external air and perennial water sources fed by interstitial ice. These landforms
are expected to be refugia for alpine flora and fauna under projected warmer and drier
climates. I evaluated vegetation cover, species richness and frequency, diversity, plant
functional traits, and shrub growth metrics (ring width and age) on rock glaciers (RG)
compared to adjacent periglacial talus slopes (T). Ten sites in five cirque basins were
used for paired comparisons (five rock glaciers, five talus slopes) along a 100-kilometer
latitudinal span of the eastern slope of the central Sierra Nevada range, California U.S.A..
Canonical correspondence analysis (CCA) was used to evaluate general patterns in cover,
diversity and functional trait metrics for the 10 sites and inform subsequent statistical
analyses. CCA show sites in groups by RG and T sites for cover and richness, for shrub
and sub-shrub growth forms, and by canopy life span.

Vegetation cover and species

richness were significantly greater on rock glacier sites than on adjacent talus slopes (p <
0.05) even though mean slope values for the rock glacier sites were higher. Rock glaciers
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also supported a greater density (p < 0.05) of the climatically sensitive, long-lived alpine
sub-shrub species Linanthus pungens. Results indicate that these periglacial landforms
are not only floristically distinct but are also habitats containing natural climate archives
useful to the field of herbchronology.

A.2 Introduction
Rock glaciers and debris-covered glaciers have been shown to support floristically and
structurally diverse populations of plant species in many alpine regions globally
(Tomaselli and Agostini 1990, Fickert et al. 2007, Caccianiga et al. 2011). These
geomorphological features are a significant component of the alpine landscape in arid and
semi-arid mountainous areas and have been recognized as potential perennial sources of
ice and water (Clark et al 1994, 1996, 1998, Haeberli et al.2005, Barsch 1996, Millar and
Westfall 2008).

Studies on vegetation patterns on rock glaciers have emphasized determining
relationships between vegetation, substrate stability and rock glacier movement and the
development of diagnostic tools for distinguishing between active, inactive and relict
rock glaciers (Tomaselli and Agostini 1990, Cannone and Gerdol 2003, Burga et al 2004,
Caccianiga et al. 2011). Vegetation research on rock glaciers and debris-covered glaciers
has focused on understanding how these landforms serve as important habitats for alpine
flora, how they facilitate distribution and dispersal of high elevation species and how
such features may have served as refugia for plants during glacial periods (Fickert et al.
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2007, Caccianiga et al. 2011). Vegetation patterns have been quantified within individual
rock glaciers (e.g. Burga et al. 2004, Caccianiga et al. 2011) and between multiple rock
glaciers with different movement regimes (e.g. Cannone and Gerdol 2003). The studies
on intra-rock glacier dynamics have intensively sampled a single or a set of two rock
glaciers to quantify in detail the dynamics of morphological features such as substrate
type or motion. Studies extensively quantifying differences in vegetation between rock
glacier and adjacent talus slopes have not been carried out.

Perglacial talus slopes can occur adjacent to rock glaciers and are differentiated from
rockfalls or rockslides by their relative lack of fine sediments and fractured clast edges,
and evidence of water at their base (Clow et al. 2003, Millar et al. 2012). Mean annual
air temperatures (MAAT) for rock glaciers are below zero but periglacial talus slopes,
while having a cool buffered thermal regime (possibly containing transient ice), and are
warmer than adjacent rock glaciers (Millar et al. 2012).

Though rock glaciers and talus slopes have minimal plant and lichen growth compared
with stable valley bottoms and alpine meadows, grasses, shrubs and perennial herbs can
establish on these periglacial landforms (Tomaselli and Agostini 1990, Cannone and
Gerdol 2003, Burga et al 2004, Caccianiga et al. 2011). A majority of perennial
dicotyledonous plants in temperate zones have been found to have annual growth
structures in their perenniating tissue (Schweingruber and Dietz 2001, von Arx and Dietz
2006). Long-lived plants colonizing the surface of rock glaciers on the eastern slope of
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the Sierra Nevada range in California have been found to produce annual growth rings in
their taproot material. In particular, rock glaciers of the eastern Sierra Nevada range are
habitat for the alpine sub-shrub Linanthus pungens (Torr.) J.M. Porter & L.A. Johnson,
whose growth ring production is sensitive to temperature and snowpack duration
(Franklin 2012). If climatically sensitive sub-shrubs such as L. pungens are present on
rock glacier surfaces compared to adjacent talus slope surfaces, then rock glacier sites
may be classified as locations of natural climate archives for high elevation and alpine
ecosystems.

The aim of this study was to compare and contrast vegetation on five rock glaciers and
their adjacent talus slopes with respect to (i) species richness, cover, plant functional
traits, and diversity, and (ii) presence, and growth (annual ring increment) of the subshrub, Linanthus pungens. To my knowledge no studies exist that quantitatively compare
vegetation cover on paired rock glacier and non-rock glacier sites along a latitudinal
gradient, and no studies on rock glacier vegetation for the Sierra Nevada range of
California. The results will further elucidate the potential for rock glaciers to serve as
components of the landscape with unique habitats for alpine flora at high elevations.
Results from this research can aid in further identifying rock glaciers as key refugia for
high elevation species under future warming scenarios.

A.3 Methods
A.3.1 Study Area
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The study area extended from 38° 06' 48"N / 119° 16' 48"W to 37° 13' 49"W / 118° 39'
10"W and ranged from 2913 – 3340 meters above sea level ( m.a.s.l; Figure 1), along the
eastern slope of the Sierra Nevada range of California, USA. The Köppen climate
designation is Continental Upper Boreal Cold Climate (Dsc), a highland (timberline to
approximately 3600 m.a.s.l.) climate found near areas of Mediterranean climate (Köppen
1936, Critchfield 1983) with cool dry summers with occasional thunderstorms and cold
snowy winters. In the Sierra Nevada range, Dsc vegetation is characterized by upright to
krummholtz-form Pinus albicaulis (whitebark pine) and P. flexilis (limber pine) at
treeline and low alpine vegetation above timberline (Arno and Hammerly 1984, Barbour
et al. 2007).

This area contains a number of periglacial and rock-ice features (c.f. Millar et al. 2008),
with prominent cirque rock glaciers. These periglacial landforms can be glaciogenic or
form in situ from accumulation of interstitial ice and snow in talus slopes. At sites in the
study area, rock glaciers are cooler than expected for their elevations (Millar et al. 2008,
Julissen & Humlum 2008). Mean annual water temperatures below 0°C and observed
flow of outlet springs throughout the dry season after snow melt indicate persistent
interstitial ice and a perennial source of water (Millar et al., 2012). Millar et al. also
found that surrounding talus slopes have warmer matrix temperatures compared to
adjacent rock glaciers and have outlet streams with mean temperatures > 0°C during
summer.
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Although the Sierran batholith is composed of granite, sites at the study area are located
on three separate substrate types. These are Jurassic marine metasedimentary bedrock
(with Lithnip-Rock outcrop-Fishsnooze complex soils), found north of Mono Lake near
the eastern margin of the Sierran batholith; Mesozoic granitics (with rock-outcrop-typic
cryorthents, rock outcrop complexes, typic cryorthents, Torriorthents-Haplargids-Rock
outcrop complex and Rock outcrop-Biglake-Salt Chuck families complex soils); and
Mesozoic metavolcanic bedrock (with rock-outcrop-Meiss-Andic Cryumbrepts), found at
the geologically active central eastern margin of the Sierran batholith (Hill 2006, NRCS
2012).

A.3.2 Site Selection and Sampling Design
To standardize comparisons of vegetation on rock glaciers against that of adjacent talus
slopes, cirques were selected that contain rock glaciers of similar landform origin (cirque
rock glacier type, e.g. Millar et al 2008) and adjacent talus slopes with the same substrate
material, and slope inclination and aspect values as closely matched to that of the rock
glacier as possible, given the constraints of fieldwork settings.

The five cirque basins selected were: Virginia Lakes, VL; Gibbs Canyon, GC; Barney
Lake, BL; Rock Creek, RC; and Piute Pass, PP. These span approximately 100
kilometers in latitude and contain paired rock glacier, "RG" and periglacial talus slope,
"T" sites. Rock glaciers were selected that were most likely modern and not relict (e.g.
Millar et al 2004.) The elevation and range of rock glaciers selected for this study
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overlap, and in some cases occupy the same cirque basins as those determined to be
modern (i.e. with MAAT < 0°C, and with perennial outlet streams at or below 0°C).
Adjacent periglacial talus slopes were selected for the presence of blocky clasts, no fine
debris and clear landform boundaries. Environmental variables recorded at each site are
summarized in Table 1 and the positioning of each site within the cirque basin location
are shown in Figure 1.

At each cirque location, a macroplot comprised of 30 1x1m quadrats with a random
starting point was overlaid on RG and T sites. For the RG sites, the sampling macroplots
were placed so they encompassed the terminal snout of the RG; field measurements of
snout slope values were observed to most closely approximate adjacent talus slope values
at the five study sites. At the talus sites the macroplots were installed at the same
position upslope as their adjacent RG counter plots. For each quadrat, species presence,
total percent cover, and percent cover by vascular plant species and mosses, and bare soil
were recorded (Table 1). All percent coverage values are ocular estimates.

Density and crown measurements of the sub-shrub Linanthus pungens (Torr.) J.M. Porter
& L.A. Johnson were recorded for each quadrat sampled. Individuals of L. pungens were
collected at each cirque location (off the RG/T sampling plots) to quantify growth (mean
ring width and mean age of individuals) of this species for the two surface types. L.
pungens were sampled at RG and T macroplots in areas not covered by macroplot
quadrats. Sampling was targeted to largest individuals at each site. Cross sections were

45
taken from the root-shoot boundary of each individual to provide measures of mean ring
width and average sample age following the methodology of Franklin (2012). L. pungens
was absent from the VL T site talus location.

A.3.3 Data Analysis
Species were classified into plant functional catogories of growth form (tree, T; shrub,
SH; sub-shrub, SS; perennial herb, PH; graminoid, GR; bryophyte, BR), woodiness
(arborous, AR; fruticose, F; suffruticose, SFCS; suffrutescent, SFTC; herbaceous, H) and
canopy life span (evergreen, EVG; deciduous, DEC). Plant functional trait classification
are adapted from Koerner (1994), Raunkiær (Raunkiær 1934), and the Global
Observation Research Initiative in Alpine Environments (GLORIA) group (Grabherr et al
2000, Apple, M., pers. comm., February 10, 2012).

Three diversity indices were calculated. The Shannon index (typically values range from
1.5 - 3.5), is a measure of abundance and evenness, with higher values indicating greater
numbers of unique species and evenness. Simpson's index of diversity (values from 0 -1)
is the likelihood of individuals belonging to different species, with higher values
indicating higher diversity. Evenness (values from 0 - 1) was also calculated, with higher
values indicating more equitability in species abundance (McDonald 2003). Diversity
and functional trait values were determined for both quadrat (N = 300), and site (N = 10).
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Quadrat and data were analyzed by Canonical Correspondence Analysis (CCA) (PCORD Version 6, MjM Software Design) to determine patterns of species, cover, diversity
values, and functional group composition in relation to explanatory variables of site type
(RG or T), substrate type (metasedimentary, metavolcanic or granitic), latitude, elevation,
slope inclination and aspect, and percent bare soil (Figures 5 and 6). The explanatory
variable “substrate type” is categorical and was not used in the CCA of species. Axes
were scaled to optimize representation of species/vegetation/functional trait values and
scores used for graphing are linear combinations of the explanatory variables. The
variable "site type" consisted of two categories (rock glacier, talus slope) and was
represented by n-1 dummy variables (0 and 1) and recoded as a binary variable, allowing
it to be treated as a quantitative variable (Peck 2010). Comparisons were made between
RG and T vegetation values (by site and by quadrat) and RG and T plant functional traits
(by site and by quadrat).

The distributions of the vegetation and functional trait values were non-Gaussian, so the
non-parametric Mann-Whitney Wilcoxon test (Wessa 2012) was used to test for
statistical differences in mean values by site types. Descriptive statistics were computed
using Free Statistics Software, Office for Research Development and Education, version
1.1.23-r7 at www.wessa.net. As sample size and variance were uneven for L. pungens,
statistical differences in crown dimension, growth rate and age determinations between
locations and sites were determined using the Welch’s t-test. Differences in L. pungens
density were determined using a student t-test.
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A.4 Results
A.4.1 Data Exploration: Ordination Analyses of Species Composition, Diversity Values
and Functional Traits
To determine vegetation patterns associated with environmental variables (Figure 1),
CCA was used to create ordination plots of species, cover, richness, diversity values, and
functional trait data. For all three analyses, the Pearson Species-Environment
correlations were high, ranging from 0.87 to 0.91 for Axis 1 and 0.76 to 0.97 for Axis 2.
A CCA of the quadrat-level species data (Table 2) shows small sized groups of species
near the centroids for each substrate type; axis 1 is correlated with latitude and axis 2 is
highly correlated with slope (Figure 2). Though groups of species are associated with
substrate types, substrate data which are categorical are not used in the actual CCA. For
all CCA, correlations between explanatory variables and axes are shown in Table 3.
Substrate-based species groups vary due to the contribution of the individual plant
functional traits to the total vegetation for each substrate type. Species associated with
substrate type 2 (granitic) in ordination space have a higher percentage of woodiness than
either species groups centered near substrates 1 or 3 (granitic, 5 shrub/sub-shrub species;
marine metasedimentary, 1 shrub/sub-shrub species; metavolcanic, 1 shrub/sub-shrub
species) (Table 4). CCA ordination plots did not show any patterns for species data when
site type (i.e. RG or T) is used as an explanatory variable. 37% of species are associated
with granitic substrate; 26% of species are associated with metavolcanic substrate; 17%
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of species are associated with marine metasedimentary substreate and 20% of species in
Figure 2 are not closely associated in CCA space with a specific substrate.

Ordination plots for the CCA of site cover, richness and diversity values (Figure 3 A)
show values for % vegetation cover and species richness as two relatively distinct groups
in space and in numerical value (higher values are indicated by larger triangle plot
points). Axis 1 is highly correlated with site type and Axis 2 shows a correlation with
aspect (Table 3 B). Patterns of higher vegetation cover and species richness can be seen
at RG sites. For vegetation cover, Pearson's correlation with axis 1 = 0.832, tau = 0.511;
for species richness, Pearson's correlation with axis 2 = 0.664, tau = 0.494.

A CCA of plant functional traits shows axis 1 correlated with site type and highly
correlated with slope, and axis 2 correlated with latitude (Table 3C). Ordination plots of
plant functional traits show higher proportions of shrub growth form present at T sites
and higher proportions of sub-shrub growth form and deciduous leaf habit present at RG
sites (Figure 3). For % sub-shrub growth form, Pearson's correlation with axis 1 = 0.866, tau = -0.822; for % shrub growth form, Pearson's correlation with axis 1 = 0.771,
tau = 0.68. For % deciduous leaf habit, Pearson's correlation with axis 1 = 0.927, tau =
0.778. RG and T sites are in two distinct groups in CCA for cover and richness (Figure 3
A) but the BL T site grouped with RG sites in three CCA for life form and canopy life
span (Figure 3 B).
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A.4.2 Species, Richness, Cover, and Plant Functional Traits
Table 1 shows a summary of the statistics generated for cover and diversity indices for
each site. Species richness and total cover by species were greatest at RG sites compared
to T sites, and diversity values were also higher at individual RG sites compared to T
sites. (Table 1). A total of 35 species representing an array of growth form, woodiness
and canopy persistence were recorded across the ten sites (Table 2). Three members of
the Asteraceae family were identified only to genus (Erigeron), one bryophyte was
identified to genus (Selaginella) as were several graminoids (Juncus, Poa). Absolute and
relative frequencies of all species for all sites, RG and T sites and for all five locations are
shown in Tables 5 – 7. In both absolute and relative frequency, the five most frequent
plants at all sites were 1) members of the family Poaceae; 2) Linanthus pungens; 3)
Hulsea algida; 4) Ericameria discoidea; and 5) Penstemon davidsonii. For all species,
where individuals are present on both RG and T site types, frequency values are always
higher for RG sites.

Plots of raw data for each site and site types for cover, richness, plant functional traits,
woodiness and bare soil are in Figure 4. Statistical comparisons of values in Figure 4 are
discussed below. Broad patterns can be seen in the plots (Figure 4); vegetation cover,
richness and percent bare soil tend to be higher in general for all RG sites compared to T
sites with higher variation between individual RG sites. Values for Simpson D and
Shannon H, are low in general, but are higher (non-significantly) with lower variance
between individual RG sites. For life form types, sub-shrub, perennial herb and

50
graminoid proportions tend to have a higher variance at T sites as do herbaceous type
plants for woodiness values.

Variations in vegetation cover among and between sites and RG and T site types are
shown in Figure 5, with each colored square indicating the value for the sampling quadrat
at the center of the square (see Figure 1 for orientation of sites along cirque walls).
Greater vegetation cover on RG sites is shown by comparing average RG and T cover
(Figure 5A) and on a site by site case (Figure 5B). All individual RG sites show higher
values of cover except for GC, which only has slightly higher values. BL cover values
are greater at the RG site than the BL T site but BL T cover values are high compared
with other T sites.

Spectra of plant functional traits indicate the contribution of individual plant growth form
(Figure 6A), woodiness (Figure 6B) and canopy life span (Figure 6C) to total ground
cover (left column) and as a proportion of all vegetative cover (right column). The
greater absolute cover of plants at RG sites are apparent for all three functional traits,
however in the right hand column, lower percentages of woody plants are seen for T sites
(Figure 6A and 6B). This may be driven by 100% herbaceous values at site VLT, though
there are more shrub species represented in the individual RG sites than there are in the T
sites, which have more perennial herbs and sub-shrubs present by percent of vegetation
(Figure 6A).
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A.4.3 Rock Glacier and Talus Comparisons of Vegetation, Functional Traits and L.
pungens Growth
Informed by the groupings of sites in the exploratory ordinations, comparisons were
made between RG and T site vegetation values and functional trait proportions (Table 8).
Mann-Whitney Wilcoxon test values show significant differences between mean
vegetation cover and species richness, with both values being higher for RG sites. The
Shannon diversity index was also higher at the RG sites, though not significantly (p <
0.05), and Simpson D and evenness values show no clear difference between site types
(Table 8).

Mean growth form contributions to vegetation cover did not significantly differ between
site types with the exception of sub-shrubs, which represent a higher proportion at T sites
(p < 0.05), though there was a non-significantly higher proportion of the shrub growth
form at RG sites (p = 0.181). There were a higher proportion of plants with evergreen
canopy at T sites, and deciduous canopy at RG sites (p < 0.05); this can be explained by
the greater number of deciduous shrub species at RG sites such as Salix lemmonii, Rosa
woodsii and Ribes cereum.

Measures of L. pungens growth (mean ring width: RW, and mean sample age: L) differed
significantly at several locations between site types (Table 9), with no pattern of one site
type having consistently larger RW or L. A significantly higher density of L. pungens
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individuals is seen at RG sites (p < 0.05) but crown dimensions are larger (though not
significantly) for T sites (Table 9 B).

A.5 Discussion
While the RG sites in this study are likely modern (see Section 2.2), measurements were
not taken to determine if they are currently active. However, steep snout slopes and
persistent streamflow at the RG macroplot sites and vegetation cover measurements that
are comparable to those of rock glacier sites described in studies as active (Burga et al.
2004, Cannone and Gerdol 2003) may suggest that these RG sites are potentially active.
Other studies have documented vegetation cover on active rock glacier cover of <10%
(Burga et al. 2004) and from 11 – 20 % (Cannone and Gerdol 2003) with vegetation
cover at stable, off-rock glacier sites between ~70 – 80%. Higher vegetation cover has
also been recognized on rock glaciers where substrate texture is the finest (Cannone and
Gerdol 2003). Where movement data were available, a study of a rock glacier site in
Italy showed higher cover where surfaces were more stable (Caccianaga et al 2011). The
only study with vegetation cover values directly comparable to the present study was at a
site on Mt. Rainier (Washington state, USA) on the Carbon Glacier where relatively low
values of cover (compared to the aforementioned European rock glacier studies) were
recorded on a debris covered lobe of the glacier (Fickert et al 2007). However the
Carbon Glacier is a debris-covered glacier, not a rock glacier and as such is not directly
comparable to the present study sites as are the European studies. Lower temperatures at
the Carbon Glacier were recorded on lighter colored rock; sites with granite substrate in
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the present study are lighter in color than sites with metamorphic substrate (though
temperature measurements were not taken) and species grouped around granite sites in a
species ordination (Figure 2, Table 4) have more shrub and sub-shrub members than the
species grouped around sites with metamorphic substrate.

Vegetation cover is higher at all RG sites compared to T sites. However at BL T and GC
T sites, vegetation cover is still lower than that of the paired RG sites but is higher than
all other T sites. For BL this could be because of higher amounts of bare soil at the plot.
At GC, the T site is 200 – 300 meters lower in elevation than other T sites. The warmer
temperatures at this lower elevation could have provided more opportunities for seedlings
to germinate at the GC T site. CCA of plant functional traits show that BL T is grouped
with the RG sites for sub-shrub, shrub and deciduous plant proportions (Figure 3). BL T
may group with the RG sites for these traits because of its higher bare soil cover.

There are no existing studies of vegetation cover and diversity on rock glaciers in the
Sierra Nevada range of CA but a study of growth forms was carried out at one of the five
present study locations (Gibbs Canyon) and found that in that area, smaller substrate
structure was correlated with a higher density of vegetation and with cushion plants at
ridgeline locations. At summits, where rock structure was larger, there was lower
vegetation cover and more variable plant types with clumped vegetation and rosette
plants (Elliot and Jules 2005). These findings corroborate the present study as higher
vegetation cover is found at RG sites that have a higher percentage of bare soil than do
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the adjacent T sites. A higher percentage of bare soil cover at RG sites could provide
additional surface for plants to germinate and establish.

Biplot vectors in ordination plots of species richness and vegetation cover show a
correlation of these vegetation values with greater percentage bare ground, steeper slope
and more northerly aspect. RG snout macroplot sites, which have greater slope
inclinations than adjacent mid-slope T sites at first examination may seem unsuitable for
supporting higher vegetation cover and species richness. The steep slopes of the RG sites
can be due to the interstitial ice that forms part of the matrix of the rock glacier, providing
cohesion of the rock glacier boulders thus allowing slopes greater than the expected angle
of repose (Barsch 1996, Clark et al. 1994, Millar et al. 2008). Interstitial ice provides a
perennial source of water (Millar et al. 2012) and a conduit for plant detritus, dust and
other debris to travel through the rock glacier and accumulate on the front mantle of RG
sites. This type of accumulation can promote plant establishment on otherwise barren
rocky surfaces. Sites with a more northerly aspect may retain snowpack longer into the
growing season, thus having more available water ameliorating the potentially xeric
conditions that would exist on well-drained rocky surfaces at the study sites. At two
cirque locations (VL, GC) the only vegetation in the cirque basin was that growing at the
RG site. As relict wood for shrub species on rock glaciers does not survive on the
landscape for periods longer than approximately a decade (Franklin 2012), it is unclear if
shrub presence on these sites has been as we see it today prior to this century.
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Warming and decreases in snowpack at upper elevations is expected for the Sierra
Nevada range of California (Cayan et al 2008, Kapnick and Hall 2010). If changes in
alpine vegetation follow those observed in the European Alps, projected consequences
for high elevation vegetation such as decreases in range (Pauli et al 2007), upward shifts
in range and shifts in aspect (Scherrer and Koerner 2011) may occur for these alpine
regions of California. Although alpine vegetation may be able to keep up with some of
these temperature changes via migration to cooler locations on the landscape (Scherrer
and Koerner 2011), rock glaciers, with their depressed temperature regimes and perennial
sources of water can, temporarily, buffer the trend towards a warmer, drier landscape
(Millar et al 2008, in review) in some locations. Because of their insulating mantle of
rock, rock glacier melt can lag that of ice glaciers and serve as refugia for alpine flora and
fauna under future warming at high elevations (Fickert et al 2007, Caccianagia et al 2011,
Millar et al 2010). This study documents that rock glaciers are a habitat along the eastern
slope of the Sierra Nevada with higher species richness and vegetation cover compared to
surrounding talus slopes. This pattern should persist for the study area if shrub growth
follows patterns recorded at other sites where shrubs and sub-shrubs are exhibiting a
north-ward and upslope expansion in recent years (Sturm et al 2001, Hallinger et al
2010).

In addition to being locations on the landscape with unique temperature and hydrologic
regimes supporting higher vegetation cover and species richness, rock glaciers also
support higher numbers of the alpine sub-shrub Linanthus pungens, known to be
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relatively long-lived (112 years) and sensitive to growing season temperature and
snowpack (Franklin 2012). Rock glacier sites thus represent places on the landscape to
seek out when searching for sites for potential climate reconstructions and flora for nontree species chronology-building in extra-arboreal areas.

A.6 Conclusions
Vegetation diagrams and ordination plots show visual patterns of higher vegetation cover
and species richness on RG sites relative to T sites for five cirque basin locations along a
100-km span of latitude of the Sierra Nevada range of California, USA (Figure 3, Figure
5, and Table 8). Vegetation values (cover, species richness, diversity values and plant
functional traits) have high parameter-environment Pearson correlations (from .87 - .97)
and sites fall into groups of RG and T site types in CCA ordination space (Figure 3).
Species ordinations show groupings of species close to substrate-type centroids (Figure
2) and groups of species close to granite substrate types have a higher percentage of
shrub and sub-shrub species than either metamorphic substrate types (Table 4).
Significant differences in mean values of vegetation cover and species richness were
found between RG and T site types with RG sites having significantly higher vegetation
cover and species richness (Table 8). All species have a higher frequency on RG sites
compared to T sites; members of Poaceae and Linanthus pungens were the most
frequently recorded plants at both RG and T sites. The proportion of vegetation
categorized as sub-shrub and having evergreen leaf habit are significantly higher for T
site types (Table 8, Figure 3). There are more L. pungens individuals colonizing surfaces
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of RG sites compared to T sites and while there were significant differences in mean ring
width and sample length between paired sites at several cirque basin locations, there was
not a pattern of larger or smaller L. pungens metrics at either RG or T sites (Table 9).
Rock glaciers are already recognized as thermally and hydrologically distinct (Millar et
al. 2012). Results from the current study show that these locations can also be recognized
as supporting an above average density of long-lived woody shrubs that can be utilized
for future dendroclimatic and dendroecological research in above-treeline and other
extra-arboreal ecosystems.
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A.9 Figure and Table Captions
Figure 1. Site Map and Climographs
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A) Map showing location of study area in western North America; B) Relative positions
of cirque basin rock glacier (RG) and talus (T) site pairs along the eastern slope of the
Sierra Nevada range; C) PRISM-generated climate normals for 1971 – 2000 for each
RG-T paired site. Bars: total monthly precipitation values in mm, left axis; Line: average
annual temperature in °C, right axis; D) Shaded relief (NED 1/3 arc second) detail of
cirque basins containing RG-T paired site and relative positioning of RG and T locations.
Scale bars are 1000 m. Dashed lines indicate cirque basin ridgelines.
Abbreviationsdenote place name (first 2 letters) and rock glacier (RG) or talus (T) site:
VL: Virginia Lakes; GC: Gibbs Canyon; BL: Barney Lake; RC: Rock Creek; PP: Piute
Pass.

Figure 2. Vegetation Measurement and Functional Trait Plots
Average RG and Talus and all individual site values for vegetation measurements and
functional traits. Asterisks indicate values on right-hand axis. A) Vegetation
Measurements in percent (Veg. Cover and Bare), number (Richness) and indices
(Shannon, Simpson D and Evenness); B) Growth Form in percent; C) Woodiness and
Leaf Life Span in percent.

Figure 3. Comparative Vegetation Cover Maps
Not-to-scale representations of vegetative cover for all quadrats sampled at Rock Glacier
and Talus sites. A) Average percent vegetative cover for all RG sites and Talus sites. B)
Percent vegetative cover for each paired RG and Talus site. Quadrat placement is
denoted by letters A - E (single-headed arrows represent upslope direction) and numbers
1 – 6 represent quadrats as they are oriented along the cirque wall (double-headed arrow
represents a general east-to-west, lateral, cross-slope direction). Individual site aspects
are given in Figure 1 and Table 1.

Figure 4. Plant Functional Trait Spectra by Site
Plant functional traits as percent of total cover (left-hand column) and as a percent of
vegetative cover (right-hand column). A) Growth Habit; B) Woodiness; C) Canopy Life
Span.

Figure 5. Species - Explanatory Variables Ordination
Canonical Correspondence Analysis (CCA) ordination of species (blue dots, see Table 2
for explanation of codes) and explanatory environmental variables. Vectors show
explanatory variables and centroids denote substrate type (1. marine metasedimentary,

62
red triangles; 2. granite, green triangles; 3. metavolcanic, blue triangles). Axis 1 is
significantly correlated with Latitude and Axis 2 is significantly correlated with slope.
See Table 4 for listing of species associated with the three centroids.

Figure 6. Vegetation Measurement and Functional Trait Ordinations
A) CCA ordination results using vegetation measures and environmental explanatory
variables for percent vegetation cover and species richness; Axis 1 is significantly
correlated with site type (RG v. talus) and slope; Axis 2 is significantly correlated with
percent bare soil and aspect. B) CCA ordination results using plant functional traits and
environmental explanatory variables for shrub and sub-shrub growth forms and
deciduous leaf life span; Axis 1 is significantly correlated with site type and slope, Axis 2
is significantly correlated with latitude and aspect.

Table 1. Site Environmental Variables and Vegetation Measurements
Site environmental variables and vegetation measurements ordered by site latitude from
north to south.

Table 2. Species List
Species present in sampling quadrats and percent cover by species at each site. Plant
functional trait abbreviations: TR (tree), SH (shrub), SS (sub-shrub), PH (perennial herb),
GR (gramminoid), BR (bryophyte), AR (arborous), F (fruticose), SFCS (suffruticose),
SFTC (suffrutescent), H (herbaceous), EVG (evergreen), DEC (deciduous).

Table 3. Canonical Correspondence Analysis Axis Values
Pearson correlation values between ordination axes and explanatory environmental
variables; species-environment correlations; and percent variance explained for A)
Species Values, B) Vegetation Measures, and C) Functional Traits.

Table 4. Substrate-Centroid Species Groups
Species groups associated with centroids of three substrate types. Category "Scattered
Points" contains species not closely associated near substrate centroids. See Table 2 for
species and plant functional group codes.
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Table 5. Statistical Comparisons of Vegetation Measurements and Functional Traits
by Site Type
Mann-Whitney Wilcoxon test values for comparison of mean vegetation measurements
and functional trait percentages by site type. Units of measurement given in Figure 6.
Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.

Table 6. Linanthus pungens Ring Width and Sample Length Comparisons
Welch's unpaired t test values for comparisons of mean sample length and mean ring
width of Linanthus pungens individuals by site and between site type. Significance
levels: *p < 0.05, **p < 0.01, ***p < 0.001.
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Growth-form based differences in upper-elevation chronologies: Tree-ring and
shrub-ring chronologies at nearby sites.

Rebecca S. Franklin1
1. Laboratory of Tree-Ring Research, The University of Arizona, Tucson, AZ

B.1 Abstract
Pinus albicaulis (PIAL) tree-ring chronologies and Linanthus pungens (LIPU) shrub-ring
chronologies were constructed at a series of five treeline sites spanning 100 km of
latitude along the central eastern slope of the Sierra Nevada range of California. LIPU
were sampled on rock glacier surfaces and PIAL were sampled on surfaces adjacent to
the rock glaciers at each site. Comparisons were made between chronologies based on
life form and site, and on chronology response to average monthly temperature, total
monthly precipitation and April 1 snowpack values. Pearson correlation coefficient and
Gleichläufigkeit scores show that chronologies are significantly more similar to other
chronologies of the same life form (PIAL-PIAL or LIPU-LIPU) than are same-site
chronologies of different life form (i.e. PIAL-LIPU chronologies) (p < 0.05). Growth
response to monthly temperature and precipitation values is highly variable for same-site
chronologies and also for same growth form chronologies. Topographical position and
proximity to treeline was held constant at all sites so differences in climate-growth
response within sites and within species may be attributed to factors that are unrealized in
the sampling design. Quantified differences in growth patterns and climate response of
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alpine shrub species compared to nearby tree species underscore the importance of
shrubchronologies for yielding information about environmental conditions and climate
at a site in addition to that provided by tree-ring chronologies. The additional spatial
coverage of shrubchronologies can extend several hundred meters beyond elevational
treeline and several hundred miles beyond latitudinal treeline.

B.2 Introduction
Observations of recent warming in high elevation ecosystems, predictions of future
warming at these same locations and the sensitivity of alpine plants to changes in climate
have focused attention and research efforts towards understanding climate-vegetation
interactions at mountaintop sites globally. As instrumental data are more scarce at higher
elevations (Bradley 2004) and observational studies at these sites span decades at the
most (Pauli et al 2007), natural archives such as tree- and shrub-ring chronologies (Bunn
et al 2005, Hallinger et al 2010, Salzer et al. 2009), chironomid (Porinchu et al 2002) and
pollen lake records (Anderson and Davis 1988), and ice cores (Clark et al 2007) extend
the record of climatic and ecological change back in time several hundreds to thousands
of years. The spatial and temporal coverage of tree ring records at high elevation sites is
great and they yield data on treeline changes, and temperature, precipitation and
snowpack change in mountainous regions globally (LaMarche 1974, Lloyd and
Graumlich 1997, Wilmking et al 2004, Salzer et al 2009, Pederson et al 2010).
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Current research in dendrochronology has focused on understanding the effect changes in
topography and distance from treeline have on trends in ring width chronologies (Salzer
et al 2009, Kipfmueller and Salzer 2010) and tree ring-width patterns (Bunn et al 2005,
Bunn et al 2011). Individual species at same elevations did not show separate, speciesspecific patterns of growth (Salzer and Kipfmueller 2010) though changes in elevation,
aspect, and drainage convergence have been recognized as influencing temperature and
precipitation signals, and strength of linear trends in tree-ring growth (Salzer et al 2009,
Bunn et al 2011).

The aim of this study is to provide a comparison of climate-growth response differences
and chronology differences based on growth-form at a single site. Research on
differences in chronology signals and trends based on topographical or species
differences is an active area in the field of dendrochronology; my current study on
growth-form based chronology differences will be an addition to this body of work.
High-elevation and high-latitude species with sub-shrub growth forms have been found to
have annual rings in their main rootstock (analogous to annual tree rings) and have been
found to be sensitive to temperature (i.e. Juniperus nana in Sweden, Hallinger 2010),
precipitation (i.e. Artemisia spp. in the Great Basin of the U.S., Poore et al 2009), and
snowpack (i.e. Linanthus pungens in the Sierra Nevada range of the U.S., Franklin 2012).
Given the short growth stature of shrubs and sub-shrubs, shrub-ring chronologies have
their crown and photosynthesizing material close to the ground rather than strongly
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coupled with the atmosphere as is the case with upright trees. This may cause shrub ring
widths to exhibit a different response to climate variables than do nearby trees.

In the Sierra Nevada and White Mountains of California, the range of the climatically
sensitive alpine sub-shrub Linanthus pungens (Torr.) J.M. Porter & L.A. Johnson
(common name, “granite gilia”) overlaps local treeline and that of tree ring sites used in
dendroclimatological studies (Scuderi 1987, Graumlich 1993, Hughes and Graumlich,
Hughes and Funkhauser 2003, Bunn et al 2005, Salzer et al 2009). Sites where Linanthus
pungens grows in close proximity to the treeline species Pinus albicaulis (whitebark
pine) are “outdoor laboratories” where comparisons of ring width chronologies and
growth-response differences based on growth form can be carried out.

B.3 Methods
B.3.1 Study Location
From timberline to approximately 3600 meters above sea level (m.a.s.l.) the Sierra
Nevada range of California has a Continental Upper Boreal Cold climate (Köppen
climate designation “Dsc”). This highland climate of the Sierra Nevada is characterized
by cool dry summers with occasional thunderstorms and cold snowy winters (Köppen
1936, Critchfield 1983). Much of the decadal and shorter-scale variability in climate for
this area depends on changes in ocean and atmospheric pressure and temperature patterns
characterized by the Pacific Decadal Oscillation (PDO) and the El Niño Southern
Oscillation (ENSO) indices. Positive phases of PDO and ENSO can bring warmer and
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wetter conditions to the Sierra Nevada and negative phases can bring cooler and drier
conditions (Cayan 1998) though these associations are less apparent with increasing
latitude in this range (Schonher and Nicholson 1989).

The vegetation at these elevations is comprised of upright to krummholtz-form Pinus
albicaulis (whitebark pine) and Pinus flexilis (lodgepole pine) at timberline with low
alpine subshrubs, grasses and perennial forbs in higher alpine fellfields and talus slopes
(Arno and Hammerly 1984, Barbour et al. 2007). Soils in the study area have little
development and are typically cryepts or cryorthents (NRCS 2012).

The study area spans approximately 100 km of latitude along the eastern slope of the
Sierra Nevada range (from ~38° 07’N to ~37° 14’N and ~119° 17’W to ~118° 39’W and
from 2910 – 3340 m.a.s.l), (Figure 1). Sites were also selected based on the presence of
L. pungens individuals as close to treeline as possible. In the study area, rock glacier
sites in the upper reaches of glacial cirque valleys have a higher density of L. pungens
than adjacent talus slopes (Franklin In Prep.) so these landforms were selected as sites in
which to locate L. pungens collections. Five study sites are located at the heads of five
cirque basins on NNE-facing valley slopes (Figure 1D) along the eastern slope of the
Sierra Nevada range. The five cirque basins selected were: Virginia Lakes, VL; Gibbs
Canyon, GC; Barney Lake, BL; Rock Creek, RC; and Piute Pass, PP. Slope inclination is
moderate, ranging from level 0° to 35° and the aspect for each of the five sites was
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selected to be as close to NNE as possible, ranging from 360° to 80° (Table 1). Cirque
basin topography and site placement are detailed in Figure 1.

B.3.2 Pinus albicaulis and Linanthus pungens chronologies
20 upright single stems of P. albicaulis individuals were sampled at each of the five sites
on surfaces adjacent to five rock glacier sites and cored with increment borers as close to
ground level as possible. Trees were located within 100 meters of elevation to the L.
pungens sampling areas. Two cores were taken per stem and were prepared according to
standard dendrochronological procedures (Stokes and Smiley 1968). Cores were visually
crossdated, measured to 0.01 mm using the Rinntech Lintab 6 Tree Ring Station and
TSAPWin Scientific software, version 4.67c (Rinn and Jackel 1997), and checked for
dating and measurement accuracy using the program COFECHA (Holmes 1983) to
assign a calendar date to each ring. Tree-core sample depth for each site is presented in
Figure 2. Ring width measurements were then standardized using the program ARSTAN
(Cook 1985) by fitting negative exponential curves to the ring width series. The residual
chronology produced by ARSTAN has autocorrelation removed from the series so is
more suitable for the objective of the current study, regression analysis. Standardized
residual P. albicaulis series were averaged to create a mean standardized residual
chronology for each of the five sites (Figure 3). The chronologies were truncated at 100
years, the approximate mean maximum age of L. pungens individuals to be used in
subsequent analyses. Names for P. albicaulis chronologies will be referred to as [site
name]-PIAL, e.g. “VL-PIAL”, “GC-PIAL” etc.
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L. pungens individuals were sampled at four rock glacier sites (Franklin In Prep) close to
P. albicaulis collections. Individuals were partially excavated and cut to remove the
root-shoot interface for laboratory preparation. After collecting individuals from the field
(number of samples, Figure 2), L. pungens samples were prepared using microscopy
techniques (as per Franklin 2012). Thin sections (10 – 20 µm) were taken from the
approximate location of the root-shoot boundary of each plant, stained with biological
dyes Safranin-O and Astrablue to differentially highlight lignified and living cells (e.g.
Vasquez-Cooz and Meyer 2002) and permanently mounted on glass slides for
photomicrography and measurement using image analysis software (ImageJ ver. 1.45
http://imagej.nih.gov/ij/, Rasband 1997 – 2011). Many cross sections did not have full
circuit continuity so multiple radii could not be measured. Where sufficient percentages
of the root cross section were present several radii per sample were measured. Magnified
images of L. pungens individuals were cross-dated using standard dendrochronological
procedures and checked for accuracy using the program COFECHA after measurement.
Ring width measurements were standardized using the program ARSTAN by fitting
negative exponential curves. Residual indices were selected to make the site
chronologies for L. pungens (Figure 3) as was done with P. albicaulis chronologies.
Names for L. pungens chronologies will be referred to as [site name]-LIPU, e.g. “VLLIPU”, “GC-LIPU” etc.
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Chronology length, mean sample length, number of individuals, correlation values
between all radii for a chronology, mean ring width, and ring width variation are recorded
for raw ring width and residual chronologies for both PIAL and LIPU chronologies at all
sites are summarized in Table 1.

B.3.3 Chronology Comparisons
The expressed population signal (EPS), a measure of the reliability of a chronology based
on interseries correlation and sample depth (Wigley et al. 1984) was calculated for each
PIAL and LIPU site chronology to identify years with sufficiently strong common signal
(Figure 2). For this study, a value of 0.7 will be accepted to represent a coherent stand
signal and hence will determine the time span which will be the period of record for all
subsequent chronology comparisons.

Comparisons were carried out at four of the five sites (GC, BL, RC, and PP) between
PIAL and LIPU as there were not sufficient numbers of LIPU individuals to create a
chronology at VL. Pearson correlation coefficients were used to describe the relationship
between pairs of chronologies by site and by species over the time span 1962 – 2005, the
period of time all chronologies show an EPS value of 0.7 or greater. A correlation matrix
was populated to determine significant correlations between all pairs of LIPU
chronologies, all PIAL chronologies and for all pairs of PIAL and LIPU chronologies
(Table 2).
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Gleichlӓufigkeit (GLK, Eckstein and Bauch J 1969) scores are measures of similarity
between chronologies and test whether changes in ring width (or index values) of two
chronologies are tracking each other (Schweingruber 1988). A chronology’s change
(increase or decrease) is determined from year to year and summed to create GLK values.
For the current study, the cutoff level of 0.7 (70% similarity in sign of first difference in
each year) was used as a cutoff to indicate the similarity between two chronologies. A Gscore matrix was calculated for comparisons of G-scores between all PIAL chronologies,
all LIPU chronologies and all pairs of PIAL-LIPU chronologies (Table 3).

B.3.4 Climate data selection
Because the study is focused on determining site by site differences in chronologies, only
data from climate stations in close proximity to each of the five sites were used; where no
climate stations were present, local climate data from the PRISM (Daly et al 2008)
gridded data set was used. A single grid-point data set of 800-m resolution for each set of
site coordinates (Table 1) was accessed for monthly maximum and minimum monthly
temperature values, and for monthly total precipitation values for the site RC
(<http://www.prism.oregonstate.edu/>). Snowpack data for all five sites and precipitation
data for VL, GC, and BL were accessed from the California Department of Water
Resources Data Exchange Center (CDEC, http://cdec.water.ca.gov/snow/current/snow/).
All snowcourse sites were within 6 kilometers of PIAL and LIPU collection sites.
Precipitation data for site PP was accessed through the Global Historical Climatic
Network (GHCDN). Temperature data for the period covered by the PIAL and LIPU
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chronologies were not available at any local climate stations so temperature data were
generated from PRISM. PRISM climate data are modeled based on local station data and
elevation and hillslope data and can reflect local temperature better than would a
temperature record from a more distant and lower-elevation climate station. Station
locations are mapped in Figure 1, and station names, coordinates, periods of record, and
administration are detailed in Table 4.

B.3.5 Climate – chronology analysis
To evaluate the relationship between climate (monthly precipitation and temperature
values) and PIAL and LIPU chronologies on a site by site basis, correlation and response
function values were calculated using the program DendroClim2002 (Biondi and Waikul
2004). Statistically significant correlations (at the 95% confidence level) between site
chronologies and yearly previous-September through current-August monthly
temperature and total precipitation are identified by the program (Table 5).

Yearly snowpack was represented by April 1 snow water equivalent (SWE)
measurements from the CDEC snowcourse sites. April 1 SWE was used as a metric for
snowpack as snow data for April cover a longer period of record than those for other
months of the year, and typically April 1 SWR represents peak annual snowpack and is
therefore a standard measure of snowpack variability (Mote 2003). Pearson’s productmoment correlation values were used to describe the relationship between the April 1
SWE and PIAL and LIPU chronologies at the five study sites (Table 6).
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B.3.6 Chronology marker years
Some of the differences between PIAL and LIPU chronologies and some of the
chronology-climate interactions may not be dictated by a linearly dependent relationship
with climate and may not be suitable for the use of parametric statistics. For this reason,
marker years were identified for further investigation of years when the chronologies
vary in a uniform manner (i.e. 1995 + 1996 for PIAL) and for when chronologies seem to
have no common patterns of variability (i.e. 1987 – 1997 for LIPU). Composite
temperature and precipitation anomaly maps for years of wide and narrow growth ring
for PIAL and LIPU chronologies were produced to evaluate wider scale climate patterns
in marker years. Climate anomaly map images were provided by the NOAA/ESRL
Physical Sciences Division, Boulder Colorado from their Web site at
http://www.psd.noaa.gov/.

B.4 Results
B.4.1 Pinus albicaulis and Linanthus pungens chronologies
Full residual chronologies for PIAL for all five sites and for LIPU at four sites are
presented in Figure 3. The LIPU chronologies are comprised of the full sample length of
all individuals while PIAL chronologies are comprised of only the most recent century of
growth (though individual sample lengths may be quite longer; Figure 2 and 3). The
highest variability in ring widths is seen at BL for both PIAL and LIPU and the lowest
variability in ring width for both PIAL and LIPU is seen at RC. Chronologies with the
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highest and interseries correlation values (RBAR) are at PP, and the lowest interseries
correlation values are at GC. All PIAL chronologies maintained a > 0.85 EPS value for
their entirety except for BL; The BL LIPU chronology has the longest chronology period
at or above an EPS of 0.85 from 1954 – 2007. Average ring width values range from .46
(RC) to .74 mm (VL) for PIAL and 0.09 (RC and BL) to .11 (GC and PP) mm for LIPU.
Running EPS values (shown in the upper panels for all PIAL and LIPU chronologies,
Figure 3) are above 0.7 for all PIAL and LIPU chronologies for the period 1962 through
2005, though individual site chronologies in several cases have higher EPS values further
back in time. Chronologies will only be compared across this common period 1962 –
2005 so that all chronologies being compared will represent a stand-level, not individual
tree-level signal.

B.4.2 PIAL-LIPU chronology comparisons
A matrix of Pearson’s correlation coefficients describes the relationships between all
PIAL, all LIPU, and PIAL-LIPU chronology combinations (Table 2). There is a high
degree of similarity between PIAL chronologies at all sites, with GC showing the highest
degree of correlation with all other sites (Table 2A). The only site not showing highly
significant correlations with all other PIAL chronologies is PP. All LIPU chronologies
show a significant positive relationship with one another (Table 2B) compared with 8 out
of 10 PIAL chronologies being significantly positively related.
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Correlations between shrub- and tree-ring chronologies are much lower than between
shrub-shrub or tree-tree chronologies (Table 2C). Only 2 out of 4 sites show a significant
relationship between PIAL and LIPU chronologies growing at the same site. For all
possible combinations of LIPU and PIAL chronologies, only 15% of combinations are
significantly correlated compared with 100% for LIPU chronologies and 80% for PIAL
chronologies.

Using the Gleichläufigkeit (G) score to rate chronology similarity yielded comparable
low values for PIAL-LIPU combinations, with only one PIAL-LIPU pair having a > 0.7
value (GC-PIAL-BL-PIAL, Table 3C). No same-site PIAL-LIPU G-scores are at or
above the 0.7 level, reflecting the same lack of strong relationships between shrub and
tree-ring chronologies at same sites seen in the Pearson’s correlation matrix. Though all
G-scores for all PIAL combinations are above 0.6, only half of the possible combinations
are at or above the 0.7 level. GC-PIAL and PP-PIAL have the highest G-scores with all
other PIAL chronologies. Only two LIPU-LIPU chronology combinations show
similarity at the 0.7 (PP-GC and PP-RC) level.

B.4.3 Chronology-climate correlations and response function analysis
The correlations of monthly climate variables with PIAL and LIPU radial growth are
reported in Table 5. Precipitation values are monthly totals and temperature values are
monthly averages. For sites VL and GC, current year’s March precipitation values are
negatively correlated with PIAL growth The previous year’s December precipitation is
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positively correlated with PIAL growth at RC and PP. Winter precipitation values are
negatively correlated with all LIPU growth at all locations except RC, which shows a
positive correlation with previous September precipitation.

Sites RC and PP show no significant correlations with any temperature values for either
PIAL or LIPU. Sites VL and BL show significant positive correlations with previous
winter’s and current spring/summer’s temperature. GC-PIAL does not show a significant
response to temperature but GC-LIPU shows a negative correlation and growth response
to both December and May temperature values. Snowpack variability at the five sites is
represented by April 1 SWE values. The relationship between April 1 SWE and PIAL
and LIPU chronologies is described by Pearson’s correlation coefficients (Table 6). Two
PIAL chronologies show a significant correlation with snowpack, VL (r = -0.29, p <
0.05) and PP (r = 0.33, p < 0.02). One LIPU chronology significantly correlated with
snowpack, BL (r = -0.33, p < 0.02).

B.4.4 Marker Years
PIAL and LIPU chronologies are overlaid by species (Figure 4A) and on a site by site
basis (Figure 4B) for visual comparison. Pearson correlation coefficients and GLK
values are shown for comparisons between species (Figure 4A) and for sites (Figure 4B).
In general, aside from discrete groups of years such as 1977 at GC, BL, and PP, 1996 and
2000 at BL, and 2000 – 2005 at PP, synchronous ring width patterns occur when viewing
chronologies grouped by species (i.e. PIAL or LIPU only) rather than by site. Specific
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marker years occur in the group of PIAL chronologies (Table 7A) and in LIPU
chronologies (Table 7B). Wide and narrow years for each species are unique to that
species’ chronologies at all five sites save for three years, 1978 (narrow year in all PIAL
and LIPU chronologies), 1984, (wide year in all chronologies), and 2005 (wide year in all
chronologies).

Years reported in Table 7 were used to generate precipitation and temperature anomaly
maps for years of wide and narrow ring width for PIAL and LIPU chronologies. The
composite temperature-anomaly map for years with wide rings in PIAL (1969, 1984,
1996, and 2000) shows above average summer temperatures for the western US.
Precipitation anomalies in years with narrow PIAL rings (1978, 1995, 1998, and 2005)
show higher than average springtime rainfall in the western US. Years with wide LIPU
rings (1972, 1977, 1984, and 2004) on average have a dry spring and warm summertime
temperatures in California and years with narrow LIPU rings (1976, 1978, 1983, 1986,
2001, and 2005) have wet previous winters/wet springs and cool to average growing
seasons in California.

B.5 Discussion
In general there is greater similarity (in both Pearson’s correlation coefficients and
Gleichlӓufigkeit scores) in chronologies of the same species (i.e. PIAL-PIAL and LIPULIPU) distributed along 100 km of latitude than there is between separate species (PIALLIPU) chronologies growing at same sites. While 100% of LIPU chronologies (and 80%
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of PIAL chronologies) were significantly correlated with one another, only 50% of
individual sites had tree-ring and shrub-ring chronologies that were significantly
correlated with one another (Figure 4). These results may suggest that topographical
position on the landscape and proximity to treeline were held sufficiently constant so that
the difference in plant growth forms was a significant variable in determining chronology
patterns. LIPU were sampled on rock glacier surfaces and PIAL were sampled on
surfaces adjacent to the rock glaciers, so site surface is an additional difference between
PIAL and LIPU chronologies. Surface differences in this case may not have a large
effect on the chronologies at these four sites, as Franklin (in prep.) found that LIPU
sampled on rock glacier sites did not have significantly different ring width sizes, crown
dimensions, or average age differences than LIPU growing on adjacent talus slopes at the
same four treeline sites included in the current study.

However even for same-species chronologies growing at separate sites significantly
correlated with one another, chronologies still can have slightly different responses to
climate. I.e. LIPU at RC have a positive association with winter precipitation while
LIPU at RC, BL and PP show a negative association (Table 5). The only instance of
PIAL and LIPU chronologies at the same site exhibiting the same climate-growth
response is at BL, where both chronology types show a positive correlation with previous
winter’s temperature, and at RC where both chronology types show a positive response to
current growing season precipitation.
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Even though PIAL chronologies are positively correlated among themselves they show
differing responses to precipitation (negative correlations with spring precipitation [VL,
GC], positive correlations with previous winter’s precipitation [RC, PP]). PIAL response
to temperature, where significant, is always positive (positive correlations with previous
winter [VL, BL] and current growing season temperatures [VL]).

In almost all cases, LIPU shows a significantly negative correlation to previous winter’s
precipitation (GC, BL, PP), though RC-LIPU shows a positive correlation with previous
September’s precipitation. Two sites show a positive correlation between LIPU and
growing season precipitation (RC and PP). At the two sites that show a significant
relationship between LIPU and temperature, signs are different, with GC-LIPU being
negatively correlated with both previous winter and spring temperature and BL-LIPU
being positively correlated with previous winter’s and current spring temperatures.

SWE values show similar complex relationships with both chronology types; PIAL at PP
is significantly positively correlated with April 1SWE and PP-LIPU shows a significant
negative correlation. VL-PIAL and BL-LIPU also are significantly negatively correlated
with April 1 SWE.

Differences in large-scale climate patterns can be ascertained by examining average
temperature and precipitation conditions for years in which PIAL and LIPU chronologies
all produce a wide or narrow ring. Patterns of temperature and precipitation values
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during year of wide and narrow rings in PIAL chronologies typically span the southwestern US (i.e. in the case of wet springs during years of narrow ring production and
warm growing seasons during years with wide ring growth). For LIPU chronologies,
however, average precipitation conditions during years of wide and narrow ring
production are seen in areas of California more local to the LIPU sites. Average
temperature conditions during years of wide and narrow ring width production in LIPU
are present in California and up into the Pacific Northwest.

It is important to quantify the differences (or similarities) growth patterns and climate
response of alpine shrub species compared to nearby tree species; shrubs are a hitherto
underutilized natural archive of climate information, extending many hundreds of meters
in elevation upslope beyond timberline. Shrubchronologies can yield information about
environmental conditions and climate at a site in additional to that provided by tree-ring
chronologies. A growing body of research on shrubchronologies above latitudinal
treeline has shed light on shrub infilling and expansion in the tundra (Meyers-Smith et al.
2011, Hallinger et al. 2010), with implications for high-latitude albedo changes, shrubsnow feedback effects and changing soil temperatures and soil carbon in tundra
ecosystems(Sturm et al. 2001, Sturm et al. 2005). There is a lack of analogous research
at above-treeline sites in lower-latitude mountain ranges. Recent increasing temperature
trends are most rapid at mountain top site and the greatest range shift and changes in
alpine diversity occur on mountain sites where this most rapid warming occurs (Pepin
and Lundquist 2008, Pauli et al 2012).
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B.6 Conclusions
Shrub-ring and tree-ring chronologies were constructed at each of four separate treeline
sites so comparisons can be made between chronologies based on growth form (PIAL
and LIPU) and by site along a 100 km latitudinal transect. Chronologies are significantly
more similar to other chronologies of the same growth form (PIAL-PIAL or LIPU-LIPU;
Table 2A and 2B) than are same-site chronologies of different growth form (i.e. PIALLIPU chronologies; Table 2C). This holds true for comparisons based on Pearson’s
correlation coefficients or Gleichlӓufigkeit similarity scores (Table 2 and Table 3).

Growth response to monthly temperature and precipitation values is highly variable for
same-site chronologies and also same growth form chronologies (Table 5) for PIAL and
LIPU. Topographical position and proximity to treeline was held constant at all sites so
differences in climate-growth response within sites and within species may be attributed
to factors that were unrealized in the sampling design such as LIPU sampled on rock
glacier surfaces and PIAL sampled adjacent to rock glacier surfaces.

Based on composite climate anomaly maps, wide ring widths in PIAL chronologies occur
after average winter and spring precipitation and with warm growing seasons while
narrow PIAL rings fall after wet springs and with average summer temperatures. Years
in which all LIPU rings are wide fall during warm dry springs and growing seasons while
years in which all LIPU rings are narrow have wet winters and springs.
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This study identifies a species that shows a unique response to climate at low-latitude
alpine sites; further studies on shrubline demography and shrub-climate responses at the
upper elevational limits of shrub growth should be initiated at these mountain sites.
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B.9 Figure and Table Titles and Captions

Figure 1. Site and Station Map and Climographs
A) Study location. B) Detailed sampling site and climate station location map: triangles
indicate sampling sites, circles indicate climate station locations. C) Climographs for
each sampling site; PRISM 800 m resolution climate normals for the period of record
1971 - 2000. D) Detailed cirque basin topography for the five sampling sites.

Figure 2. PIAL and LIPU Chronology Sample Depth
Individual sample ages for Linanthus pungens (LIPU) (left-hand panel) and Pinus
albicaulis (PIAL) (right-hand panel) at each of the five sampling sites. For panel BLPIAL the broken line indicates the sample extends back 556 years or to AD1449. See
Figure 1 for site codes.

Figure 3. PIAL and LIPU Residual Chronologies, Sample Depth and EPS values
Linanthus pungens (LIPU, left-hand panel) and Pinus albicaulis (PIAL, right-hand panel)
chronologies for the five sampling sites; shaded area indicates +/- 1 standard deviation.
Upper portion of each panel show sample depth (black line), expressed population signal
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(EPS) value (grey line). Horizontal dashed lines indicate 0.85 level for EPS value
comparison.

Figure 4. Site and Species Chronology Comparisons
A) Comparisons of site chronologies by species. B) Comparisons of LIPU and PIAL
chronologies by site.
Two-tailed p values:
***
p < 0.01
**
p < 0.02
*
p < 0.05

Figure 5. Winter Precipitation: PIAL and LIPU Wide and Narrow Rings
A) Composite precipitation anomalies for previous winter and current spring for years of
wide PIAL rings: 1969, 1984, 1996 and 2000. B) Composite precipitation anomalies for
previous winter and current spring for years of narrow PIAL rings: 1978, 1995 and 1998.
C) Composite precipitation anomalies for previous winter and current spring for years of
wide LIPU rings: 1972, 1977, 1984, and 2004. D) Composite precipitation anomalies for
previous winter and current spring for years of narrow PIAL rings: 1966, 1976, 1983,
1986 and 2001.

Figure 6. Summer Temperature: PIAL and LIPU Wide and Narrow Rings
A) Composite temperature anomalies for current June through August for years of wide
PIAL rings: 1969, 1984, 1996 and 2000. B) Composite temperature anomalies for
current June through August for years of narrow PIAL rings: 1978, 1995 and 1998. C)
Composite temperature anomalies for current June through August for years of wide
LIPU rings: 1972, 1977, 1984, and 2004. D) Composite temperature anomalies for
current June through August for years of narrow PIAL rings: 1966, 1976, 1983, 1986 and
2001.

Table 1. Site Characteristics and Chronology Statistics
A) Physical characteristics of the five sampling sites. B) Chronology statistics for raw
ring width chronologies. C) Chronology statistics for the residual chronology indices.
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Table 2. PIAL and LIPU Chronology Correlation Matrices
Correlation values between A) all PIAL chronologies, B) all LIPU chronologies, C)
between LIPU and PIAL chronologies and D) all sites. Values in bold are significant at
the following levels:
Two-tailed p values:
**** p < 0.001
***
p < 0.01
**
p < 0.02
*
p < 0.05

Table 3. PIAL and LIPU Chronology Gleichlӓufigkeit Matrices
Gleichlӓufigkeit values for A) all PIAL-PIAL chronology combinations, B) all LIPULIPU chronology combinations, C) for all LIPU-PIAL chronologies and D) for all site
combinations. Values in bold and underlined indicate a G similarity of 70% or above.

Table 4. Climate Station Chart
Location, administration, and period of record for precipitation and snow level
measurements for climate stations referenced in this study. Distances to sampling sites
are given for specific stations whose data were compared with chronologies at those sites.

Table 5. Temperature and Precipitation Chronology Correlation Values
Correlation values (significant at the 95% level) generated with the program
DendroClim2002 for LIPU and PIAL chronologies at each of the five sampling sites for
A) precipitation and B) temperature. Months with the prefix “p” indicate previous year.

Table 6. Chronology – April 1 SWE Correlation Values
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Correlations between April 1 snow water equivalent (SWE) values and LIPU and PIAL
chronologies for each of the five sampling sites. Values in bold and underlined are
significant at the 0.02 and 0.05 level.
Two-tailed p values:
** p = 0.02
* p = 0.05

Table 7. PIAL and LIPU Wide and Narrow Marker Years
A) A list of wide and narrow rings present in all PIAL chronologies. B) A list of wide
and narrow rings present in all LIPU chronologies. Years in boldface indicate years that
are wide and narrow in both species chronologies.
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GROWTH RESPONSE OF THE ALPINE SHRUB LINANTHUS PUNGENS, TO
SNOWPACK AND TEMPERATURE AT A ROCK GLACIER SITE IN THE
EASTERN SIERRA NEVADA RANGE OF CALIFORNIA, USA.
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Growth response of the alpine shrub, Linanthus pungens, to snowpack and
temperature at a rock glacier site in the eastern Sierra Nevada range of California,
USA.
Rebecca S. Franklin1
1. Laboratory of Tree-Ring Research, The University of Arizona, Tucson, AZ

C.1 Abstract
Annual ring chronologies in high-elevation and high latitude plants have numerous, but
largely unexplored, climatic, ecological and geomorphologic applications. Here, I
present the first shrub-ring chronology of Linanthus pungens (Torr.) J.M. Porter & L.A.
Johnson at the above-treeline Barney Lake (BL) rock glacier (37.56466N, 118.96554W)
on the eastern crest of the Rocky Mountains Sierra Nevada range, USA, The L. pungens
chronology is 77 years in length with sufficient sample replication (expressed population
signal, EPS, > 0.75) to capture a robust common signal from 1946 through 2007. Marker
years in the BL chronology correspond to drought (wide rings) and persistent snowpack
(narrow rings). Response function analysis indicates significant associations with July
temperature maxima and previous years’ November precipitation (PPT). Radial taproot
growth has varied little over the past century and is significantly and positively correlated
with temperature during the early portion of the chronology period and significantly and
negatively correlated with both snowpack and PPT during the latter half of the
chronology period. Predictions of decreasing snowpack and increasing temperatures for
the alpine Sierra Nevada would therefore be expected to result in increased shrub growth
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and possible increases in shrub abundance and range expansion if unprecedented drought
does not prove to limit growth in the future.

C.2 Introduction
C.2.1 Objectives
Although much attention has been directed to the importance of documenting recent
climatic changes in Arctic and alpine ecosystems and tracking the composition, range
expansion and contraction, and other climate-related changes of above-treeline plant
communities (Elliot and Jules 2005, Pauli et al. 2007, Scherrer and Kӧrner 2011) few
annually resolved records of alpine plant growth spanning the past century exist.
Modeled future temperature changes will be greater in high elevation/high latitude
ecosystems, home to many endemic and geographically isolated species (Bradley et al.
2004, IPCC 2007), making their flora and fauna especially vulnerable to the effects of a
warming climate. Several high-latitude chronologies of Arctic shrubs document the
growth-response of these plants to recent warming (Hallinger et al. 2010, Bӓr et al. 2008,
Rayback and Henry 2006) but few analogous records exist in lower-latitude mountainous
regions.

I present here the first multi-decadal and annually resolved shrub chronology for the
Sierra Nevada range (California, USA) and the first Linanthus pungens (Torr.) J.M.
Porter & L.A. chronology. The aim of this study is to investigate which, if any, climate
variables are controlling growth of above treeline shrub communities and to create the
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first in a network of above-treeline shrub chronologies for the Sierra Nevada range.
These results can be used to inform conservationists and land managers of possible alpine
ecosystem responses to projected future climatic changes. Using dendroclimatic
techniques to evaluate potential climate responses of above treeline areas can
complement international monitoring efforts (e.g. Global Observation Research Initiative
in Alpine Environments (GLORIA) program: Grabherr et al 2000) and National Park and
National Forest inventory and monitoring programs.

C.2.2 Background
Herb- and shrubchronology are techniques adapted from dendrochronology, which
utilizes annual growth increments in the rootstock or other perennial structures of the
plant (e.g. internodes, see Rayback and Henry 2006) as a way of gathering ecological or
climatic information recorded by the growth of individuals or groups of plants. Clearly
demarcated and annual growth rings are widespread in dicotyledonous perennial plants,
especially in temperate zones and at high latitudes and elevations (Dietz and Ullman
1997, Schweingruber and Dietz 2001, von Arx and Dietz 2006). Initial work on the
herbchronology of perennial forbs focused on ecological questions such as growth and
reproductive strategies (Perkins et al. 2006, von Arx et al. 2006) and plant size-age
correlations (Kuen and Erschbamer 2002). Dendrochronology of shrubs was investigated
by Ferguson (1964) for sagebrush (Artemisia spp.) in the Great Basin. Recent studies
include long-lived shrubs and focus on growth responses to local and regional climate
change, as well as reconstructions of temperature, precipitation, and atmospheric
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circulation patterns (Woodcock and Bradley 1994, Rayback and Henry 2006, Xiao et al.,
2007, Bӓr et al. 2008, Srur and Villalba 2009).

Warming of Arctic and alpine ecosystems can be tracked through the growth increment
patterns of shrubs growing in these regions. Stem internode lengths of Cassiope
tetragona in the Canadian Arctic compare well with region-wide temperature trends and
contributed to a century-long reconstruction of summer temperature (Rayback & Henry
2006). Summer growing season climate conditions also control radial increments of stem
growth for mountain crowberry (Empetrum hermaphroditum) in Norway and elsewhere
in Scandinavia increases in both radial growth and upslope colonization of juniper shrubs
indicate current shrub expansion and colonization at higher elevations (Hallinger et al.
2010). Sturm et al. (2001a,b, 2005a,b) have found that increased shrub growth and
abundance in the Arctic tundra could increase snowpack depths and change winter soil
temperature and spring runoff depending on shrub density and height. They also describe
snow–shrub feedback models that indicate the potential for an increase in solar
absorption during the snow-cover period and also an increase in summer heating.
However, shoot elongation and radial increment growth response to climate is not
uniform at all sites. At mid-elevation (~2500 m.a.s.l.) sites in North America, Artemisia
spp. was positively correlated with winter precipitation values at some sites and with
summer temperature on other sites (Ferguson 1964, Bauer et al. 2002, Poore et al. 2009).
Work by Perfors et al. (2003) shows that radial stem growth of Artemisia tridentata at
higher elevations (2920 m.a.s.l. vs ~1000 m.a.s.l.) is limited by growing season length,
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not soil moisture. At similar elevations in South America, shrubs had both positive and
negative correlations with growing season temperature (Srur & Villalba 2009) along a
latitudinal gradient.

The above variability in climate response does not exclude the possibility of even finer
scale variations in shrub growth response to climate. Annually resolved records of shrub
growth over broad spatial scales and their differing responses to changing climate are
thus important tools for quantifying shrub-climate relationships and predicting future
growth responses to future climates in Arctic and alpine shrub communities. Micro-sites
in mountainous and alpine areas encompass a significant amount of temperature
variability (Scherrer and Kӧrner 2011). Topographic influences are pronounced in treering chronologies (Bunn et al. 2005, 2011) and therefore may be apparent in shrub- and
herbchronologies.

GLORIA sites occur in the Sierra Nevada range (Dunderberg Peak, Mt Langley, Carson
Range), and other studies of high elevation Sierran plants (Jackson and Bliss 1982,
Kimball et al. 2004, Elliot and Jules 2005) have been conducted. However, as of this
writing, there are no annually resolved multi-decadal shrub- or herb-chronology records.
As with the European Alps (Bӧhm et al. 2001), the Sierra Nevada range in California is
expected to warm at a greater rate than the global average (Cayan et al. 2008) with effects
on snowpack levels and timing of melt (Dettinger & Cayan 1995, Hayhoe et al. 2004,
Kapnick and Hall 2010). Millar and Westfall (2008, 2010) describe rock-ice
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geomorphologic features of the Sierran alpine landscape that may buffer this projected
warming and snowpack decline for high elevation flora and fauna. Rock glacier features
(occupying a mean elevation 3300 m.a.s.l. in the Sierra Nevada) have a greater density of
alpine sub-shrubs than adjacent slopes of comparable elevation, aspect and slope
(Franklin, unpublished data). The periglacial Barney Lake rock glacier and adjacent
cirque wall slope chosen for this study represent important landforms in the alpine
landscape. Rock glaciers are a feature on the landscape with the potential to store water
(in the form of ice) into the summer months until it is released as meltwater. Often this
water source beneath talus or rock fields is not recognized. High-elevation rock glaciers
represent a natural experiment in which plants in closely adjacent locations are exposed
to markedly different conditions persisting over decades and even centuries. These local
differences can be considered a proxy for macroclimate and represent an opportunity to
investigate how plants might respond to changes in temperature and precipitation.

C.3 Regional Setting
C.3.1 Central Southern Sierra Nevada
The Kӧeppen climate designation of the study location in the Sierra Nevada is
Continental Upper Boreal Cold Climate (Dsc), with cool wet winters and warm dry
summers. Decadal- and shorter-scale climate variability such as the Pacific Decadal
Oscillation and the El Nino–Southern Oscillation, bring warmer and wetter conditions to
the Sierra Nevada and the southwestern United States during positive phases, and cooler
and drier conditions during negative phases (Cayan et al. 1998). The eastern slopes of
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the Sierra Nevada range are relatively arid compared to the western side of the range due
to orographic precipitation. Average snowfall at Barney Lake is higher than the regional
average and is the result of winter storm tracks that proceed eastward relatively
unimpeded through the wide San Joaquin River canyon that traverses the range.

C.3.2 Barney Lake site
The Barney Lake (BL) site southeast of the town of Mammoth Lakes, Mono County, CA,
USA (37.56466N, 118.96554W, 3150 m.a.s.l.) has an average annual maximum
(minimum) temperature of 9 (-2.5) °C and a mean annual precipitation of 1500 mm
(Figures 1 and 2, PRISM 800 meter gridded climate normals, 1971 – 2000; Daly 2002).
Data from the Mammoth Lakes Los Angeles Department of Water and Power site
(station “MAM”, 2800 m.a.s.l.) for the same period reports an average April 1 snow
water equivalent (SWE) of 1130 mm (California Department of Water Resources,
http://cdec.water.ca.gov/snow/current/snow).

The BL site lays immediately east of the Sierra Nevada crest, south-west of the town of
Mammoth Lakes in Mono County, California (Figure 1). Though the Sierran batholith is
comprised of granite, the BL site lies atop Mesozoic metavolcanic bedrock (NRCS,
2011). The Barney Lake site is at the upper end of a glacially carved valley directly
below and northwest of Duck Pass. Soils that have developed at the site are rockoutcrop-Meiss-Andic Cryumbrepts (NRCS 2011). Treeline at this central latitude of the
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Sierra Nevada has been reported from 3000 – 3500 m.a.s.l. (Millar et al. 2004, Millar et
al. 2006).

The BL rock glacier site has cool, well-drained slopes ranging from 0 – 100%, aspects
with azimuth from 20 – 90 degrees and elevation ranging from 3150 – 3200 m.a.s.l.
Substrate at the site consists of large glacially plucked boulders with similar shallow
intermittent soil deposits. The BL rock glacier is 0.133 square kilometers and the entire
cirque valley head is approximately 4 square kilometers. Mean plant cover for all
vascular species at the BL site was 18% (Table 1 and Table 2). Four locations with
contrasting azimuths were sampled: 0° (level ground), 20°, 60°, and 90°. Plant cover
consists of patches of large shrubs [(e.g. granite gilia (L. pungens) and rabbitbrush
(Ericameria spp.)), smaller forbs [e.g. Sierran primrose (Primulus suffrutescens)], and
small sub-shrubs (e.g. spreading phlox Phlox difussa)] (Figure 3).

C.4 Methods and Materials
C.4.1 Barney Lake Plant Species
Table 1 lists the vascular species found at the BL rock glacier. Individuals with a
substantial rootstock were investigated for presence of annual growth increments in their
perennating tissue, which is typically the rootstock of the plant. For species with
discernable annual growth markers in their roots, maximum ring counts were made. For
species with sufficiently long ring chronologies and common variability in their ring
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widths, the dendrochronological technique of crossdating (Stokes and Smiley 1968) was
applied and calendar ages for these individuals were determined.

Canopy cover (%, ocular estimate) on sites with contrasting aspects was determined
using a simple random sampling technique. 1 x 1 m plots were positioned along line
transects in a 36 x 30 m grid encompassing each of the four aspects on the BL site. The
grid was established by establishing one corner whose coordinates were randomly
selected from a list of azimuth and meter distance values. Mean percent cover is given
for the plants at the BL site (Table 1).

C.4.2 Linanthus pungens
After an initial vegetation survey, sampling proceeded with the goal of obtaining the
longest-lived woody shrubs for climate-response analysis. An age-crown diameter model
from the initial survey indicated that age and crown size are significantly correlated (R2 =
.3, p = 0.008; Figure 4B), therefore to obtain the longest-lived individuals, larger plants
were sampled.

One of the more widespread plants on the Barney Lake site, the subshrub Linanthus
pungens (Torr.) J.M. Porter & L.A. Johnson, (Polemoniaceae) is a one to three-decimeter
tall suffruticose plant with a dense multi-branching crown (Figure 3C, 3D). L. pungens
grows on rocky well-drained soil at elevations of 1000 to 3500 m.a.s.l. throughout the
western United States and British Columbia (USDA, NRCS 2010).
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C.4.3 Sample collection and preparation
Of the long lived woody shrubs at the BL site, L. pungens was chosen for chronologybuilding because of its ubiquitous distribution, relatively great age, lack of central root rot
common in other species at the BL site (for example, Ericameria spp., see Figure 5A)
and clearly demarcated ring boundaries (Figure 5). Rootstock tissue from approximately
five to ten centimeters below and above the root-shoot boundary (the zone of maximum
annual ring accumulation) was collected from a total of sixty-seven individuals over the
summer seasons of 2006 – 2010 for analysis. For samples with complete cross sections,
2 to 3 radii were measured, for many samples missing portions of the rootstock, only one
radius could be measured per sample. Relict wood, often collected in traditional
dendrochronological studies to extend the chronology length back in time (Salzer et al.
2009), was also obtained for L. pungens wood at each of the Barney Lake locations.

Samples were air-dried at room temperature and were later re-softened for thin-sectioning
with a 5:2:1 glycerin-water-alcohol solution. Thin-sections (10 – 20 µm thickness) of the
transverse cross-section of the rootstock were obtained using an American Optics sledge
microtome as close as possible to the shrub root-shoot boundary. Examples of prepared
thin sections of five common shrubs at BL are shown in Figure 5. Microtomed thin
sections were stained with Safranin-O and Astrablue biological stains (e.g. Vasquez-Cooz
and Meyer 2002) to differentially highlight both lignified and living cells and then were
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permanently mounted on glass slides for photomicrographing and image analysis (Figure
5).

C.4.4 Chronology building: Cross-dating, Measuring and Standardization
Using cross-dating (for example, by the skeleton-plot method: Stokes and Smiley, 1968)
as a tool to assign precise years of formation to every ring in a chronology is absolutely
necessary (Fritts 1976) yet has often been overlooked when creating shrubchronologies.
In annual ring-width series with sufficient interannual variability, marker years (i.e. rings
occurring in specific years that are diagnostically wide or narrow, rings with distinct
latewood or vessel density or rings containing frost damage) present in a given year in
many samples at a site or in a collection of sites indicate a common regional forcing
element. Knowledge of the date of formation of the outer-most ring (year of sampling)
and dates of climatic and ecological events that cause variations in ring width formation
can assist in assigning years of formation to each ring in a series. The L. pungens cross
sections were cross-dated using marker years (Figure 6) to assist in the skeleton plot
dating technique. Individuals that could not be cross-dated were omitted from
subsequent analyses.

Thin-section images of successfully cross-dated radii were obtained with a digital SLR
camera (Olympus e-volt 330) coupled to a stereoscope (Nikon SMZ-U). These images
were measured for basal area increment (BAI) and ring width (RW) using image analysis
software (ImageJ ver 1.45 http://imagej.nih.gov/ij/, Rasband 1997 – 2011). In principle,
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BAI measurements are a more complete measurement of the annual growth increment
than RW measurements, as BAI takes into account the complete geometry of the annual
growth ring. This is especially important with shrub species, which often have low
circuit uniformity in growth rings. However, BAI measurements are extremely time
consuming. A subset of shrubs (N = 10) were measured for BAI and RW, the latter along
six evenly spaced radii (Figure 7). As ring width measurements gave a representative
measure of growth comparable to BAI, RW was used as a measure of growth of radial
increment of L. pungens taproot for this study.

For all samples containing pith (parenchymatic tissue at the center of the stem,
representing first year of growth), a regional growth curve was also calculated, assigning
all pith years “year zero” (and discarding calendar dates) to construct a set of ring width
series based only on the biological age-related growth trend of plants at this site (Figure
4, Panel C).

Distinct annual ring-width variations in the wood anatomy of L. pungens provided for
straightforward cross-dating (Stokes and Smiley 1968) and construction of an annually
resolved shrub-chronology. The common variation in the annual growth of L. pungens at
BL provided the rationale for its use in a climate analysis. The cross-dated and measured
chronology was checked for accuracy and for missing or false rings using COFECHA
(Holmes 1983). Individuals sampled at the four locations at BL with differing aspect
(90°, 60°, 20°, and 0° [flat ground/0° slope]) cross-dated well and were combined into the
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final BL site chronology used for comparison with PRISM climate data. The aspect of all
four locations at BL only ranged from E-facing to NE-facing hence the values were
similar enough in aspect to be combined into one site chronology.

Standardization of the chronology was performed with ARSTAN (Cook & Peters 1981,
Cook, 1985) using a two-thirds spline, which removed individual growth trends and
accounted for auto-correlation of a ring with the previous years’ growth. The ARSTANproduced chronology was the residual chronology with the common signal estimated
using the bi-weight robust mean. Correlation and response function analyses used to
evaluate the climate-growth response of the L. pungens chronology were conducted with
DendroClim2002 (Biondi and Waikul 2004) using PRISM generated monthly PPT and
temperature for BL for the period of the chronology.

C.4.5 Climate Data Selection
The response of L. pungens to PPT and temperature (T) was evaluated using climate data
created by the Parameter-elevation Regressions on Independent Slopes Model (PRISM;
Daly 2002). A single grid-point data set of 800-m resolution at the BL site coordinates
was accessed for monthly precipitation, and maximum and minimum monthly
temperature values (<http://www.prism.oregonstate.edu/>). Although climate stations
are present at the town of Mammoth Lakes and within 20 km of the BL site, these records
have periods of missing data, a shorter overall record length, and were consequently not
included in the final analysis
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Snowpack data for subsequent analyses were accessed from the California Department of
Water Resources Data Exchange Center (http://cdec.water.ca.gov/snow/current/snow/).
To represent a regional snowpack pattern, data from four snowcourse stations near the
BL site (Tioga Pass, Virginia Lakes, Mammoth Lakes and Agnew Pass) were
standardized and averaged. April 1 snow water equivalent (SWE) level was used as a
metric for snowpack because records for this month are longer than those of any other
months of the year; and the April 1 SWE represents a standard measure of snow pack
variability (Mote 2003).

C.5 Results
C.5.1 L. pungens Growth Dynamics
Maximum ring count or calendar ages (indicated with an asterisk) and mean percent
cover at the BL site are indicated in Table 1. Several of the woody shrubs (Phlox difussa,
Monardella odoritissima, Ericameria spp., and Ribes spp.) other than the present study
species attained ages from 40 to 100 years. The thin-sectioned shrubs in Figure 5 are ring
porous to semi-ring porous and show clear transitions from the late wood of one year to
the early wood of the next. Figure 5-F is a magnified view of three ring boundaries of L.
pungens with smaller latewood fibers marking the end of one growing season and large
vessels marking the beginning of growth for the subsequent growing season.
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Through cross-dating and high sample replication, L. pungens at BL shows to have
annually produced growth rings in its rootstock. The cross-dating technique matched the
wide and narrow rings in a ring series for all samples at BL. Matching of patterns for all
individuals in the chronology assure that all rings are accounted for and that errors due to
absent or “false rings” do not occur. Successful cross-dating was also carried out
between the BL chronology and a L. pungens chronology 60 km north of Mammoth
Lakes at a site outside of Yosemite National Park (Franklin, unpublished data), indicating
a common, regional-scale forcing acting on L. pungens growth at both sites.

The co-varying interannual variability in ring widths signifies a common response to an
external driver of growth at the BL site (Figure 6). The rate of radial growth of the
taproot has not decreased over the past century (Figure 4, Panel A) but rather has
maintained a constant rate at BL. Above-ground crown growth parallels plant age and
rootstock growth (Figure 4B) and thus the growth trend in the radial increment of L.
pungens root tissues will be termed “plant growth” in this study.

This growth curve for the BL L. pungens indicates a ‘juvenile trend” (a trend of more
rapid, less dense ring width growth at the beginning of a plant’s life more readily noted in
open-canopy environments, Fritts 1976) in the first two decades of plant growth followed
by a steady decrease in mean ring width (which corresponds to the geometric constraints
of circular ring growth). The growth curve is truncated at 49 years which is the mean
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segment length of the BL chronology. A comparison of L. pungens RW growth and BAI
growth indicate strong, non-linear correlations between the two (R2 = 0.85, n = 39).

C.5.2 Crossdating, Measuring and Standardization
Figure 6 depicts examples of pattern-matching associated with crossdating. Individuals
at BL exhibit wide rings in the same years of growth for 1961, 1977 and 1990 and exhibit
narrow or micro-rings during the years of growth for 1983, 1986, and 1995. Statistics
generated by the program ARSTAN for the raw ring width chronology and the
standardized chronology index are summarized in Table 2 by aspect and for the final BL
chronology. The highest standard deviation of ring width was found at the BL rock
glacier “level ground” site. The common signal strength, measured by an expressed
population signal (EPS) value of greater than 0.85 went back furthest in time at the BL
rock glacier 90° site.

Similarities in raw ring width (non-standardized) chronologies by aspect at the BL site
can be seen in Figure 8B. Narrow (e.g. 1983, 1986, and 1995) and wide (e.g. 1961, 1996
and 2000) marker years were observed on all four rock glacier locations. The widest
marker year in all chronologies, 1977, occurred in virtually all samples and was
associated with extremely low snowpack and warm growing season temperatures (Figure
6). Figure 6 also depicts marker years of narrow ring width for 1983 and 1986, associated
with record snowpack in the region and also marker years of wide ring width for 1961,
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1977 and 1990, associated with low spring snowpack. The temporal distribution of L.
pungens samples at each location at the BL site is seen in Figure 8A.

The final Barney Lake L. pungens chronology is presented in Figure 9, Panel B. Grey
shading indicates +/- 1 standard deviation (SD) of the index values. The number of series
comprising the chronology is shown in Figure 9, Panel A along with the level of common
signal strength as it varies throughout the chronology. Dead wood samples did not
extend the BL site chronology further back in time, as the maximum age of relict L.
pungens was 13 y.

Expressed population signal (EPS) is a measure of the strength of the signal common to
all samples in the chronology (Wigley et al. 1984); values above a specified level
(generally 0.85) are commonly taken to indicate a robust common signal although there is
no firm theoretical basis for choosing that particular level. Quantitatively identifying
whether or not a chronology has a strong common signal is an important step in
establishing the validity of shrubchronologies, though EPS values have not always been
reported in these types of studies. The BL chronology has EPS values above 0.85 for the
period 1952 – 2007, which is indicated in Figure 9B by darker shading of the index and
SD area. EPS values stay reasonably high (0.65) through the mid 1930s and the
chronology period 1946 – 2007 (EPS > 0.75) was accepted for use in subsequent climate
analyses.

C.5.3 Climate Response
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Significant correlations between the L. pungens chronology and current growing season
temperature (r = 0.21 to 0.40) and previous winter precipitation (r = -0.31 to -0.34);
response function values are significant at the 95% confidence level for prior November
precipitation (r = -0.23) and current July maximum temperatures (r = 0.22) (Table 3). A
visual comparison of the BL chronology with temperature and precipitation suggests
periods when L. pungens growth is in and out of synchrony with these two climate
metrics (Figure 10). Moving correlations calculated in DendroClim2002 confirm this and
do not show the BL chronology’s response to precipitation to be significantly stable over
the entire chronology period.

A plot of temperature, precipitation and April 1 SWE time series show an apparent
change in synchrony (PPT and T) and an increase in April SWE variance. After 1968,
temperature and precipitation are more highly and significantly anti-correlated and April
SWE switches from being not significantly correlated with either June-July temperature
or previous November precipitation to being highly significantly correlated with
precipitation (r = 0.81, p < 0.001) and highly and significantly negatively correlated with
June-July temperature (r = -0.62, p < 0.01) (Figure 10). Correlations between the BL site
chronology and all three climate variables also change across this period. The BL
chronology was most highly correlated with June-July temperature (r = 0.59, p < 0.01)
during the first portion of the chronology (1946 – 1968); but for the second portion of the
chronology (1969 – 2007), the chronology was more significantly anti-correlated with
winter PPT (r = -0.41, p < 0.01) and 1 April SWE (r = -0.43, p < 0.01).
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C.5.4 Linanthus pungens and Snowpack
As several of the rings with the highest negative [positive] standard deviations in the BL
chronology (i.e. 1983, 1986, 1995, [1961, 1977]) occur during years of record snowpack
[drought] in the Sierra Nevada and response function values are highest for winter
precipitation (negative associations), the BL chronology was regressed against a fourstation (Tioga Pass, Virginia Lakes, Mammoth Lakes and Agnew Pass) peak snowpack
(April 1 SWE) composite. For ease of visualizing the relationship between snowpack
and ring width growth, April 1 SWE values were ranked from highest to lowest and
divided into deciles. The years in each decile were linearly regressed against the same
years of the BL chronology. The results are plotted in Figure 11B as relative April SWE
value in deciles against correlation with the BL chronology. This was done to capture the
non-parametric relation between April 1 SWE and the BL chronology in years of extreme
high and low snowpack, as years of average snowpack were less highly correlated with
the chronology.

C.5.4.1 Quantifying a non-parametric L. pungens-snowpack relationship
A contingency table was constructed to further quantify the relationship between
snowpack and L. pungens growth (Figure 11A). Both snowpack and BL chronology
values were partitioned into quintiles from lowest to highest and the likelihood of
coincidence of highest and lowest quintile from each dataset falling in the same year were
calculated and compared to the actual coincidence of high-high, low-high, high-low and
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low-low years. There was a significantly higher than expected incidence of both high
snowpack-low ringwidth years and low snowpack-high ringwidth years with a confidence
value of p < 0.02 (for an adjusted G statistic to account for the special case of low
expected values). A scatterplot of the data from 1968 – 2007 shows a non-linear trend
determined by fitting a second order polynomial with an R2 of 0.2 (n = 40) (Figure 11C).

As noticed with the trend of relationship with precipitation and temperature to ring width
over the chronology period, the correlation coefficients between L. pungens ring width
and April 1 SWE also shift between the years 1968/1969 (Figure 10). A plot of the fourstation mean of April 1 SWE values is also divided into two time periods: 1926 – 1968
and 1969 – 2007 (Figure 10C). Prior to 1969 there is relatively low variability in the
snowpack record and from 1969 – 2007 there is a significant increase in April 1SWE
variability (p < 0.05). Coincident with fewer years of extremely high or low SWE values,
the Pearson’s Correlation Coefficient (PCC) for the BL chronology and April 1 SWE
from 1946 – 1968 is approximately 0, but switches to a strong anti-correlation (r = -0.43,
p < 0.01) for the period 1969 – 2007. The increase in anti-correlation coincides with the
increased incidence of high snow pack levels post-1968. During years of high peak
snowpack, extremely narrow or “micro-rings” are produced in L. pungens at this site
(Figure 6).

C.6 Discussion
C.6.1 Linanthus pungens chronologies, ring width and climate
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Sensitivity to regional climatic variability coupled with its wide distribution across
western North America and long-lived nature make L. pungens a key species for use in
further studies of alpine ecosystems. Annual growth increments of L. pungens at BL are
found to be significantly related to regional climate. Positive correlations with growing
season temperature are higher and significant in the first half of the chronology century
but after 1968, are reduced and less significant. However, response function analysis
shows a significant inverse relationship between the BL chronology and wintertime
precipitation for the full length of the chronology. This inverse relationship strengthens
in the latter half of the chronology when growing season temperature and wintertime
precipitation become more strongly anti-correlated at BL.

This increasing anti-correlation between temperature and winter precipitation during the
latter half of the chronology may account for the changing growth response of the BL L.
pungens to temperature and snowpack. A stronger anti-correlation of winter precipitation
and summer temperature means more years when higher snowpack/cooler growing
season conditions and lower snowpack/warmer growing conditions occur. High
snowpack/cool growing season conditions more consistently produce narrow rings and
low snowpack/warm growing season conditions more consistently produce wide rings.
The dominance of snowpack over temperature in the BL chronology growth signal that
even if growing season temperatures are amenable to growth, if the snowpack has
lingered especially late, the growing season is of insufficient duration to form a wide
ring. No strong or clear relation to ring-width formation is noted when there are low
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snowpack/low temperature conditions or when there are high snowpack/high temperature
conditions (Figure 11B).

An increase in the variability of snowpack (April 1 SWE values) after 1968 may account
for the development of the significant correlation between the BL chronology and April 1
SWE in the latter part of the 20th century. However, the increase in snowpack variability
may also be coincident to the increased negative correlations between winter
precipitation and summer temperature. This may be explained in the following way:
more incidents of low precipitation coinciding with warmer temperatures will yield low
snowpack and more incidents of high snowpack with lower temperatures will yield
greater snowpack. That the coincidence of narrow marker years formed as a result of
heavy spring snowpack also occur prior to the 1968/1969 boundary is captured by the
contingency table analysis (Figure 11), which spans the entire chronology period, 1946 –
2007.

A possible reason for the change in variability of snowpack post-1968 is illustrated in
Figure 10B. Before 1969, summer temperatures and winter precipitation were less
significantly anti-correlated (PCC r = -0.43, p < 0.05) at the BL site, decreasing the
likelihood of a wet winter-warm growing season (dry winter-cool growing season)
combination, which would yield higher (lower) April 1 SWE levels and a narrow (wide)
annual growth ring. The increase in anti-correlation between summer temperature and
winter precipitation is visibly apparent from 1969 – 2007 in Figure 10 Panel B, especially
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in years of low SWE values (PCC r = -0.50, p < 0.001). The stronger anti-correlation
during this period coincides with more years of high snowpack and lower summer
temperatures, yielding narrower rings; and more years of lower snowpack and warmer
summer temperatures, yielding wider rings.

Prior to 1969 when temperature and precipitation were less highly correlated, coinciding
with lower snowpack variability, ring widths were more highly positively correlated with
summer temperature (PCC r = 0.59, p < 0.01); after 1968 the effect of temperature on
ring formation decreased (PCC r = 0.34, p = 0.05) (Figure 10 Panel A). Prior to 1969,
ring width was determined primarily by growing season temperature (July minimum
temperature) and from 1969 on, the effect of the higher anti-correlation of summer
temperature and winter precipitation amplified the incidence of extreme April 1 SWE
values which controlled ring width growth from 1969 – 2007.

C.6.2 Possible effect of the Pacific Decadal Oscillation?
The climate of Sierra Nevada range is influenced to a considerable extent by the effects
of the Pacific Decadal Oscillation (Cayan et al. 1998, Benson et al. 2003), a source of
inter-decadal climate variability in the northern Pacific. Although PDO phases can affect
vegetation establishment and growth in the Sierra Nevada (Biondi et al. 2001, D’Arrigo
et al. 2001, Millar et al. 2004), results from correlation and response function analysis for
the BL chronology showed no significant relationship between the BL chronology and
monthly PDO values. However, note that the change in radial growth increment response
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of BL L. pungens to climate, change in correlation between temperature and precipitation
and change in snowpack variability all occur within a few years of the 1976/1977 shift to
a wetter PDO regime. Establishing longer, more robust shrubchronologies distributed
over a larger spatial scale would allow sound comparisons to atmospheric phase changes
such as the PDO.

C.6.3 The Barney Lake Chronology and other work
The conclusions of Perfors et al. (2003), who found that radial stem growth of A.
tridentata at higher elevations (2920 m.a.s.l. vs ~1000 m.a.s.l.) is limited by growing
season length, not moisture availability are in agreement with those of the present BL
study which focuses only on the upper-elevation distribution of L. pungens. Maier et al.
(2001) also differentiate between the effect of precipitation on A. tridentata (adapted to)
growing at high and lower elevations. They found that basin big sage brush (A.
tridentata ssp. tridentata) established during periods of wetter spring seasons and
mountain big sagebrush (A. tridentata ssp. vaseyana) established during drier spring
seasons. Although establishment and secondary growth are separate processes, both
higher elevation sagebrush and the present study species, L. pungens demonstrate a
positive response to drier winters and springs.

The radial growth increments of high latitude Scandanavian shrubchronologies
(Empetrum spp. and Juniperus spp., (Bar et al. 2008, Hallinger et al. 2010), with their
strong positive growth responses to growing season temperature and a positive growth
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response at some sites to snow and wintertime precipitation, are more strongly correlated
to summer temperatures than those of the BL chronology and differ completely to the BL
growth response to precipitation.

In general, shrub species seem to exhibit positive growth responses to growing season
temperatures but responses to precipitation are highly variable depending on site location
and elevation. The aforementioned studies demonstrate a wide variety of shrub growth
responses to climate variables and show the importance of constructing
shrubchronologies at locations from mesic to xeric and at varying elevations and
latitudes.

C.6.4 Future shrub growth at high elevations
Figure 10, Panel B displays the increase in synchrony of drier (wetter) winters and
warmer (cooler) growing seasons since 1969; these patterns appear to amplify the
response of L. pungens growth to winter precipitation and snowpack. If this synchrony
persists into the future, the expected decrease in the amount and duration of snowpack in
the Sierra Nevada for the coming century (Dettinger and Cayan 1995, Kapnick and Hall
2010) could indicate increased growth for alpine shrub species with a similar climate
response as L. pungens. However, with projected increases in temperatures for California
and the Sierra Nevada (Cayan et al. 2008), the decreasing magnitude of positive
correlations with growing season temperature and L. pungens may at some time place a
limit on future growth.
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Even with these two climate variables predicting seemingly different growth trajectories
for this shrub, the heterogeneity of the mountain landscape may provide thermal relief for
high elevation species as surface temperature variations between alpine microhabitats are
found to be up to 10 °C in some mountain regions (Scherrer and Kӧrner 2011), indicating
that there may be local refugia for plants in these high elevation habitats. However, a
modeling study found that topography can impede the ability of alpine plants to migrate
upslope in some cases (Van de Ven et al. 2007). As Scherrer and Kӧrner (2011) show,
temperature mosaics in the alpine landscape may provide a buffer for rising isotherms at
high elevations. Even if this holds true for the alpine Sierra Nevada, changing
precipitation and snowpack levels will exert an increasing influence on alpine shrub
growth in these xeric mountain areas.

Changes in the growth rate or distribution of shrubs, especially at the alpine-nival ecotone
where shrubline can advance up- or around-slope (Ammann 1995, Grabherr et al. 1995,
Hallinger et al. 2010) could have effects on snowpack depth, timing of spring snowmelt,
carbon cycling rates and in both wintertime (as some shrubs may grow in height above
snowpack level in some areas) and summertime (changing groundcover type) albedo
values (Sturm et al. 2001, Sturm et al. 2005). If Sierran alpine shrub-snow feedback
patterns are similar to those noted in Arctic sites (wind-transported snow accumulating in
shrub patches, raising winter soil temperatures, increasing nutrient decomposition and
decreasing albedo), this could affect the alpine-nival ecotone in the Sierra Nevada range.
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Although shorter in height than the shrub species in the Sturm et al. studies, small shrubs
like L. pungens (10 – 30 cm at the BL site) in the Sierra Nevada could potentially trap
drifting snow and begin similar shrub-snow feedback loops as were observed at the
Arctic sites. At alpine sites, increased soil temperatures and nutrient decomposition
could enhance shrub growth which in turn could trap more snow, leading to continued
increasing winter soil temperatures and nutrient decomposition. Rising temperatures near
treeline were found to reduce dead wood carbon in the subalpine landscape (Kueppers et
al. 2004); changing temperatures near shrubline, coupled with a potential increase in
shrub distribution may mean that carbon cycling and dead wood carbon values will not
remain static at these higher elevations.

Although decreases in snowpack are expected in the coming century for the Sierra
Nevada (Dettinger and Cayan 1995, Hayhoe et al. 2004, Kapnick and Hall 2010), any
increased shrub growth (both in upslope establishment and increased crown height) with
accompanying increased snow accumulation may offset this trend slightly at the alpinenival ecotone. Changes in albedo and winter and summer temperatures due to up- or
around-slope shrub encroachment will likely modify alpine conditions further still.

C.6.5 Linanthus pungens shrubchronology in the alpine Sierra Nevada
The BL L. pungens chronology and climate-growth analysis is complementary to other
high-elevation studies such as those carried out by the GLORIA group, documenting
species and temperature change at mountain top sites throughout western North America
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(Grabherr et al. 2000). Using the methods described in this study, alpine plant growth
can also be tracked over a longer temporal scale at these high elevation sites. For
example, a network of sites similar in spatial scale to the GLORIA sites could be installed
as companion sites. Over the 2006 – 2010 field seasons I have installed six meta-sites
(each including high-elevation rock glacier and non-rock glacier sites and mid- and lowelevation sites) along the eastern slope of the Sierra Nevada range; the network spans 100
km in latitude and an elevation gradient from 1300 to 3500 m.a.s.l. These sites will be
the subject of future research on the effects of elevation gradients and microsite habitat
on L. pungens growth.

C.6.6 Considerations for future methodologies
Basal area increment (BAI) measurements of radial growth of L. pungens taproot are
slightly different than linear ring width measurements of the same taproot (Figure 7).
Generating a larger sample size of BAI series will enable comparison to temperature,
precipitation, and snowpack records to investigate whether or not BAI is more highly
correlated to climate than linear measures of ring width, given that BAI tracks the actual
annual increment of radial growth of a plant. Bӓr et al.. (2008) used vessel density (the
amount of conductive tissue in a growth ring compared to total ring area) measurements
to evaluate which factors were affecting the conductive area of shrub rings at sites in
Norway. This technique is useful for L. pungens as there appears to be sufficient
interannual vessel size and density variation in the annual growth rings at the BL site
(Figure 6 and author’s observations).
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Using relict or dead wood in tree-ring chronologies can extend the chronologies back in
time, doubling or tripling the length of chronologies built from living samples alone
(Salzer et al. 2009). Although relict L. pungens samples did not accomplish this in the
current study, relict wood collected at other sites along the Sierran crest may prove
fruitful in future studies.

At all high elevation L. pungens sites there are whitebark pine (Pinus albicaulis) tree
stands adjacent to the shrub sampling locations. In an exploratory study of the
comparison of tree-ring growth to L. pungens taproot growth I found a potentially
different signal in the growth of whitebark pine than there is in the L. pungens
chronologies (Franklin, unpublished data). This comparison of shrub growth response to
climate compared to that of trees at the same site needs to be investigated in further
studies.

Constructing a demographic profile of plant communities at the upper elevational limits
of shrub growth will provide age distribution data that can demonstrate if shrubs have
been advancing up- or around-slope over the past several decades. Combining this
information with satellite data on snowpack accumulation and melt out at the alpine-nival
ecotone can advise researchers and managers of the possibility of shrub-snow feedback
loops similar to those noted in research on shrub-snow interactions in the Canadian
tundra (Sturm et al. 2001b).
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C.7 Conclusions
Linanthus pungens, a widely distributed alpine shrub is a common component of high
elevation plant communities on the eastern slope of the Sierra Nevada range. Growth
increments in its single rootstock are annual and approximate growth of the whole plant.
Common interannual variability in the growth patterns of these rings allows for crossdating of L. pungens at the Barney Lake site above Mammoth Lakes, California. The BL
L. pungens chronology has a robust common signal back through to the year 1946 (EPS >
0.75). These index values are significantly correlated with June and July temperatures
before 1969 and after 1968 are significantly correlated with previous November
precipitation and April 1 SWE values. At the 1968/1969 shift, there is a significant
increase in the variability of April 1 SWE values and an increased anti-correlation
between summer growing season temperatures and winter precipitation. Over the entire
period of the chronology (1946 – 2007), there is a significantly higher than expected
coincidence of narrow rings with high SWE values and of wide rings with low April 1
SWE values. Because of the wide distribution of this and other similar shrubs in the
alpine Sierra Nevada, shrubchronology is a useful tool for tracking ecological and
climatic changes in these highly sensitive alpine environments.
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C.10 Figure/Table Titles, Captions and Dimensions
Figure 1. Barney Lake Site Map

The Barney Lake (BL) site (37.56723 N, 118.96553 W) is located directly east of the
Sierra Crest south of the town of Mammoth Lakes, Mono County, California, USA. The
BL site is indicated by a circle.

Figure 2. Climagraph for the Barney Lake site.
PRISM climate normals (1971 – 2000) for the 800-meter gridcell centered at the Barney
Lake (BL) site. Mean annual temperature for this site is 3.2 °C and annual precipitation
is 1490 mm. Error bars indicate the range of measurements for the period 1971 – 2000.
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Figure 3. BL Rock Glacier Vegetation Types
Typical vegetation patches distributed over the surface. A) Larger shrubs, Ericameria
spp.; B) Forbs, Primulus suffrutescens; C, D & E) Shrub in present study, Linanthus
pungens; and F) Smaller shrubs, Phlox diffusa. Scale bar is 1 m.

Figure 4. Linanthus pungens Growth Dynamics
Barney Lake (BL) Linanthus pungens growth dynamics. A) Cumulative growth at the
five BL site locations. B) Age model based on diameter at root crown (root-shoot
interface). C) L. pungens growth curve for all samples containing pith. Values are ring
width (mm) in years from pith. Curve is truncated at 49 years, the average age for all BL
individuals.

Figure 5. Barney Lake Shrub Thin Section Micrographs
Examples of wood anatomical variation in five common shrubs species at Barney Lake.
Thin sections are 10 – 20 μm thick. A) Ericameria discolor, B) Monardella
odoratissima, C) Phlox diffusa, D) Salix spp., E) Linanthus pungens (study plant) and F)
close up of L. pungens ring boundary. Scale bar is 1 mm for panels A – E, 0.2 mm for
panel F.

Figure 6. Linanthus pungens crossdating examples
Barney Lake site marker years (black dots denote exceptionally wide or narrow rings).
Column headings denote specific dates associated with the black dots and the
corresponding climatic conditions in those years. Distinct individuals are noted by their
sample numbers.

Figure 7. Radial Growth Approximation of Annual Basal Area Increment
The relationship between ring width (RW) and basal area increment (BAI). A) A secondorder polynomial through data from six radii from each of ten individuals generated a
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correlation of R2 = 0.85. B) Correlations between BAI and RW measured from shrub
radii. C) RW and BAI correlation error bars, +/- 1 SD.

Figure 8. Barney Lake Ring Width Chronologies and Sample Depth by Site
Location
Temporal distribution and number of individual samples by Barney Lake site location.
Black lines indicate samples containing pith, grey lines indicate no pith present. Raw ring
width chronologies of Barney Lake site locations are arranged according to aspect. Ring
width values are on left-hand axis, number of radii measured for each site location is on
right-hand axis.

Figure 9. Barney Lake Linanthus pungens Chronology
A) Sample depth through time; number of radii measured, EPS value and 0.85 cut-off
level (for evaluating EPS value). B) Barney Lake chronology (residual time series) is in
black and grey shading indicates plu or minus one standard deviation. Years before 1952
are lightly shaded, indicating an EPS value below 0.85.

Figure 10. Barney Lake Chronology Climate Correlations and Change Across Time
Pearson’s r Correlation significant at ***p < 0.001, **p < 0.01, *p < 0.05
‡ indicates means are not significantly different
‡‡ indicates variances are significantly different at p < 0.05
A) Pearson correlation coefficients for the Barney Lake BL) chronology and climate
variables for the time periods 1946 – 1968 and 1969 – 2007. B) Time series for JuneJuly average temperature (black line) and winter (previous October – current January)
precipitation (grey line) for the 800-meter PRISM gridcell at the BL site (note that the
axis for precipitation is reversed for ease of comparison to temperature series). C) Time
series of a four-station average (average of Z-scores for Tioga Pass, Virginia Lakes,
Mammoth Lakes and Agnew Pass) of April 1 SWE values (dashed line) and the BL
chronology (solid line). Grey shading indicates the variance (+/- 1 SD) in SWE for the
two periods, 1926 – 1968 and 1969 – 2007. D) Mean SWE values, standard deviation
and number of years for each of the two periods in panel C.
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Figure 11. Comparison of Upper and Lower Quintiles of Ring Width and April 1
SWE
A) Two-way contingency table for upper and lower quintiles of April 1 SWE (fourstation average) and BL chronology values (expected values in parentheses, actual values
in bold). Both chi-square and adjusted-G (for exact test for low expected values) values
are significant (p < 0.02). B) April 1 SWE values ranked from lowest to highest and
binned into quintiles are regressed against BL chronology values for the same years.
Asterisks indicate quintiles with significant correlations at p < 0.02. C) Scatter plot of
1969 – 2007 April 1 SWE and BL chronology values fit with a second-order polynomial.

Table 1. Barney Lake Rock Glacier Species List
A) Species present at the Barney Lake Rock Glacier site. B) Species with discernable
annual growth increments are indicated in the third column. Years are listed as ring
counts, ages are indicated with an asterisk. Dashes indicate ring counting was either not
possible or that the species was not sampled. C) Percent cover at the BL rock glacier.
Dashes indicate that the species was not present at the sampling site locations but was
recorded elsewhere on the rock glacier.

Table 2. Chronology Statistics for the Barney Lake Chronology
The full BL site chronology is in bold in the left hand column with BL rock-glacier subsites proceeding to the right, listed according to aspect.

Table 3. Correlation and Response Function Analysis for BL chronology and
PRISM climate data
Significant correlation and response function values from a Dendroclim2002 analysis of
monthly PRISM data. Minimum and maximum temperature and precipitations values
were used.
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Figure 1. Barney Lake Site Map

161

162

163

164
Figure 5. Barney Lake Shrub Thin-Section Photomicrographs
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