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ABSTRACT

Herb- or shrubchronology, a techniquadapted from dendrochronology, is the study of

the annual growth rings in roots of certain perennial dicotyledonous plants. The presence
of annual growth increments in higdkevation plants is significant as it highlights the
applicability of herbchronologfor climatic, ecological and geomorphologic applications

in alpine and other extrarboreal regions. For alpine sites along the eastern crest of the
Sierra Nevada range | present the first sininf chronologies of the speciemanthus
pungengTorr.) J.M. Porter & L.A. JohnsonL. pungensndividuals were collected at,

and are especially ubiquitous at rock glacier sites in reatt trending glaciadirque

valleys. Rock glaciers are an increasingly recognized and studied feature on the alpine
landscae, 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-gédageslope
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 Skeraada 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 significarggtgron 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
specied.inanthus pungens climatically sasitive, longlived alpine sukshrub, showing

that these periglacial landforms are not only floristically distinct but are also habitats
containing natural climate archives useful to the field of herbchronolbggungens
shrubring chronologies are detained to be distinct frorRinus albicaulischronologies
growing at the same five sets of sites in the Sierra Nevada study locRtiatbicaulis

(PIAL) treering chronologies and. pungengLIPU) shrubring chronologies were
constructed fofour 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 significantiypore similar to other chronologies of the same growth
form (PIAL-PIAL or LIPU-LIPU) than are samsite chronologies of different growth

form (i.e. PIAL-LIPU chronologies)§ < 0.05). This holds true for comparisons based
on Pear sonods ensorGeichatfigkeinGLK)ovaued. IGowth response
to monthly temperature and precipitation values is highly variable for-saene
chronologies and also for same growth form chronologies. Topographical position and
proximity to treeline was held cetant at all sites so differences in climgtewth

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 afteaverage 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 seass 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 cliged@th comparison
over a longer period ofttie (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 (narromgs). Response function analysis indicates significant
correlations with July minimum temperatures and the previous year's November
precipitation. Increase in the radial growth of the taproat @ungenst BL has not
decreased over the past century snghore 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 meased 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 alpibepungengshronology locations

demonstrate a potential for additiomesearch on climatshrub 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 dwarming temperatures at the highest elevations and latitudes has been tied
to changes in alpine and arctic plant densities, changing growth rates, and changes in
species6 distributional ranges (Sturm 2001
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
scace, such as in mountaintop environments, natural archives of climate are utilized:
chironomid and pollen records from tarns, mountain glacier stratigraphy and timberline
treering chronologies all document ecological and climatic changes in remote I@cation
(Anderson and Davis 1988, Porinchu et al 2002, Bunn et al 2005, Clark et al 2007).
Treering records provide the most dense spatial network of temperature and precipitation
sensitive archives that extend to latitudinal and elevational timberline (Bti&h2001,

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 glfsubs can extend several hundreds of meters above
local treeline and into aas 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 irheir 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 herand shrukchronology (Schweingrubemd Dietz 2001, von

Arx and Dietz, 208), where plants in alpine and other exaraoreal areas are

investigated for their dendrochronological potential. Studies in shrubchronology above
latitudinal treeline document trends of annual increment growth and range distribution
changes (Forbes at 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 environmets: 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? Wherdgne plant chronologies overlap tree ring chronologies, spatially and

temporally, are the chronologies and climgtewth 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 rargpans 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 forrbedl uplift of the range itself is relatively recent,
occurring within the Pliocene and starting approximately 4 million years Afjloough

the Sierran batholith is comprised of granite, sites at the study area are located on three
separate substrate typeThese are Jurassic marine metasedimentary beg@vilok
Lithnip-Rock outcropFishsnooze complex sojl§ound north of Mono Lake near the
eastern margin of the Sierran batholith; Mesozoic gra{itvith rock-outcroptypic
cryorthents, rock outcroppmplexes, typic cryorthents, Torriorthert@plargidsRock
outcrop complex and RoautcropBiglake-Salt Chuck families complex sojlsand
Mesozoicmetavolcanic bedrock (with roekutcropMeissAndic Cryumbrepts), found at
the geologically active centralgarn 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 containslsetierabnes,
ranging from sagebrushtemisiaspp.) desert in the east and Ponderosa pimei$
ponderosaforests in the west, to subalpine and then atpimal zones at the mountain
peaks. In general, the vegetation at the elevation range of seetdigon study sites is
comprised of upright to krummholform Pinus albicauliwhitebark pine) an®inus
flexilis (lodgepole pine) at timberline with low alpine subshrubs, grasses and perennial
forbs in higher alpine fellfields and talus slopes (Arnd &lammerly 1984, Barbour et

al. 2007).

1.2.1.2 Climate

The Koppen climate designation of the study location in the Sierra Nevada is Continental
Upper Boreal Cold Climate (Ds@,highland climate found near areas of Mediterranean
climatewith cool we 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 (Koppen 1936). Decadahd shortesscale climate variability such as the
Pacific Decadal Qgllation and the El NinbSouthern 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). Theeastern 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 thagitheal

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 reetasiuded

in the present dissertation research.

As with the European Alps (Bim 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 ting 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. 200P,CC 2007, Chen et al. 2011, Pauli et al. 2012), making

their flora and fauna especially vulnerable to the effects of a warming clidliteugh
decreases in snowpack and increases in average temperatures are expected in the coming
century for the Sierrdlevada (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 areound to be up to 10 °C in some mountain regions (Scherrer émeiK
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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-iocekeatures (c.Millar et al. 2008),

with cirque rock glaciers featuring prominently. These periglacial landforms can be
glaciogenic or formin situfrom accumulation of interstitial ice and snow in talus slopes.

At sites in the study area, rock glaciers are cooken txpected 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 sourceaiew(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 (D08, 2010) describe rogke 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 gtiers 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-éféghation 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 opptartunit

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 §ednand
Agostini 1990, Fickert et al. 200Caccianiga et al. 2011). These geomorphological
features are a significant component of the alpine landscape in arid arargemi
mountainous areas and have been recognized as potential perennial socecasdf |

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 stahititiyrock 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). Vegetatiosesrch on debrisovered glaciers has

focused on understanding how such systems serve as important Habidige flora,
facilitate distribution and dispersal of high elevation species and how such features may

have served as refugia for plants durgtgcial 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 numbef off-rock glacier sites (Cannone and Gerdol 2003)
close to the rock glacier study sites. These studies orrottkaglacier dynamics have
extensively sampled a single or a set of two rock glaciers to quantify in detail the

dynamics of one to sevenalorphological features.

1.2.3Linanthus pungens

Linanthus pungen§lorr.) J.M. Porter & L.A. Johnson, (Polemoniaceae) is a one to
threedecimeter tall fruticose plant with a dense mhitnching crownL. pungens

grows on rocky wellirained soil at levations 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 seravergreen, with a reedy lofiganching growth form at lower
elevations and a dense, cushion plike growth form at alpine elevations. Its roots can

be deep and are generally consist of a single taproot fliodO2decimeters longL.
pungensan occupy a variety of habitats, from l@levation sage and sdlats and
pinyortjuniper (PinusJunipeus spp.) woodlands to alpine talus slopes and boulder

fields. The species also occupies all zones between and is common in subalpine

whitebark pine Pinus albicauli$ and bristlecone pind®(nus longaevgaforests.
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1.2.4 Shrubchronology

Herb- and shrubhronology 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 informaton 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, Schweingiber 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 plaagsize
correlations (Kuemnd Erschbamer 2002). Dendrochronology of shrubs was investigated
by Ferguson (1964) for sagebrugrtémisiaspp.) in the Great Basin. Recent studies
include longlived shrubs and focus on growth responses to local and regional climate
change, as well agconstructions of temperature, precipitation, and atmospheric
circulation patterns (Woodcock and Bradley 1994, Rayback and Henry 2006, Xiao et al.,

2007, Br 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 lendflassibpe

tetragonain the Canadian Arctic compare well witkgionwide temperature trends and
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contributed to a centuipng reconstruction of summer temperature (Rayback & Henry
2006). Summer growing season climate conditions also control radial increments of stem
growth for mountain crowberrfEmpetrum hermaplbditum) 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) hawentl 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 tbéeptial for an increase in solar

absorption during the sneeover 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 miglevation (~2500 m.a.s.l.) sitesNorth AmericaArtemisia

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 radiafrsggowth ofArtemisia tridentataat

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 seasemperature (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 boad spatial scales and their differing responses to changing climate are
thus important tools for quantifying shrgbmate relationships and predicting future
growth responses to future climates in Arctic and alpine shrub communities -$teso

in mourtainous and alpine areas encompass a significant amount of temperature

variability (Scherrer and_Kner 2011). Topographic influences are pronounced in tree

ring chronologies (Bunn et al. 2005, 2011) and therefore may be apparent inastdrub

herbchronadgies..

1.3 Explanation of Research Approach

To address the research needs identified above, | chose to focus on the alpine subshrub
Linanthus pungen@.IPU), at sites along the central eastern slope of the Sierra Nevada
range in California. | selectdive metasites, one at each of five different cirque basins,
spanning approximately 100 km in latitude. At each cirque basingitetaseveral

smaller sites were installed: a rock glacier LIPU collection site, an adjacent talus slope
(nonrock glaciey LIPU collection site, @inus albicauligPIAL) treering collection site

and pair of vegetatienover plots, one located on a rock glacier and one located on a
talus slope adjacent to the rock glacier. With the collected LIPU andrngesamples, |

was able to compare, using standard dendrochronological practices, the ring width
chronologies and climatgrowth responses of both LIPU and PIAL tree ring species for

the same sites and along a latitudinal transect of four sites. | attempted to set a more
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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 talopslvegetatioitover 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 enalledi-replicated comparisons to be made of LIPU
chronologies and vegetation plots bb#tween rock glacier and talus slope for each of

the five individual metasites and between all rock glacier and talus slopes.



24

CHAPTER 2

PRESENTSTUDY

The research in this dissertation is primarily focused on the annual growth ring
chronologies and dendroclimatic and dendroecological applications of the alpine
subshrublinanthus pungend he fieldwork, labwork, and chronological analyses have

all been part of a journey to discover which higlbvation sutshrubs found in the alpine
Sierra Nevada range produce annually resolved and climatically or ecologically sensitive
secondary xylem in their main stem or taproot. | initiated my work by inestiga

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, | determined that the subshinanthus pungengrorr.) J.M.

Porter & L.A. Johnsornybiquitous at rock glacier sites, was the longest lived of the plants
sampled and that its root rings if sampled from the highest elevations, were cross
dateable with othdr. pungensndividuals at sites over 50 km dasit, indicating a

common regional control of growth increment, potentially climatic in nature. The
research presented in this dissertation builds on my initial investigation and iddntifies
pungengyrowth rings as unique high elevation archives of teatpee, precipitation and

snowpack levels at alpine sites over the past century.
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2.1 Rock glaciers and vegetation: identifyihgnanthus pungensollection sites

Individuals selected fat. pungenshronologies 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 nortbaasted cirquédasins 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 incidee of shrub speciekandto test forL. pungenspecies in particular
simple random vegetation observation plots were installed at a series sifdipairsan
separate cirque basins spanning 100 km in latitude along the central eastern Sierra
Nevada range. At each basin a paired vegetation ob®erydot was also installed an

talus slopeadjacent tdahe rock glacier but with slopgaclination slopeaspect and

substratall held constant Ocular estimates were made of cover and species presence for
all species present at the plots. From thedges, species diversity, richnegquency
evenness and percentage by growth form, leaf longevity and woodiness were calculated.
Results from canonical correspondence analfG€#) and ManAWhitney Wilcoxon

tests show higher vegetation cover, spgcichness at rock glacier sites over surrounding
talus slope sites. Risdrom L. pungensvere not significantly wider or narrower in

width and these measurements did not have a greater or lesser standard deviation values
than those from nerock glacie talus slope sitesL. pungensndividuals also were not

significantly older (having longer ring width series) on either site typeck glaciers are
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already recognized as thermally and hydgadally distinct (Millar et al2012. Results
from this stidy show that these locations can also be recognized as supporting an above
average density of lonlived woody shrubs that may be utilized for future dendroclimatic

and dendroecological research in abtrezline and other extrarboreal ecosystems.

2.2  Comparison otinanthus pungenshronologies with adjacent tremg

chronologies

At the series ofour alpine rock glacier sites along the eastern Sierra Ne\auathus
pungensndividuals were sampled and prepared according to standard
dendrochronlmgical 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 196R 2005 was identified as the time span where all chronologies
have EPS vailes above 0.7, a value chosen to represent a strong common signal for these
sites. L. pungenshronologies for this period were compared agd®istis albicaulis

tree ring chronologies growing aearbysites. L. pungenghronologies were more

similar toall otherL. pungenghronologies than they were o albicaulischronologies,
even forthose growing at the same sites. Tihdicates that.. pungengrowth responds
differently to climate than dod3. albicaulis Tree ring chronologies were also mor

similar to other tree ring chronologies that then were toLapyngenshronologies.
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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 regulesgainst

theL. pungensindP. albicaulischronologies using the program Dendroclim2002

(Biondi and Waikul 20040 determine @nate-chronology relationships using a
bootstrapped correlation for the previous October through current August for thet perio
19621 2005 Growth response to monthly temperature and precipitation values is highly
variable for samesite chronologies and also for sagmwth form chronologies for both

P. albicaulisandL. pungens Topographical position and proximity to treeliwas held
constant at all sites so differences in clirngtewth response within sites and within

species may be attributed to factors that were unrealized in the sampling design.

Chronologies were also aggregated into grdypspecies and marker yeavsre

identified when all site chronologies for the species group respond with a wide or narrow
year. Based on composite climate anomaly maps, wide ring widtRs afbicaulis
chronologies occur after average winter and spring precipitation and withgvawing
seasons while narrof®. albicaulisrings fall after wet springs and with average summer
temperatures. Years in which hllpungensings are wide fall during warm dry springs

and growing seasons while years in whichH_albungensgings are naow have wet

winters and springsA visual examination of climate anomaly maps shede and

narrow ring inL. pungenshronologies coincidg with temperature and climate

anomalies that extend ovarsmaller local regigrbut wide and narrow rings .
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albicaulis coincide with temperature and precipitation patterns that etetiebr beyond

the local site

2.3  Linanthus pungenand climategrowth relationships

Greater sample replicatiphigher EPS valuegsnd longer chronology length far

pungensat the Barney Lake rock glacier site (BL) provided an opportunity to use this
chronology for a more wlepth investigation inta. pungengrowth dynamics and
growthresponse to temperature, precipitation and snowpack over a longer period of time.
The BLL. pungenghronology 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 ltter 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 newliffer

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 coateld 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 amdircreased antiorrelation

between summer growing season temperatures and winter precipitation. Over the entire
period of the chronology (19462007), there is a significantly higher than expected
coincidence of narrow rings with high SWE values andidé 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 enviromsnen



30

REFERENCES

Anderson, R.S. and Davis, O.K., 19&bntemporary pollen rain across the central Sierra
Nevada, California, U.S.A.: Relationship to modern vegetation types. Arctic and Alpine
Research. Vol. 20 (4): 448460.

Arno, S. F. and Hammerly, R.,. 1984. Timberline: mountain and arctic forest frontiers.
Seattle: The Mountaineers

Biondi, F. and WaikylK., 2004 DENDROCLIM2002: A C++ program for statistical
calibration of climate signals in treeng chronologiesConputers & Geoscience3d:
30371 311.

Bar, A., Pape, R., Loffler, J., Brauning, A., 2008. The impachiofo-topography in
alpine environments on growting variationsof the dwarf shrulEmpetrum
hermaphroditumJournal oBiogeography 35 (4), 62636.

Barbour, M.G., KeeleWolf, T. and Schoenher, A.A., 2007. Terrestrial vegetation of
California. University of California Press. 3rd Edition 730 pp.

Barsch, D., 1996. Rock Glaciers; Indicators for the Present and Former Geoecology in
High Mountain EnvionmentsSpringer, Berlin

Bauer, K. M. , Berl ow, Ehe kelatjonsiipobétweerochmate , C.
and Rothrock sagebrush colonization patte¥osrnal of Range Management 55, 620
625.

Bohm, R., Auer, |., Brunetti, M., Maugeri, M., Nanni, B¢honer, W., 200Regional
temperature variability in the European Alps: 17898 from homogenized instrumental
time series. International Journal of Climatology 21, 17801.

Bradley, R.S., Keimig F.T., Diaz, H.F., 2004. Projected temperature chalogesthe
American cordillera and the planned GCOS network. Geophysical Research Letters 31,
L1621.

Briffa, K. R., Osborn, T.J., Schweingruber, F.H., Harris, 1.C., Jones, P. D., Shiyatov,
S.G., and Vaganov. E.A., 2001. Ldwequency Temperature Variatie from a Northern
Tree Ring Density Networklournal of Geophysical Researdl6:29291 2941.

Bunn, A.G., Hughes, M.K., Salzer, M.W., 2011. Topographically modifiedringe
chronologies as a potential means to improve paleoclimate inference. Clithatige
105, 627634.



31

Bunn, A.G., Waggoner, L.A., Graumlich, L.J., 200®pographic mediation of growth in
high elevation foxtail pineRinus balfourianaGrev. et Balf.) forests in the Sierra Nevada,
USA. Global Ecology and Biogeography 14, 1034.

Burga, C.A., Frauenfelder, R., Ruffet, J., Hoelzle, M., Kaab, A., 2004. Vegetation on
Alpine rock glacier surfaces: a contribution to abundance and dynamics on extreme plant
habitats Flora - Morphology, Distribution, Functional Ecology of Plani®9: 505515.

Caccianiga, M., Andreis, C., Diolaiuti, G.
2011. Alpine debrisovered glaciers as a habitat for plant life. Holocene 21:11@PD.

Cannone, N. and Gerdol, R. 2003. Vegetation as an Ecological Indi¢&orface
Instability in Rock GlaciersArctic, Antarctic, and Alpine ResearcBb: 384390.

Cayan, D.R., Dettinger, M.D., Diaz, H.F., and Graham, N.E., 1998. Decadal variability of
precipitation over western North America. Journal of Climate 11, -3148.

Cayan, D.R., Maurer, E.P., Dettinger, M.D., Tyree, M., Hayhoe, K., 2008. Climate
change scenarios for the California region. Climatic Change 87 (Suppl 15&21

Chen, 1., Hill, J.K., Ohlemueller, R., Roy, D.B., Thomas, C.D., 2(R4pid range shi$
of species associated with high levels of climate warn#iegencel9 August 2011Vol.
333 (6045) pp. 1024 1026.

Clark D.H., Steig, E.J., Pettit, E.C., McConnell, J., Menounos, B., 2007. A new alpine
ice core record from Pacific North America Qeratary International. Vol.16i7 168. pp
7271 73.

Clark, D.H., Clark, M.M., Gillespie, A.R., 199BDebriscovered glaciers in the Sierra
Nevada, California and their implications for snowline reconstruction. Quaternary
Research 41, 13953.

Clark, D.H., $eig, E.J., Potter, N., Gillespie, A.R., 1998. Genetic variability of rock
glaciers. Geogrska Annaler 80, 179.82

Clark, D.H., Steig, E.J., Pottern, N.J., Fitzpatrick, J., Updike, A.B., Clark, G.M. 1996.
Old ice in rock glaciers may provide loigrm climate records. EOS, Transactions of the
American Geophysical Union, 77, 2222.

Daly, C.2002. Climate division normals derived from topographicaéinsitive climate
grids. In: Proc., 13th AMS Conf. on Applied Climatology, Amer.



32

Dettinger, M.D., Cayan, D.R., 199bargescale atmospheric forcing of recent trends
toward early snowmelt runoiih California. Journal of Climate. 8, 60623.

Dietz, H., Ullmann, I., 1997. Agdetermination of dicotyledonous herbaceous perennials
by means of annual rings: Exception or rule? Annals of Botany 868339.7

Elliot, S.E., Jules, E.S., 2005. Smaflde community analyses of alpine ridge vegetation
in the central Sierra Nevada. Madroiio 52 (1}438

Ferguson, C.W., 1964. Annual rings in big sagebrAstemisia tridentatePapers of the
Laboratory of Treging Research, University of Arizona Pressc3on, AZ 1, 1103.

Fickert, T., Friend, D., Gruninger, F., Molnia, B. and Richter., R. 2@d.Debris

Covered Glaciers Serve as Pleistocene Refugia for Plants? A New Hypothesis Derived
from Observations of Recent Plant Growth on Glacier Surfaogsc, Antarctic, and

Alpine Researci39: 245257.

Forbes, B.C., Fauria, M.M., and Zetterburg, P., 2Bssian Arctic awarming and
6greeningdé are closely tracked by tundra s
i 1554.

Haeberli, W. 2005. Investitjag glacier/permafrostelations in high areas: historical
background, selected examples, and research needs. In Harris, C., Murton, J.B. (eds).
Cryospheric Systems: Glaciers and Permafrost. Geological Society, London, Special
Publications, 242, 237.

Hallinger, M., Manthey, M., Wilmking, M., 2010. Establishing a missing link: warm
summers and winter snow cover promote shrub expansion into alpine tundra in
Scandinavia. New Phytologist 186, 3899.

Hantemirov, R., Shiyatov, S. and Gorlanova, L., 20ldnddoclimatic study of Siberian
Juniper. Dendrochronologia. 29:11922.

Hayhoe, K., Cayan, D., Field, C.B., Frumhoff, P.C., Maurer, E.P., Miller, N.L., Moser,
S.C., Schneider, S.H., Cahill, K.N., Cleland, E.E., Dale, L., Drapek, R., Hanemann, R.M.,
Kalkstein, L.S., Lenihan, J., Lunch, C.K., Neilson, R.P., Sheridan, S.C., Verville, J.H.,
2004. Emissions pathways, climate change, and impacts on California. Proceedings of the
National Academy of Science 101 (34), 12422.

Hill, M., 2006. Geology of the SierNevada. University of California Press, Berkeley,
453 pp.

IPCC, 2007. Contribution of Working Group | to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change, 2007. Solomon, S., D. Qin, M. Manning,



33

Z. Chen, M. Marquis, K.B. Augt, M. Tignor and H.L. Miller (Eds.), Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA. 996 pp.

Jackson, L.E., Bliss, L.C., 1982. Distribution of ephemeral herbaceous plants near
treeline in the Sierra Nevada, California, LASArctic and Alpine Research 14 (1),-33
43.

Juliussen, H., Humlum, O., 2008. Thermal regime of openwork block fields on the
mountains Elgahogna and Solen, cengadtern Norway. Permafrost and Periglacial
Processes, 197 18.

Kapnick, S., Hall, A., 200. Observed climatsnowpack relationships in California and
their implications for the futurelournal of Climate 23, 3448456.

Kbéppen, W., 1936: Das geographische System der Klimate. In: Képpen, W., Geiger, R.
(eds.), Handbuch der Klimatologie, BandT®il C. Berlin: Gebriider Borntrager, 44 pp.

Kuen, V., Erschbamer, B., 2002. Comparative study between morphology and age of
Trifolium pallescendn a glacier foreland of the Central Alps. Flora 197,-384.

Mann, ME., Zhang Z., Hughes M.K., Bradley R.S, Miller, S.K, Rutherford S and Nj
F.,2008. Proxy-based reconstructions of hemispheric and global surface temperature
variations over the past two millenni®roceedings of the National Academy of
SciencesVol. 10536) 132521 13257

Millar, C.1., Westfall, R.D., 2008. Rock glaciers and related periglacial landforms in the
Sierra Nevada, CA, USA,; inventory, distribution and climatic relationships. Quaternary
International 188, 9Q.04.

Millar, C.I., Westfall, R.D., 2010. Distribution and clatic relationships of the American
Pika (Ochotona princepsin the Sierra Nevada and western Great Basin, U.S.A;;
Periglacial landforms as refugia in warming climates. Arctic, Antarctic, and Alpine
Research 42 (1), 788.

Millar, C.I., Westfall, R.D., andelaney, D. In press. Thermal and hydrologic attributes
of rock glaciers and periglacial landforms, Sierra Nevada, California, USA. Quaternary
International.

Mote, P.W., 2003. Trends in snow water equivalent in the Pacific Northwest and their
climatic caisesGeophysical Research Lett&@ (12), 1601.

NRCS 2012. Soil Survey Staff, Natural Resources Conservation Service, United States
Department of Agriculture. Official Soil Series Descriptions.
<http://soils.usda.gov/technical/classification/osd/indemlh Accessed May 2012.



34

Pauli, H, Gottfried, K., Retiter, K., Klettner, C., Grabherrs, G., 28ighals of range
expansions and contractions of vascular plants in the high Alps: observations (1994
2004) at the GLORIA master site Schrankogel, Tyrol, Aastélobal Change Biology
13, 147156.

Pauli,H., Gottfried,M., Dullinger, S., AbdaladzeQ., AkhalkatsiM., Alonso, J.L.B.,

Coldea,G., Dick, J., ErschbameB., Calzado, R.FGhosn,D., Holten, J.l., KankaR.,

Kazakis,G., Kollar,J., LarssonP., Mdseev,P. MoiseevD., Molau, U., Mesa,

J.M.,Nagy,L., Pelino, G.P u k Mg Rassi,G., Stanisci, A., Syverhuset,

A.O., Theurillat,J., TomaselliM., UnterluggauerP.,Villar, L., Vittoz, P., Grabherr, G.,
Recent Plant Diversity Changes208ml Eur opeds
2012:336(6079),3531 355. [DOI:10.1126/science.1219033]

Perfors, T., Harte, J., Alter, E., 20@nhanced growth of sagebrugkrtemisia
tridentatg in response to manipulated ecosystem warming. Global Change Biology 9 (5),
736-742.

Perkins D.L., Parks, C.G., Dwire, K.A., Endress, B.A., Johnson, K.L., 2006. Age
structure and ageelated performance of sulfur cinquefddtentilla rectg. Weed
Science 54, 8B3.

Poore, R.E., Lamanna, C.A., Ebersole, J.J., and Enquist B.J., 2009. Comiraxdiab
growth of Mountain Big Sagebrush and implications for climate change. Western North
American Naturalist 69 (4), 55862.

Porinchu, D. F., MacDonald, G. M., Bloom, A. M., Moser, K. A., 2002. The modern
distribution of chironomid sufossils (Inseta: Diptera) in the Sierra Nevada, California:
Potential for paleoclimatic reconstructions. Journal of Paleolimnology Vol 28 (3) pp 355
i 375.

Rayback, S.A., Henry, G.H.R., 2006. Reconstruction of summer temperature for a
Canadian High Arctic site from tr@spective analysis of the dwarf shrdigssiope
tetragona Arctic, Antarctic and Alpine Research 38 (2), 2238.

Rayback, S.A., Lini, A., and Berg, D.L., 2010. Multiple climate signals characterize
Cassiope mertensiar@ironologies for a site on MouR&inier, Washington, U.S.A.
Physical Geography. 31(1): 79106.

Scherrer, D., Kérner, C., 2011. Topographically controlled thehahitat differentiation
buffers alpine plant diversity against climate warming. Journal of Biogeography 38, 406
416.



35

Schmdt, N.M., Baitinnger, C., Kollman, J. and Forchhammer, M.C., 2010. Consistent
dendrochronological response of the dioeciBabx arcticato variation in local snow
precipitation across gender and vegetation types. Arctic, Antarctic and Alpine Research.
42(4): 4711 475.

Schweingruber, F.H., Dietz, H., 200Annual rings in the xylem of dwarf shrubs and
perennial dicotyledonous herbs. Dendrochronologia 19,1265

Srur, A.M., Villalba, R., 2009. Annual growth rings of the shArarthrophyllum
rigidum across Patagonia: Interannual variations and relationships with climate. Journal
of Arid Environments 73, 1074083.

Sturm, M., Douglas, T., Racine, C., Liston, G.E., 2005. Changing snow and shrub
conditions affect albedo with global implications. JoliGaophysical Research 110,
G01004.

Sturm, M., Holmgren, J., McFadden, JHston, G.E., Chapitll, F.S., Racine, C.H.,
2001. Snowshrub interactions in Arctic tundra: A hypothesis with climatic implications.
Journal of Climatd 4, 336344.

Sturm, M.,Racine, C., Tape. K., 2001. Climate charlgereasing shrub abundance in
the Arctic.Nature411, 546547.

Sturm M., Schimel,J., Michaelson, G., Welked.M., OberbauelS.F., Liston G.E.,
Fahnestock, JRomanovsky, V.E., 2005Winter biologica processes could help convert
Arctic tundra to shrubland. Bioscience 55 (1);2b6/

Tomaselli, M. and Agostini, N., 1990. Vegetation patterns and dynamics on a rock
glacier in the northern Apennines. Pirenos 136:38.

USDA, NRCS. 2011. The PLANTS Dastase. National Plant Data Team, Greensboro,
NC 274014901 USA. <http://plants.usda.gov> (accessed November 2011).

Van de Ven, C.M., Weiss, S.B., Ernst, W.G., 2007. Plant species distributions under
present conditions and forecasted for warmer climatas grid mountain range. Earth
Interactions 11 (9),-B3.

Von Arx, G & Dietz H. 2006Growth rings in the roots of temperate forbs are robust
annual markers. Plant Biology 8, 2233.

Von Arx, G., Edwards, P.J., Dietz, H., 2006. Evidence for life histbanges in high
altitude populations of three perennial forbs. Ecology 87;&66



36

Woodcock, H., Bradley, R.S., 19%alix arctica( Pal | . ) : it 6s potenti a
dendrochronological studies in the High Arctic. Dendrochronologia 12211

Xiao, S., Xiao,H., Kobayachi, O., Liu, P., 2007. Dendroclimatological investigations of
sea buckthornHippophae rhamnoid¢sand reconstruction of the equilibrium line
altitude of the July First Glacier in the Western Qilian Mountains, northwestern China.
TreeRing Resarch 63 (1), 1226.



APPENDIX A

VEGETATION COMPARISONS AT FIVE PAIRED ROCK GLACIERALUS
SLOPE SITES ALONG THE EASTERN SIERRA NEVADA RANGE OF
CALIFORNIA, USA.

Manuscript for submission trctic, Antarctic and Alpia Research

37



38

Vegetation comparisons at five paired rock glacietalus slope sites along the eastern
Sierra Nevada range of California, USA.

Rebecca S. Frankfin
1. Laboratory of Tre€king Research, The University of Arizona, ToosAZ

A.1 Abstract

Rock glaciersare 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 fadtbystitial ice. These landforms

are expected to be refugia for alpine flora and fauna under projected warmer and drier
climates. | evaluated vegetation cover, species richness and frequency, diversity, plant
functional traits, and shrub growth metr{csg 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) alonglald:i®@ter
latitudinal span of the easterloge 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 glw sites in groups by RG and T sites for cover and richness, for shrub
and subshrub 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 sensitiveljledgalpine
subshrubspecied.inanthus pungensResults indicate that these periglataadforms
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 debrovered glaciers have been shown to support floristically and
structually diverse populations of plant species in many alpine regions globally

(Tomaselli and Agostini 1990, Fickert et al. 20QAccianiga et al. 2011). These
geomorphological features are a significant component of the alpine landscape in arid and
semiarid 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 emphasizedidieig

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 Bued 2004,
Caccianiga et al. 2011). Vegetation research on rock glaciers anda®lmied glaciers

has focused on understanding how these landforms serve as important falaipise

flora, how they facilitate distribution and dispersal of hitgvation 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, Cacciaeigal. 2011) and between multiple rock
glaciers with different movement regimes (e.g. Cannone and Gerdol 2003). The studies
on intrarock glacier dynamics have intensively sampled a single or a set of two rock
glaciers to quantify in detail the dynammsmorphological 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 glacidrarardifferentiated 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 aredoelzero 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 lichethgtcompared

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 majorityrenpil

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). Longlived plants colonizing the surface of rock glaciers on the easimpe 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 sughrubLinanthus pungenélorr.) J.M. Rrter & L.A. Johnson

whose growth ring production is sensitive to temperature and snowpack duration
(Franklin 2012). If climatically sensitive stdtnrubs such ds. pungensre present on

rock glacier surfaces compared to adjacent talus slope surfaeesptk 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 respedtitspecies richness, cover, plant functional

traits, and diversity, and (ii) presence, and growth (annual ring increment) of the sub
shrub,Linanthus pungensTo my knowledge no studies exist that quantitatively compare
vegetation cover on paired rockagler and nomock 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 landscawéh 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 extdedfrom 38° 06' 48"N / 119° 16' 48"W to 37° 13' 49"W / 118° 39’
10"W and rangdfrom 2913i 3340meters above sea levein(a.s.] Figure 1), alonghe
eastern slope of the Sierra Nevada raofig@alifornia, USA The Kodpperclimate

designation is Contental Upper Boreal Cold Climate (Dsc), a highldtwhberline to
approximately 3600 m.a.s.tjimate found near areas of Mediterranean climate (Képpen
1936, Critchfield 1983)with cool dry summeswith occasional thunderstorms and cold
snowy winters. Irthe Sierra Nevada range, Dsc vegetation is characterized by upright to
krummbholtzform Pinus albicauliwhitebark pine) ané. 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+ioeKeatures (c.f. Millar et al. 2008),

with prominent cirque rock glaciers. These periglacial landforms can be glaciogenic or
formin situfrom accumulation of interstitial ice and snow in talus slop&tssites 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 nuttate 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 témmesra 0°C during

summer.
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Although the Sierran batholith @jmposedf granite, sites at the study area are located

on three separate substrate types. These are Jurassic marine metasedimentary bedrock
(with Lithnip-Rock outcropFishsnooze complex sojjound north of Mono Lake near

the eastern margin of the Sierran batholith; Mesozoic gecaiith rock-outcroptypic
cryorthents, rock outcroppmplexes, typic cryorthents, TorriortheriigplargidsRock

outcrop complex and RoautcropBiglake-Salt Chuck families complex soilsand
Mesozoicmetavolcanic bedrock (with roekutcropMeissAndic 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 wiathe 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;Barne
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 cirqueldeaiion

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 shohe 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 couptets. For each quadrat, species presence,

total percent cover, and percent cover by vascular plant species and mosses, and bare soll

were recorded (Table 1). All percent coverage values are ocular estimates.

Density and crown measurements of the-slrbb Linanthus pungen@orr.) J.M. Porter

& L.A. Johnson were recorded for each quadrat sampled. Individubalpahgensvere
collected at each cirque location (off the RG/T sampling plots) to quantify growth (mean
ring width and mean age of individuptsf this species for the two surface typés.
pungensvere 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
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taken from the roeshoot boundary aéach individual to provide measures of mean ring
width and average sample age following the methodology of Franklin (201pungens

was absent from the VL T site talus location.

A.3.3 Data Analysis

Species were classified into plant functional catags of growth form (tree, T; shrub,

SH; subshrub, 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, DERIant functional trait classification

are adapted from Koerner (1998aunkiser(Raunkiserl934) 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 (vatuésifjo

is the likelihood of individuals belonging to different species, with higher values

indicating higher diversity. Evenness (values frorl() was also calculated, with higher
values indicating more equitability in species abunddkt®onald 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 (CEA) (PC
ORD Version 6, MjM Software Design) to determine patterns of species;, cwersity
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 (Fi§uaesd 6). The explanatory
variable fAsubstrate typeo is categorical
were scaled to optimize representation of species/vegetation/functional trait values and
scores used for graphing are linear combinatioteo&xplanatory variables. The

variable "site type" consisted of two categories (rock glacier, talus slope) and was
represented by-fi dummy variables (O and 1) and recoded as a binary variable, allowing
it to be treated as a quantitative variable (Ped020 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 werégaamssian, so the
nonparametic MannWhitney Wilcoxon test (Wessa 2012) was used to test for

statistical differences in mean values by site types. Descriptive statistics were computed
usingFree Statistics Software, Office for Research DeveloprmahEaucation, version

1.1.23r7 atwww.wessa.net As sample size and variance were unevemh.fpunges,

statistical differences in crown dimension, growth rate and age determinations between

| ocations and sites we rtest. Differeacesnh. puegénsu s i n g

densitywere determined using a studeiést.
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A.4 Results

A.4.1 Data ExplorationOrdination Analysesf Species Composition, Diversity Values

and Functional Traits

To determine vegetation patterns associated with environmental variables (Figure 1),
CCA wasused to create ordination plots of species, cover, richness, diversity values, and
functional trait data. For all three analyses, the Pearson Sfigorgenment

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 quadrakevel 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 asdotith

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.
Substratebased species groups vary due to the contribution of thedondivplant

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 3i¢gashrub/sutshrub species;

marine metasedimentary, 1 shrub/siioub species; metavolcanic, 1 shrub/shiub
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 explanatanable. 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 inAC§pace 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 (highemes 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 covBearson'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 melated 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 stdhrub growth form and deciduous leaf habit present at RG
sites (Figure 3). For %ub-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 = @927,
0.778. RG and Tites 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 SpeciesRichnessCover, and Plant Functional Trsit

Table 1 shows ausnmary 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). Atotal 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 gerttisgeron), one bryophyte was

identfied to genus $elaginelld as were several graminoidiificus Pog). Absolute and
relative frequencies of all species for all sites, RG and T sites and for all five locations are
shown in Tables b 7. In both absolute and relative frequency, the finest frequent

plants at all sites were 1) members of the family Poaceagn@ythus pungens3)

Hulsea algida;4) Ericameria discoideaand 5)Penstemon davidsonik-or all species,

where individuals are present on both RG and T site types, frequdnoeg @ae always

higher for RG sites.

Plots ofraw data for each site and site types for cover, richipdesst functioml traits,
woodinessand bare so#rein Figure4. Statistical comparisons of valuesFigure4 are
discussed belowBroadpatternscan be seen in the platiSigure 4);vegetation cover,
richness and percent bare soil tend to be highgenerafor all RG sites compared to T
sites with higher variation between individual RG siteslu&s for Simpson D and
Shannon Harelow in geneal, but are higher (nossignificantly) with lower variance

betweenndividual RG sites. For life form typessubshrub, perennial herb and
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graminoidproportions tendo 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 ciiltg)e wa

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. Blr vauges

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 canafs/ $pan (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 pemtages 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 inthe T
sites, which have more perenriigrbs and subhrubs present by percent of vegetation

(Figure 6A).
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A.4.3 Rock Glacier and Talus Comparisais/egetation, Functional Traits ahd

pungenssrowth

Informed by the groupings of sites in the exploratory ordinations, comparisons were
made bawveen 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 tversity index was also higher at the RG sites, though not significay (

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 ditfexvéen

site types with the exception of sghrubs, which represent a higher proportion at T sites
(p < 0.05), though there was a nsignificantly higher proportion of the shrub growth
form at RG sitesg= 0.181). There were a higher proportion of pdamith evergreen
canopy at T sites, and deciduous canopy at RG site9(05); this can be explained by
the greater number of deciduous shrub species at RG sites ssalixdesmmonijiRosa

woodsiiandRibes cereum

Measures oE. pungengrowth (mearming 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. ungens



52

individuals is seen at RGtas ( < 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 actitAawever, 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 sugdestthese RG sites are potentially active.
Other studies have documented vegetation cover on active rock glacier cover of <10%
(Burga et al. 2004) and from 1120 % (Cannone and Gerdol 2003) with vegetation

cover at stable, offock glacier sites betweetY01 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 surfacessr@vmore 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 taforementioned European rock glacier studies) were
recorded on a debris covered lobe of the glacier (Fickert et al 2007). However the
Carbon Glacier is a debreovered glacier, not a rock glacier and as such is not directly
comparable to the present spigites 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 measurents were not taken) and species grouped around granite sites in a
species ordination (Figure 2, Table 4) have more shrub arslsub members than the

species grouped around sites with metamorphic substrate.

Vegetation cover is higher at all RG sitesrpared 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 solil 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 ges for subshrub, 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
SierraNevada 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



54

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 odination 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 adjace 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 plantusetdust 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 retairpstvionger into the

growing season, thus having more available water ameliorating the potentially xeric
conditions that would exist on wadrained rocky surfaces at the study sites. At two

cirque locations (VL, GC) the only vegetation in the cirquerbasis 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 sexyipta 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 Atpgected 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 maybg 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 dreswards 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 higkeeations (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 taluslgpes. This pattern should persist for the study area if shrub growth
follows patterns recorded at other sites where shrubs anrdrsubs are exhibiting a

northrward and upslope expansion in recent years (Sturm et al 2001, Hallinger et al

2010).

In addtion 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 slibubLinanthus pungenknown to be
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relatively lorg-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 non

tree speds chronologibuilding in extraarboreal 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 sm@n 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 parametmvironment Pearson correlations (from -897)

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 suligprateentroids (Figure

2) and groups of species close to granite substrate types have a higher geminta

shrub and sulhrub 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 vegetatio
cover and species richness (Table 8). All species have a higher frequency on RG sites
compared to T sites; members of Poacead arahthus pungenwsere the most

frequently recorded plants at both RG and T sites. The proportion of vegetation
categorizd as sukshrub and having evergreen leaf habit are significantly higher for T

site types (Table 8, Figure 3). There are mongungensndividuals colonizing surfaces
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of RG sites compared to T sites and while there were significant differences in ngean ri
width and sample length between paired sites at several cirque basin locations, there was
not a pattern of larger or smaller pungensnetrics at either RG or T sites (Table 9).

Rock glaciers are already recognized as thermally and hydrologicallyctd@illar et

al. 2012). Results from the current study show that these locations can also be recognized
as supporting an above average density of-lvegl woody shrubs that can be utilized

for future dendroclimatic and dendroecological research ineatveeline and other

extraarboreal 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 stern North America; B) Relative positions
of cirque basimock glacier (RG) and talus (EB)te pairs along the eastern slope of the
Sierra Nevada range; C) PRIS)énerated climate normals for 1972000 for each
RG-T paired siteBars: total monthly mcipitation values in mm, left axikjne: average
annual temperature in °C, right axis; D) Shaded relief (NED 1/3 arc second) detail of
cirque basins containing RTG paired site and relative pwioning of RG and T locations
Scale bars are 1000 m. Dadhmes indicate cirque basin ridgelines.
Abbreviationslenote place name (first 2 letters) and rock glacier (RG) or talus (T) site
VL: Virginia Lakes GC: Gibbs CanyonBL: Barney LakeRC: Rock CreekPP:Piute

Pass

Figure 2. Vegetation Measurement ad Functional Trait Plots

Average RG and Talus and all individual site values for vegetation measurements and
functional traits. Asterisks indicate valuesraght-handaxis. A) Vegetation
Measurements in percent (Veg. Cover and Bare), number (Riclamesg)dices

(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 shatfteck 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 TalusQ@itadrat placement is

denoted by letters AE (singleheaded arrows represent upslope dire¢t@om numbers

17 6represent quadrats as they are oriented along the cirque wall (dealdled arrow
represents a general edstwest, lateral, crosslope 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 {fefhd column) and as a percent of
vegetative cover (righhand column). A) Growth Habit; B) Woodiness; CanopyL.ife
Span.

Figure 5. Species Explanatory Variables Ordination

Canonical Correspondence Analysis (CCA) ordination of spébies dots, see Table 2

for explanation of codegnd explanatory environmental variables. Vectors show
explanatory variables and centroids denote substrate type (1. marine metasedimentary
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redtriangles 2. granite green triangles3. metavolcanicblue 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 sé type RG v. talus) and slop&xis 2 is significantly correlated with
percent bare soil and aspect. B) CCA ordination results using plant functional traits and
environmental explanatory variables for shrub andsfuiob growth forms and

deciduous leaf life spar\xis 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 measurerostesal by site latitudefrom
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-&uhb), PH (perennial herb),
GR (gramminad), 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 axesxgidnatory environmental
variables; speciesnvironment correlations; and percent variance explained for A)
Species Values, B) Vegetation Measures, and C) Functional Traits.

Table 4. SubstrateCentroid Species Groups

Species groupassociated witkertroids ofthreesubstrate types. Category "Scattered

Points" contains specie®t closely associatatbar substrateentroids. See Table 2 for
species and plant functional group codes.
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Table 5. Statistical Comparisons of Vegetation Measurements and Fational Traits
by Site Type

MannWhitney 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: < 0.05, **p < 0.01, **p < 0.001.

Table 6.Linanthus pungensRing Width and Sample Length Comparisons
Welch's unpaired t test values for comparisons of mean sample length and mean ring

width of Linanthus pungenmdividuals by site and between site type. Significance
levels: *p < 0.05,**p < 0.01, ***p < 0.001.
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Figure 1. Site Map and Climographs
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Figure 2. Species-Environmental Variables Ordination
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Figure 3. Vegetation Measurement and Functional Trait Ordination Plots
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Figure 5. Comparative Vegetation Cover Maps
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A.11 Tables

Table 1. Site Environmental Variables and Vegetation Measurements

. . . Slope Slope Bare .
Site Name Site Substrate Coordinates  Elevation .ot inclination  Ground  '©9 €%V®'  Richness  Shannon  S™PPM  Eyenness
Type ©) (meters) ©) @ o (%) D
Marine 38.055550 N
Viraini RG Metasedimentary 119 278934 W 3230 350 31 28 1.1 1 1.58 0.72 0.27
ginia VL
Lakes :
Marine 38.055895 N
Talus Metasedimentary 119278993 W 3227 20 15 Q 0.2 2 0.45 0.28 0.25
RG Mesozoic Granitic 38.897681 N 3100 360 44 3.1 3.8 8 1.69 0.79 0.36
119.190139 W
Gibbs Gc
Canyon 38.898346 N
Talus Mesozoic Granitic 119.184033 W 2913 20 34 4.3 1.9 7 1.49 0.72 0.37
Mesozoic 37.568937 N
Barne RG Metavolcanic 118.973574 W 3170 67 35 37 6.2 16 219 0.86 042
Y oBL
Lake
Mesozoic 37.565607 N
Talus Metavolcanic 118.971487 W 3190 65 35 1.6 29 1 210 0.86 0.47
RG  Mesozoic Granic | Joaiammay 3340 330 30 132 07 17 2.30 0.8 0.41
Rock -
RC
Creek Talus Mesozoic Granitic 37434501 N 3330 330 13 1.2 1.3 6 1.49 0.74 0.41
118.711814 W ) : ) .
RG Mesozoic Granitic 37.230350 N 3290 20 35 26 6.7 9 1.69 0.79 0.32
Piute 118.653089 W
Pass PP
Talus Mesozoic Granitic 37.230281 N 3290 20 25 05 1.7 4 1.15 0.65 0.38

118.655241 W




Table 2. Species List
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RG T
Life Leaf

Species/Abbreviation form Woodiness Habit VLR GCR BLR RCR PPR VLT GCT BLT RCT PPT
Aquilegia
pubescens AQPU PH H DEC 0.10 0.50 0.30
Arabis
lemmonii ARLE PH H DEC 0.07 0.07 0.03
Draba breweri DRBR PH H DEC 0.10 0.20
Draba
lemmonii DRLE PH H DEC 0.03 0.17 0.03
Erigeron
algidus ERAL PH H DEC 1.03 0.03 0.03 0.03
Erigeron
compositus ERCO PH H DEC 0.33
Erigeron spp. AST3 PH H DEC 0.63
Erigeron spp. AST4 PH H DEC 0.10
Erigeron spp. ERSP PH H DEC 0.10
Erigeron tener ERTE PH H DEC 0.03
Ericameria
discoidea ERDI 85 SFCs EVG 4.90 0.20 0.57 0.17 0.50 0.50
Ericameria
suffruticosa ERSU 88 SFCS DEC 0.03 0.27
Eriogonum
gracilipes ERGR PH H DEC 0.07 0.10
Eriogonum
ovalifolium EROV PH H DEC 0.30 0.27 0.23
Hulsea algida HUAL PH H DEC 017 013 1.03 1.80 033 0.13
Juncus parryi JUPA GR H DEC 017
Linanthus
nuttalii LINU 8S SFTC EVG 053 0.03
Linanthus
pungens LIPU Ss F DEC 043 1.10 1.37 1.87 0.77 0.40 027
Minuartia
nuttallii MINU PH H DEC 0.37
Penstemon
davidsonii PEDA PH SFTC DEC 2.60 0.20
Phylledoce
breweri PHBR 88 SFCS EVG 0.80
Piox diffusa PHDI 88 F EVG 0.07 0.03 0.13 0.50 0.20
Pinus
albicaulis PIAL TR ARB EVG 0.10 0.03
Poaceae POA GR H DEC 143 0.70 143 213 1.20 0.50 0.33 0.30
Polemonium
eximium POEX PH H DEC 0.23 0.10 0.03
Primula
suffrutescens PRSU PH SFTC DEC 1.13
Pteridaceae PTER PH SFTC DEC 0.03 0.03 0.03 0.03
Ribes cereum RICE SH F DEC 0.30 1.00 1.07
Rosa woodsii ROWO SH F DEC 0.70
Salix lemmonii SALE SH F DEC 1.00 0.67
Selaginella
watsonii SEWA BR H EVG 0.03 1.57 0.03 0.07 0.03
Selaginella
spp. SELA BR H EVG 0.10
Silene
sargentii SISA PH H DEC 0.13 0.07 0.03
Solidago
multiradiata SOMU PH H DEC 0.20 0.23
Wyethia mollis WYMO PH H DEC 0.93



Table 3. Canonical Correspondence Analysis Values

CCA correlations

Axis 1 Axis 2
R*2 Kendall's Tau R”2 Kendall's Tau
A. Species by plot
Latitude 0.55 0.54 0.27 -0.50
Elevation 0.01 -0.07 0.31 0.54
Slope aspect 0.01 -0.05 0.03 -0.17
Slope inclination 0.12 -0.21 0.82 -0.38
% bare soil 0.06 -0.31 0.03 -0.13
Eigenvalue 0.585 0.448
% variance explained 5.2 4
Pearson Correlation Spp-Env 0.914 0.758
B. Vegetation Measures by site
Site type (RG or T) 0.89 0.75 0.06 0.21
Latitude 0.01 0.11 0.01 0.07
Elevation 0.08 0.1 0.09 -0.29
Slope aspect 0.08 -0.29 0.3 0.44
Slope inclination 0.21 0.23 0.15 0.28
% bare soil 0.175 0.2 0.25 0.33
Eigenvalue 0.043 0.007
% variance explained 64.6 10.2
Pearson Correlation Spp-Env 0.87 0.89
C. Plant Functional Traits by site
Site type (RG or T) 0.57 0.57 0.02 0.21
Latitude 0.01 0.02 0.52 0.51
Elevation 0.01 -0.24 0.01 -0.02
Slope aspect 0.06 0.09 0 0
Slope inclination 0.77 0.69 0.09 -0.09
% bare soil 0.08 0.2 0.01 0.07
Eigenvalue 0.105 0.062
% variance explained 27.7 16.3

Pearson Correlation Spp-Env 0.91 0.97
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Table 4. Grouping of Species by CCA

Group 1 (Marine Metasedimentary) Group 2 (Granite) Group 3 (Metavolcanic)
Growth Canopy Life Growth Canopy Life Growth Canopy Life
Species form Woodiness Span Species form W oodiness Span Species form W oodiness Span
ERAL PH H DEC DRLE PH H DEC AQPU PH H DEC
ERCO PH H DEC AST3 PH H DEC ERGR PH H DEC
ERDI SS SFCS EVG AST4 PH H DEC EROV PH H DEC
ERTE PH H DEC ERCR PH H DEC MINU PH H DEC
JUPA GR H DEC ERSU Ss SFCS DEC POA GR H DEC
PEDA PH SFTC DEC HUAL PH H DEC PRSU PH SFTC DEC
LINU Ss SFTC EVG PTER PH SFTC DEC
LIPU Ss F DEC ROWO SH F DEC
SELA BR H EVG SOMU PH H DEC
PHDI Ss F EVG
POEX PH H DEC
RICE SH F DEC
SEWA BR H EVG

Species not associated with substrate centroids

Growth Canopy Life
Species form Woodiness Span
PHBR SS SFCS EVG
ARLE PH H DEC
DRBR PH H DEC
PIAL TR ARB EVG
SALE SH F DEC
SISA PH H DEC

WYMO PH H DEC



Table 5. Species Frequency and Relative Frequency

Aquilegia pubescens
Arabis lemmonii
Draba breweri
Draba lemmonii
Erigeron algidus
Erigeron compositus
Erigeron spp.
Erigeron spp.
Erigeron spp.
Erigeron tener
Ericameria discoidea

Ericameria
suffruticosa

Eriogonum gracilipes
Eriogonum ovalifolium
Hulsea algida

Juncus parryi
Linanthus nuttalii
Linanthus pungens
Minuartia nuttallii
Penstemon davidsonii
Phyllodoce breweri
Plox diffusa

Pinus albicaulis
Poaceae
Polemonium eximium
Primula suffrutescens
Pteridaceae

Ribes cereum

Rosa woodsii

Salix lemmonii
Selaginella watsonii
Selaginella spp.
Silene sargentii
Solidage multiradiata

Wyethia mollis

RG All Plots

Fi RFi Fi RFi Fi RFi
0.07 0.03 0.05 0.08 0.08 0.04
0.01 0.01 0.01 0.02 0.01 0.01
0.01 0.02 0.01 0.00

0.04 0.02 0.01 0.01 0.02 0.02
0.13 0.06 0.01 0.02 0.07 0.05
0.03 0.01 0.02 0.01
0.08 0.03 0.03 0.02
0.02 0.01 0.01 0.01
0.01 0.01 0.02 0.03 0.02 0.01
0.01 0.00 0.00 0.00
0.14 0.06 0.07 0.1 0.10 0.07
0.03 0.01 0.02 0.01
0.03 0.01 0.02 0.01
0.06 0.03 0.02 0.03 0.04 0.03
0.18 0.08 0.05 0.09 0.12 0.08
0.01 0.01 0.00 0.00

0.02 0.01 0.01 0.01 0.01 0.01
0.22 0.10 0.07 0.12 0.15 0.10
0.05 0.08 0.02 0.02

0.17 0.07 0.08 0.0
0.03 0.01 0.01 0.01
0.07 0.03 0.02 0.03 0.05 0.03
0.03 0.01 0.01 0.01
0.55 0.24 0.07 0.12 0.31 0.21
0.05 0.02 0.01 0.01 0.03 0.02
0.03 0.01 0.01 0.01
0.03 0.01 0.01 0.01
0.07 0.03 0.04 0.03
0.05 0.08 0.02 0.02

0.01 0.01 0.01 0.00
0.12 0.05 0.02 0.03 0.07 0.05
0.03 0.04 0.01 0.01

0.03 0.01 0.01 0.01 0.02 0.01
0.03 0.01 0.03 0.04 0.03 0.02
0.02 0.01 0.01 0.01
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Aquilegia pubescens
Arabis lemmonii
Draba breweri
Draba lemmonii
Erigeron algidus
Erigeron compositus
Erigeron spp.
Erigeron spp.
Erigeron spp.
Erigeron tener

Ericameria discoidea

Ericameria suffruticosa
Eriogonum gracilipes
Eriogonum ovalifolium
Hulsea algida

Juncus parryi
Linanthus nuttalii
Linanthus pungens
Minuartia nuttallii
Penstemon davidsonii
Phyllodoce breweri
Plox diffusa

Pinus albicaulis
Poaceae

Polemonium eximium
Primula suffrutescens
Pteridaceae

Ribes cereum

Rosa woodsii

Salix lemmonii
Selaginella watsonii
Selaginella spp.
Silene sargentii
Solidago multiradiata

Wyethia mollis

Table 6. Absolute and Relative Frequency, Rock Glacier Sites
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VLR GCR BLR RCR PPR
Fi RFi Fi RFi Fi RFi Fi RFi Fi RFi
0.07 0.09 0.30 0.17
0.07 0.02
0.03 0.01 0.17 0.07
0.60 0.19 0.03 0.01
0.17 0.05
0.30 0.08
0.10 0.03
0.07 0.02
0.03 0.01
0.53 0.17 0.03 0.02 0.13 0.04
0.03 0.02 0.13 0.04
0.07 0.02 0.10 0.04
0.13 0.07 0.17 0.05
0.10 0.03 0.10 0.14 0.27 0.08 0.43 0.19
0.10 0.03
0.10 0.03 0.13 0.07 0.40 0.11 0.47 0.21
0.73 0.23 0.10 0.06
0.13 0.18
0.03 0.02 0.13 0.04 0.20 0.09
0.07 0.02 0.03 0.05 0.03 0.02
0.67 0.21 0.23 0.32 0.50 0.28 0.73 0.21 0.60 0.27
0.13 0.04 0.10 0.04
0.13 0.07
0.03 0.01 0.03 0.05 0.03 0.02 0.03 0.01
0.07 0.04 0.13 0.04 0.17 0.07
0.03 0.05 0.03 0.02
0.03 0.02 0.57 0.16
0.10 0.03 0.07 0.04
0.13 0.07
0.10 0.14
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Linanthus pungens
Minuartia nuttallii
Penstemon davidsonii
Phyllodoce breweri
Plox diffusa

Pinus albicaulis
Poaceae
Polemonium eximium
Primula suffrutescens
Pteridaceae

Ribes cereum

Rosa woodsii

Salix lemmonif
Selaginella watsonii
Selaginella spp.
Silene sargentii
Solidago multiradiata

Wyethia mollis

Table 7. Absolute and Relative Frequency, Talus Sites

VLT GCT BLT RCT PPT
Fi RFi Fi RFi Fi RFi Fi RFi Fi RFi
0.23 0.16
0.03 0.08 0.03 0.10
0.07 0.10
0.03 0.02
0.03 0.05 0.03 0.02
0.10 0.19
0.03 0.05 0.20 0.14 0.10 0.19
0.10 0.07
0.17 0.24 0.10 0.19
0.03 0.50
0.03 0.06
0.17 0.24 0.13 0.25 0.07 0.20
0.23 0.16
0.10 0.07
0.13 0.19 0.10 0.07 0.13 0.40
0.03 0.06
0.23 0.16
0.07 0.10 0.03 0.02
0.03 0.50 0.10 0.30
0.03 0.05
0.13 0.09
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Table 8. Statistical Comparisons of Vegetation Measurements and Functional Traits

Site Type
Mean RG (SD) Mean Talus (SD) P
Vegetation Meas.
Veg Cover 7.5 (2.9) 1.6 (1.0) < 0.01
Richness 12.2 (4.1) 6.0 (3.4) < 0.05
Shannon 1.9 (0.3) 1.3 (0.6) 0.056
Simpson D 0.8 (0.1) 0.7 (0.2) 0.209
Evenness 0.4 (0.1) 0.4 (0.1) 0.690
Bare Ground 5.1 (4.6) 1.5 (1.7) < 0.01
Growth Form
Tree 0.01 (0) 0.00 (0) 0.378
Shrub 0.13 (0.1) 0.05 (0.1) 0.208
SubShrub 0.21 (0.13) 0.45 (0.16) < 0.05
Perennial Herb 0.26 (0.15) 0.28 (0.15) 0.828
Gramminoid 0.33 (0.28) 0.18 (0.16) 0.364
Bryophyte 0.07 (0.09) 0.04 (0.06) 0.574
Woodiness
Arbourous 0.01 (0.01) 0.00 (0.00) 0.377
Fruticose 0.27 (0.18) 0.28 (0.14) 0.928
Suffruticose 0.07 (0.09) 0.21 (0.10) 0.168
Suffrutescent 0.06 (0.10) 0.05 (0.10) 0.927
Herbaceous 0.60 (0.24) 0.46 (0.15) 0.289
Canopy Life Span
Evergreen 0.27 (0.08) 0.48 (0.15) < 0.05

Deciduous 0.73 (0.08) 0.52 (0.16) < 0.05




Mean Sample Length (# annual rings)

Table 9. Linanthus pungens Metric Comparisons

Mean Ring Width (mm)

Crown Dimensions (dm*3)

78

A.
RG Talus P RG Talus P Rock Glacier Talus P
Mean 169 0
VL sSD 1.83 0 -
N 12 0
Mean 53 37 0.104 0.120 0 5.60
GC SD 24 10 < 0.001 0.055 0.060 < 0.001 0 6.14 -
N 51 12 2684 439 0 8
Mean 45 62 0.003 0.107 247 0
BL SD 16 34 0177 0.052 0.038 < 0.001 3.36 0 -
N 81 9 3656 562 15 0
Mean 51 42 0.095 0.094 207 3.27
RC sD 20 12 < 0.05 0.045 0.050 0.599 337 4.44 0.597
N 45 22 2299 915 26 5
Mean 38 39 0.114 0.098 237 1.83
PP sD 18 9 0.788 0.060 0.046 < 0.001 3.87 1.30 0.633
N 74 9 2838 347 24 3
B. Mean RG Mean Talus p
Sample Length 457 435
sD 19.9 18.9 0.451
N 251 52
Ring Width 0.101 0.103
sD 0.054 0.050 0.151
N 11477 2283
Crown 2.180 4.34
sb 3.300 5.05 0.119
N 77 16
L. pungens Individuals
Total # 77 16
Average # 155 32 < 0.05
sD 10.4 34
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APPENDIX B

GROWTHFORM BASED DIFFERENCE IN UPPER ELEVATION
CHRONOLOGIES: TREERING AND SHRUBRING CHRONOLOGIES AT
NEARBY SITES

Manuscript for submission trctic, Antarctic and Alpine Research
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Growth-form based differences in upperelevation chronologies: Treering and

shrub-ring chronologies at nearby sites.

Rebecca S. Frankfin

1. Laboratory of Tre€king Research, The University of Arizona, Tucson, AZ

B.1 Abstract

Pinus albicauligPIAL) treering chronologies antdinanthus pungen@.IPU) shrubring
chronologies were comsicted 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 ataeh 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
Gleichlaufigkeit scoes show that chronologies are significantly more similar to other
chronologies of the same life form (PIARIAL or LIPU-LIPU) than are samsite
chronologies of different life form (i.e. PIALIPU chronologies)§ < 0.05). Growth
response to monthly terapature and precipitation values is highly variable for saitee
chronologies and also for same growth form chronologies. Topographical position and
proximity to treeline was held constant at all sites so differences in clgnateth

response within sits 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
shrubchronadgies for yielding information about environmental conditions and climate
at a site in addition to that provided by tr@@y chronologies. The additional spatial
coverage of shrubchronologies can extend several hundred meters beyond elevational

treelineand 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 foaised attention and research efforts towards understanding clregetation
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 amg shrukring 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 (ClarRG&i7glextend

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 tempeateegpitation 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 ahange
topography and distance from treeline have on trends in ring width chronologies (Salzer
et al 2009, Kipfmueller and Salzer 2010) and tree-vidth patterns (Bunn et al 2005,

Bunn et al 2011). Individual species at same elevations did not showatsegsaecies

specific 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 intireggrowh (Salzer et al 2009,

Bunn et al 2011).

The aim of this study is to provide a comparison of clingatevth response differences
and chronology differences based on grefaitm at a single site. Research on
differences in chronology signals and trendsebasn topographical or species
differences is an active area in the field of dendrochronology; my current study on
growthform based chronology differences will be an addition to this body of work.
High-elevation and higttatitude species with sukhrub gowth 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 @eniperusnanain Sweden, Hallinger 2010),
precipitation (i.e Artemisiaspp. in the Great Bin of the U.S., Poore et al 2009), and
snowpack (i.eLinanthus pungenis the Sierra Nevada range of the U.S., Franklin 2012).
Given the short growth stature of shrubs andsuiibs, shruting chronologies have

their crown and photosynthesizing maaédlose 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 Mountaof California, the range of the climatically

sensitive alpine subhrubLinanthus pungenglorr.) J.M. Porter & L.A. Johnson

(common name, Agranite giliao) overlaps | o
dendroclimatological studies (Scud&€i87, Graumlich 1993, Hughes and Graumlich,

Hughes and Funkhauser 2003, Bunn et al 2005, Salzer et al 2009). Sitekinduatteus
pungengrows in close proximity to the treeline spedrisus albicauligwhitebark

pine) are fout doomparlsandadnngwidbhrchrancogiesvartde r e

growthrresponse 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 Califoraihas a Continental Upper Boreal Cold climate (Képpen
climate designation ADsco0) . This highland
by cool dry summers with occasional thunderstorms and cold snowy w(iktgypen

1936, Critchfield 1983) Much d the decadal and shortscale 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 Nifio Southern

Oscillation (ENSO) indicesPositive 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 (Schonhand Nicholson 1989).

The vegetation at these elevations is comprised of upright to krumrafibwttZinus
albicaulis (whitebark pine) an®inus flexilis(lodgepole pine) at timberline with low
alpine subshrubs, grasses and perennial forbs in higher &dfifredds 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 easterofslupe

Sierra Nevada range (from ~38A 076N to ~37
from 29101 3340 m.a.s.l), (Figure 1). Sites were also selected based on the presence of

L. pungensndividuals as close to treeline as possible. In the studyradaglacier

sites in the upper reaches of glacial cirque valleys have a higher derisityurfgens

than adjacent talus slopes (Franklin In Prep.) so these landforms were selected as sites in
which to locatd.. pungen<ollections. Five study sites doeated at the heads of five

cirque basins on NNfacing 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 Hhates, 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 detail&iure 1.

B.3.2 Pinus albicaulisandLinanthus pungenshronologies

20 woright single stems d®. albicaulisindividuals 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 elevatiorito the
pungensampling areas. Two cores were taken per stem and were prepared according to
standard dendrochronological procedures (Stokes and Smiley 1968). Cores werne visuall
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 caladar date to each ring. Treere sample depth for each site is presented in
Figure 2. Ring width measurements were then standardized using the program ARSTAN
(Cook 1985) hy fitting negative exponential curves to the ring width series. The residual
chrorology produced by ARSTAN has autocorrelation removed from the series so is
more suitable for the objective of the current study, regression analysis. Standardized
residualP. albicaulisseries were averaged to create a mean standardized residual
chronologyfor each of the five sites (Figure 3). The chronologies were truncated at 100
years, the approximate mean maximum ade. @ungensndividuals to be used in
subsequent analyses. NamesHoalbicaulischronologies will be referred to as [site

namejPIAL, e -RI.ALAO0V;BIAGO® et c.
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L. pungensndividuals were sampled at four rock glacier sites (Franklin In Prep) close to
P. albicauliscollections. Individuals were partially excavated and cut to remove the
root-shoot interface for laboratory prep#ion. After collecing individuals from the field
(number of samples, Figure,2). pungensamples were prepared using microscopy
techniques (as per Franklin 2012). Thin sections (20 um) were taken from the
approximate location of the reghoot lmundary of each plant, stained with biological
dyes Safran¥O and Astrablue to differentially highlight lignified and living cells (e.g.
VasquezCooz and Meyer 2002) and permanently mounted on glass slides for
photomicrography and measurement using insagdysis software (ImageJ ver. 1.45
http://imagej.nih.goVv/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 presenesalradii per sample were measured. Magnified

images oL. pungensndividuals were crosdated using standard dendrochronological

procedures and checked for accuracy using the program COFECHA after measurement.

Ring width measurements were standardizeidg the program ARSTAN by fitting
negative exponential curves. Residual indices were selected to make the site
chronologies foL. pungengFigure 3) as was done with albicaulis chronologies.
Names foiL. pungenghronologies will be referred to ggste name]L 1| PU, e . g.

LI PUO;LIPRWO® et c.
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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 residuahconologies 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 depthg(eyi 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 ttime 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 caeate
chronology at VL. Pearson correlation coefficients were used to describe the relationship
between pairs of chronologies by site and by species over the time span2(i, the

period of time all chronologies show an EPS value of 0.7 or greaterrrélatmn 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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Gleichl ufigkeit (GLK, Eckstein and Bauch J 1968joresare masures of similarity

between chronologies and test whether changes in ring width (or index values) of two
chronologies are tracking each other (Schw
(increase or decrease) is determined from year to year and sumanedttoGLK 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 G
score matrix was calculated for comparisons «fadres between all PIAL chronologies,

all LIPU chronologies and all pairs of PIALIPU 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 statits 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 -gradnt data set of 80fh resolution for each set of
site coordimtes (Table 1) was accessed for monthly maximum and minimum monthly
temperature values, and for monthly total precipitation values for the site RC
(<http://lwww.prism.oregonstate.ed)/ Snowpack data for all five sites and precipitation
data for VL, GC, ad BL were accessed from the California Department of Water
Resources Data Exchange Center (CDIi€p,//cdec.water.ca.gov/snow/current/snpw/

All snowcourse sites were within 6 kilometers of PIAL and LIPU collection sites.
Precipitation data for site RRas 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 climatata 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 legevation climate station. Station
locations are mapped in Figure 1, atatisn names, coordinates, periods of record, and

administration are detailed in Table 4.

B.3.5 Climatei chronology analysis

To evaluate the relationship between climate (monthly precipitation and temperature
values) and PIAL and LIPU chronologies osii® 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 previo&egember through currefAugust 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 usedeaisc 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).oPedrss pr oduc't
moment 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 ears

Some of the differences between PIAL and LIPU chrono®ogiel some of the

chronologyclimate 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 investigatiéiyears 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. 1981097 for LIPU). Composite

temperature and precipitation anomaly maps for years ofavidenarrow growth ring

for PIAL and LIPU chronologies were produced to evaluate wider scale climate patterns

in marker years. Climate anomaly mapnage rwesrieded by t he NOAA/
Physical Sciences Division, Boul der Col or a

ht p: // www. psd. noaa. gov/

B.4 Results

B.4.1 Pinus albicaulisandLinanthus pungenchronologies

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 theripleséength 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 anBWU. 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 mainthiae> 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 1952007. Average ring width values range from .46
(RC) to .74 mm (VL) for PIAL and 0.09 (RC and BL) to .@C 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 lhigher 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 kehegid not individual

treelevel signal.

B.4.2PIAL-LIPU chronology compasbns

A matrix of Pearsonds correlation coeffici
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 showingghesh

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 2Bpaoed with 8 out

of 10 PIAL chronologies being significantly positively related.
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Correlations between shruéind treering chronologies are much lower than between
shrubshrub or tredree 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

chronobgies.

Using the Gleichlaufigkeit (G) score to rate chronology similarity yielded comparable

low values for PIALLIPU combinations, with only one PIALIPU pair having a > 0.7

value (GCPIAL-BL-PIAL, Table 3C). No samsite PIAL-LIPU G-scores are at or

above the 0.7 level, reflecting the same lack of strong relationships between shrub and

treer i ng chronologies at same sites seen in t
G-scores for all PIAL combinations are above 0.6, only half of the possibddinations

are at or above the 0.7 level. RTAL and PPPIAL have the highest Gcores with all

other PIAL chronologies. Only two LIRUIPU chronology combinations show

similarity at the 0.7 (P¥5C and PHRC) level.

B.4.3 Chronologyclimate corelations 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, currentyr 6 s Mar ch precipitat

negatively correlated with PI AL growth T
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positively correlated with PIAL growth at RC and PP. Winter precipitation values are
negatively correlated with all LIPU growth alt 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 correlasavith previous
winterds and current s pRAL dogd nstgshomnesigrifisantt e mp e
response to temperature but - GPU shows a negative correlation and growth response

to both December and May temperature values. Snowpack variabifitg five sites is
represented by April 1 SWE values. The relationship between April 1 SWE and PIAL

and LI PU chronologies is described by Pear
PIAL chronologies show a significant correlation with snowpatk(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 (kgure 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
200 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

chronologes (Table 7B). Wide and narrow years for each species are unique to that
species6 chronologies at all five sites sa
and LIPU chronologies), 1984, (wide year in all chronologies), and 2005 (wide year in all

chronologies).

Years reported in Table 7 were used to genct
maps for years of wide and narrow ring wid
composit e -atneommpaelrya tnuarpe f or year sé6w,i th984 de r
1996, and 2000) shows above average summer
Precipitation anomalies in years with narrtr
show higher than average springtima& rainfa

rings (1972, 1977, 1984, and 2004) on aver

temperatures in California and years with
2001, and 2005) have wet previous winters/
ssans in California.

B.5 Discussion

Il n general there is greater similarity (in
Gleichl ufigkeit scores) in cHALamblPlbbgi es o
LIPU) distributed along 100 km of latitude than there is between separate speales (

LIPU) 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 treeng and shrulsing 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 determihiregnalogy
patterns. LIPU were sampled on rock glacier surfaces and PIAL were sampled on
surfacesadjacent to the rock glaciers, so site surface is an additional difference between
PIAL and LIPU chronologies. Surface differences in this case may noaHaxge

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 adjatenslopes at the

same four treeline sites included in the current study.

However even for samgpecies chronologies growing at separate sites significantly
correlated with one another, chronologies still can have slightly different responses to
climate l.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 clgnateth

response is d@L, where both chronology types show a positive correlation with previous

winterds temperature, and at RC where both

current growing season precipitation.
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Even though PIAL chronologies are positively corredbbmong themselves they show

differing responses to precipitation (negative correlations with spring precipitation [VL,

GC] , positive correlations with previous w
to temperature, where significant, is alwg@gsitive (positive correlations with previous

winter [VL, BL] and current growing season temperatyiv4y).

I n almost all cases, LIPU shows a signific
precipitation (GC, BL, PP), though RGPU shows a potive correlation with previous
Septemberds precipitation. Two sites show
growing season precipitation (RC and PP). At the two sites that show a significant

relationship between LIPU and temperature, signs areeliffewith GCLIPU being

negatively correlated with both previous winter and spring temperature ah¢PRL

being positively correlated with previous

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

with April 1 SWE.

Differences in largescale climate p&trns 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 PIAL chronologies typically span the south
western 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 conditiahging 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 PacifictNwest.

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, extendingyrtaundreds of meters

in elevation upslope beyond timberline. Shrubchronologies can yield information about
environmental conditions and climate at a site in additional to that provided kynigee
chronologies. A growing body of research on shrubcHomies above latitudinal

treeline has shed light on shrub infilling and expansion in the tundra (M8yeitk et al.

2011, Hallinger et al. 2010), with implications for higtiitude albedo changes, shrub

snow feedback effects and changing soil tempersitame soil carbon in tundra
ecosystems(Sturm et al. 2001, Sturm et al. 2005). There is a lack of analogous research
at abovetreeline sites in lowelatitude mountain ranges. Recent increasing temperature
trends are most rapid at mountain top site apdytieatest 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

Shrubring and treeiing chronologies were constructed at each of fourrs¢pareeline

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 (HPML or LIPU-LIPU;

Table 2A and 2B) than are saisike chronologies of different growth form (i.e. PIAL

LI PU chronologies; Table 2C). This hol ds

correlation coefficients or GlTabledh!| ufi gke

Growth response to monthly temperature and precipitation values is highly variable for
samesite chronologies and also same growth form chronologies (Table 5) for PIAL and
LIPU. Topographical position and proximity to treeline was held conataall sites so
differences in climatgrowth 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 ssrfac

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 Yea

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 climatdatitiole
alpine sites; further studies on shrubline demography and sfirabte 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) Climodaphs
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 fdvinanthuspungengLIPU) (left-hand panel) anBinus

albicaulis (PIAL) (right-hand panel) at each of the five sampling sites. For panel BL
PIAL 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 pungend.IPU, left-hand panel) anBinus albicauligPIAL, right-hand panel)
chronologies for the five sampling sites; shaded area indicatésstdndard deviation.
Upper portion okach 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 chronologibg species.B) Comparisons of LIPU and PIAL
chronologies by site.
Two-tailed p values:

¥+ p<0.01
o p <0.02
* p <0.05

Figure 5. Winter Precipitation: PIAL and LIPU Wide and Narrow Rings

A) Composite precipitation anomalies for previous wirgtied 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 prewwauinter 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 Tempeature: 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 narfIL 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 PIALSIrkP66, 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 residnadmology 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:

¥k p<0.001

¥+ p<0.01
o p <0.02
* p <0.05

Table 3. PIAL and LIPU Chronology Gleichl ufigkeit Matrices
Gl eichl " ufi gkei t-Phlachranelsgy dorbinatiéns, Blaall LIRUP | A L

LIPU chronology combinations, C) for all LIRBIAL chronologies and D) for all site
combinations. Values in bold and underlined indicate a G similarii@% 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 siDidyances to sampling sites
are given for specific stations wheodata 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 atkeaf the five sampling sites for

A) precipitation and B) temperature. Mo n't

Table 6. Chronologyi April 1 SWE Correlation Values
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Correlations between April 1 snow water equivalent (SWE) values and LIPBlahd
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 arrow 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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B.10Figures

Figure 1. Site and Station Map and Climographs

Q© = study location

_ ) Climate Stations
A = sampling site VGL = Virginia Lakes
@ = climate station ERY:= Elleryilake; 4

ELL = Ellery Lake 2
Sampling Sites GLK = Gem Lake
VL = Virginia Lakes MAM = Mammoth Pass
GC = Gibbs Canyon RC3 = Rock Creek 3
BL = Barney Lake EPP = East Piute Pass
RC = Rock Creek SBN = Lake Sabrina
PP = Piute Pass
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Figure 2. PIAL and LIPU Sample Depth Bar Charts

1650 1675 1700 1725 1750 1775 1800 1825 1850 1875 1900 1925 1950 1975 2000
16
VL PIAL 14
12
10
8
16
— L4
1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 ——112
30 18
05 GC LIPU GC PIAL 16
—_— 14
20 —_—— 12
10
15 a
10 16
—_—————— se—— )
5 —— ]2
WQ -_
y——————————— 1'®
—_—_—
40 BL LIPU _— BL PIAL J14
e ——————————————— <412
V)
30 -_— e, 110
e ——— 1°8
20 p————————— {s
_
10 —_— 4 a
—————— pe—re——
e e e 1 1 1 1 4 1 1 1 1 1 L A 1 1
35 - —_—— 18
30 RC LIPU ———————————————————— RC PIAL 16
—————————————————— 14
25 —_——_— 12
15 ———————— 8
| 6
10 _— S S
5 —_— S—— — — ]
35 .18
30 PP LIPU PP PIAL .18
_— 14
25 P 212
20 .10
15 ———————————————— |18
——————————————— 16
10 ————— 14
5 _— 2
1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 1650 1675 1700 1725 1750 1775 1800 1825 1850 1875 1900 1925 1950 1975 2000



109

Figure 3. PIAL and LIPU Chronologies with SD, Sample Depth and EPS Values
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Figure 4. Species and Site Chronology Comparisons
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Figure 5. Winter Precipitation: PIAL and LIPU Wide and Narrow Rings
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Images provided by the NOAA/ESRL Physical Sciences Division, Boulder Colorado from their Web site at http://www.psd.noaa.gov/




PIAL

LIPU

Figure 6. Summer Temperature PIAL and LIPU Wide and Narrow Rings
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Coordinates

Elevation (m.as.l.)
Substrate
Slope (degrees)

Aspect (degrees)

Chronology span (y)

Chronology length (y)

Mean sample length (y)

No. individuals

No. radii

Raw RW correl betw. radii (RBAR)
Mean ring width (mm)

c. SD of ring width (mm)
Year EPS > 0.85 (or max. EPS/year
Chronology index mean

Chronology index SD

Signal-to-noise ratio

Residuals correl betw. radii (RBAR)

1st order autocorrelation

B.11 Tables

Table 1. Site Characteristics and Chronology Statistics

Virginia Lakes Gibbs Canyon Barney Lake Rock Creek Piute Pass
PIAL PIAL LIPU PIAL LIPU PIAL LIPU PIAL LIPU
38.055509 N 37.897602 N 37.568570 N 37433282 N 37.230350 N

119.278150 W
3230
Metasedimentary
30

350

1899-2008
110
85
27
18
0.54
0.74

0.26

1919
0.98
0.12
0.92
0.33

-0.02

119.189714 W
3100

Mesozoic Granite

0 45
0 360
1889-2008 1895-2007
110 113
95 49
32 35
21 31
0.41 0.37
0.55 0.11
0.212 0.039
.84 /1944 1981
0.99 0.996
0.11 0.162
0.61 1.47
0.22 0.17
-0.0004 -0.22

118.973194 W
3170

Metavolcanic

35 35
80 65
1906-2005 1931-2007
100 7
90 49
17 75
17 51
0.36 0.49
0.72 0.093
0.27 0.18
.71/1953 1954
0.98 0.979
0.105 0.138
0.43 7.05
0.17 0.26
0.02 0.29

118.715681 W
3340

Mesozoic Granite

0 30
0 330
1898-2007  1920-2007
110 88
o7 47
30 44
19 37
0.51 0.36
0.46 0.09
0.14 0.033
1908 1972
1.00 1.004
0.11 0.175
1.36 2.54
0.31 0.19
-0.02 0.23

118.652472 W
3290

Mesozoic Granite

20 35
80 20
1907-2007 1931-2007
101 7
98 42
35 38
19 36
0.56 0.44
0.54 0.11
0.21 0.045
1908 1968
0.99 0.989
017 0.166
3.37 8.21
0.39 0.31
-0.14 0.09



A. PIAL-PIAL Correlation Matrix

Table 2. PIAL and LIPU Correlation Matrices
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VL-PIAL GC-PIAL BL-PIAL RC-PIAL PP-PIAL
VL-PIAL -
GC-PIAL 0.55%** —
BL-PIAL 0.54*** 0.75*** -
RC-PIAL 0.30* 0.58*** 0.36** ---
PP-PIAL 0.13 0.45** 0.23 0.33* --
B. LIPU-LIPU Correlation Matrix

VL-LIPU GC-LIPU BL-LIPU RC-LIPU PP-LIPU
VL-LIPU -
GC-LIPU - -
BL-LIPU - 0.49** -
RC-LIPU - 0.38** 0.36*
PP-LIPU - 0.61%** 0.47%* 0.62**** -
C. PIAL-LIPU Correlation Matrix

VL-PIAL GC-PIAL BL-PIAL RC-PIAL PP-PIAL
GC-LIPU -0.02 0.17 0.17 -0.01 0.38**
BL-LIPU 0.27 0.25 0.33* 0.19 0.30
RC-LIPU 0.04 0.06 0.07 -0.04 0.21
PP-LIPU 0.08 0.27 0.26 0.05 0.37**
D. All Sites Correlation Matrix

VL-PIAL VL-LIPU GC-PIAL GC-LIPU BL-PIAL  BL-LIPU RC-PIAL RC-LIPU PP-PIAL
VL-PIAL -
VL-LIPU -
GC-PIAL  0.55*** -
GC-LIPU -0.02 0.17
BL-PIAL 0.54*** - 0.75** 0.17 ---
BL-LIPU 0.27 --- 0.25 0.49*** 0.33* -
RC-PIAL 0.30* --- 0.58*** -0.01 0.36** 0.19
RC-LIPU 0.04 0.06 0.38** 0.07 0.36** -0.04 -
PP-PIAL 0.13 0.45** 0.38** 0.23 0.30* 0.33* 0.21 -
PP-LIPU 0.08 0.27 0.61"** -0.26 0.47%* 0.05 0.62**** 0.37*



A. PIAL-PIAL GLK Matrix

Table 3. Gleichlaufigkeit Matrices
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VL-PIAL GC-PIAL BL-PIAL RC-PIAL PP-PIAL
VL-PIAL -
GC-PIAL 0.68 -
BL-PIAL 0.61 0.80 -
RC-PIAL 0.64 0.82 0.66 -
PP-PIAL 0.64 0.86 0.75 0.77 -
B. LIPU-LIPU GLK Matrix

VL-LIPU GC-LIPU BL-LIPU RC-LIPU PP-LIPU
VL-LIPU —
GC-LIPU - -—-
BL-LIPU - 0.59 ---
RC-LIPU - 0.64 0.68 -
PP-LIPU - 0.80 0.57 0.70 -
C. PIAL-LIPU GLK Matrix

VL-PIAL GC-PIAL BL-PIAL RC-PIAL PP-PIAL
GC-LIPU 0.41 0.64 0.57 0.50 0.59
BL-LIPU 0.59 0.73 0.66 0.64 0.68
RC-LIPU 0.50 0.55 0.48 0.50 0.64
PP-LIPU 0.39 0.61 0.55 0.52 0.66
D. All Sites GLK Matrix

VL-PIAL VL-LIPU GC-PIAL GC-LIPU BL-PIAL BL-LIPU RC-PIAL RC-LIPU PP-PIAL
VL-PIAL -
VL-LIPU - -
GC-PIAL 0.68 - -
GC-LIPU 0.41 - 0.64 -
BL-PIAL 0.61 - 0.80 0.57 -
BL-LIPU 0.59 - 0.73 0.59 0.66 -
RC-PIAL 0.64 - 0.82 0.50 0.66 0.64 -
RC-LIPU 0.50 - 0.55 0.64 0.48 0.68 0.50 -
PP-PIAL 0.64 - 0.86 0.59 0.75 0.68 0.77 0.64 -—
PP-LIPU 0.39 — 0.61 0.80 0.55 0.57 0.52 0.70 0.66
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Table 4. Climate Station Chart

Distance from Site (km)

Station Name Abbreviation Administration Elevation (m) Coordinates (decimal degrees) PPT SWE
VL GC BL RC PP
Virginia Lakes VGL CADWR 2900 38.057 N 119.247 W 1947-present 3
Ellery Lake ERY ERY CADWR 2940 37.933 N 119.233 W 1924-present 14 6
Ellery Lake ELL ELL SCEC-Bishop 2930 37.938 N 119.248 W 1926-present 6
Gem Lake GLK SCEC-Big Creek 2760 37.752 N 119.140 N 1924-present 40
Mammoth Pass MAM LADWP 2830 37610 N 119.033 W 1928-present 5
Rock Creek 3 RC3 LADWP 3050 37.450 N 118.742 W 1926-present 3
East Piute Pass EPP CADWR 3300 37.235 N 118.687 W 1930-present 3
Lake Sabrina (GHCND) SBL GHCND 2900 37213 N 118.615 W 1974-2004 25 4
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Table 5. Correlation Values For LIPU and PIAL and Average Monthly Temperature and Total Monthly Precipitation

A. Precipitation

VL GC BL RC PP

PIAL PIAL LIPU PIAL LIPU PIAL LIPU PIAL LIPU

p Sept +0.24 - - - - - +0.35 - -
p Oct - - -0.35 - -0.44 - - - -0.29
p Nov - - -0.39 -
p Dec - - - - - +0.24 - +0.39 -

Jan - - - -

Mar  -0.33 036 -0.26
Apr - - - -
May - - - -
Jun - - - +0.29 +0.40

Jul - - - -

Aug - - - +0.26 -

B. Temperature

VL GC BL RC PP

PIAL PIAL LIPU PIAL LIPU PIAL LIPU PIAL LIPU

p Sept - - +0.35 -
p Oct +0.34 - +0.29 +0.26 -
pNov  +0.51 +0.49
p Dec - - -0.47 - -

Jan +0.26 - - -

Feb - - - -

Apr +0.27 — - — +0.31 - - - -

May  +0.35 -0.39

Jun 4049 +0.41

Aug - - - -
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Table 6. Chronology — Apr 1 SWE Correlation Table

Site (Station)

Species  y| (VGL) GC(ELL) BL (MAM) RC(RC3) PP (EPP)

PIAL -0.29* -0.06 -0.17 +0.12 +0.33**

LIPU — -0.03 -0.33* -0.11 -0.29



Table 7. PIAL and LIPU wide and narrow marker years

A. PIAL
Wide 1969 1984 1996 2000
Narrow 1978 1995 1998 2005
B. LIPU
Wide 1972 1977 1984 2004
Narrow 1976 1978 1983 1986 2001 2005
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APPENDIX C

GROWTH RESPONSE OF THE ALPINE SHRUBNANTHUS PUNGENSIO
SNOWPACK AND TEMPERATURE AT A ROCK GACIER SITE IN THE
EASTERN SIERRA NEVADA RANGE OF CALIFORNIA, USA.

Manuscriptaccepted bQuaternary International
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Growth response of the alpine shrublLinanthus pungensto snowpack and
temperature at a rock glacier site in the easter Sierra Nevada range of California,
USA.

Rebecca S. Frankfin
1. Laboratory of Tre€king Research, The University of Arizona, Tucson, AZ

C.1 Abstract
Annual ring chronologies in higélevation and high latitude plants have numerous, but

largely unexpored, climatic, ecological and geomorphologic applications. Here, |

present the first shrubng chronology ot.inanthus pungen§lorr.) J.M. Porter & L.A.
Johnson at the abowteeeline Barney Lake (BL) rock glacier (37.56466N, 118.96554W)

on the easteraorest of the Rocky Mountains Sierra Nevada range, USA,LThangens
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 i 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 yearsodé Nov
growth has varied little over the past century ansigmificantly and positivelgorrelated

with temperature during the early portion of the chronology periocigmificantly and
negatively correlatedith bothsnowpack 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 unprecedegted d

does not prove to limit growth in the future.

C.2 Introduction

C.21 Objectives

Although much attention has been directed to the importance of documenting recent
climatic changes iArctic andalpine ecosystems and tracking the compositiamge
expansion and contractipandotherclimate-relatedchanges of aboveeeline plant
communities (Elliot and Jules 2005, Parilial.2007, Scherrer and"Kner 2011) few
annually resolved records of alpine plant growth spanning the past ceristry

Modeed future temperature changes will be greatdrigh elevatiorhigh latitude
ecosystemshome 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 higlatitude chronologiesf Arctic shrubs document the
growthresponse of these plants to recent warming (Halliegat.2010, Br et al.2008,
Rayback and Henry 26D but few analogous records existiower-latitude mountainous

regions.

| presentherethe first multtdecadabndannually resolved shrub chronology for the
Sierra Nevada rand€alifornia, USA)and the first.inanthus pungengrorr.) J.M.
Porter & L.A.chronology. Thaim of this studys to investigate whighf any, climate

variables are controlling growth of above treeline shrub communities and to create the
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first in a network of abowreeline shrulzchronologies for the Sierra Nevadaange.

These results can be usedrtform conservationists andnd managers of possible alpine
ecosystem responses to projected future climatic changes. Using dendroclimatic
techniques to evaluate potential climate responsabmfe treeline areas can
complemeninternationalmonitoring effortge.g.Global Observation Research Initiative
in Alpine Environments (GLORIA) progranGrabherr et al 2000) aridiational Parkand

National Forestrnivertory and monitoring programs.

C.22 Background

Herb- and shrubchronology are techniques adapted from dendrochronaioigi

utilizes annual growth increments in the rootstock or other perennial structures of the
plant (e.g. internodes, s&ayback and Henr®006) as a way of gathering ecgjizal 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 elevatiors §Bietliman

1997, Schweingruber and Dietz 20@bn Arx and Dietz 2006 Initial work on the
herbchronology of perennial forbs focused on ecological questions such as growth and
reproductive strategies (Perkiesal.2006 von Arx et al. 200§ andplantsizeage
correlationdKuen and Erschbamer 2002). Dendrochronology of shrubs was investigated
by Fergison (1964¥or sagebrusifArtemisiaspp.)in the Great BasinRecent studies

include longlived shrubs and focus on growth responses to local andhedgiimate

change, as well as reconstructions of temperature, precipitation, and atmospheric



124

circulation patternWoodcock and Bradley 1994, Rayback and Henry628@o et al,

2007,B ° r 2008, Srdr and Villalba 2009).

Warmingof Arctic and alpine ecosystems can be tradkedughthe growthincrement
patterns of shrubs growing in these regio8sem internode lengths Glassiope
tetragonain the Canadian Arctic compare welith regionwide temperature trends and
contributed to a centuipng reconstruction of summer temperature (Rayback & Henry
2006). Summer growingeason climateonditions also controbdial increments of stem
growth for mountain crowberffEmpetrumhermaphroditun) in Norway and elsewhere

in Scandinaviancreases in botradialgrowthandupslope colonizationf juniper shrubs
indicatecurrentshrub expansion and colonization at higher elevations (Halletger
2010). Sturnet al.(2001a,h 2005,b have found that increasl shrub growthand
abundance in the Arctic tundcauld 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 indicttte potential for an increase in solar
absorption during the snewover period and also an increase in summer heating
However,shoot elongation and radial incremgnbwth response to cliate is not

uniform at all sites.At mid-elevation (~2500n.a.s.l) sites in NorthAmerica Artenisia
spp.was positively correlatedith winter precipitation valueat some siteandwith
summer temperatuin other sitegFerguson 1964, Bauest al.2002 Pooreet al.2009.
Work by Perfors et al. (2003) shows thadiah stem growth ofrtemisiatridentataat

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 withrowingseason temperature (Srur & VillalB@09 along a

latitudinal gradient.

The above variability in climate resporgees not exclude the possibility @fenfiner

scale variations ishrub growth response to climat@nnually resolved records of shrub
growth over broad spatial scales and their differing responses to changing climate are
thus important toolfor quantifyingshrubclimate relationships angredictingfuture
growthresponses to future climatesArctic and alpine shrub communitieSlicro-sites

in mountainous and alpine areaxxcompasa significant amount of temperature
variability (Scherrer an& ™ r 204X) Topographianfluences are pronouncédtree

ring chronologies (Bunet al.2005 2011 andthereforemaybe apparent ishrub 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.eWmwas of this

writing, there are no annually resolved muléicadal shrudor herbchronology records.

As with the European Alps (B"hm et al. 200
expected to warm at a greater rate than the global average (Cayan et al. 2068gatgh

on snowpack levels and timing of melt (Dettinger & Cayan 1995, Hayhoe et al. 2004,

Kapnick and Hall 2010). Millar and Westfall (2008, 2010) describe-roek
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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 subshrubs than adjacent slopes of comparable elevation, aspect and slope
(Franklin, unpublished dataJ he periglaciaBarney Lakerock 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 totstore wa
(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 recognidégh-elevation rock glaciers
represent a natural experiment in which plants in closely adjacexiolos 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 temperaalr precipitation.

C.3 Regional Setting

C.3.1 Central Southern Sierra Nevada

The K eppen climate designation of the stu
Continental Upper Boreal Cold Climate (Dsc), with cool wet winters and warm dry

summers. Decadahnd shortescale climate variability such as the Pacific Decadal

Oscillation and the El Nind 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. 1988)eaktern slog®f
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the Serra Nevada rangare 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.32 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.hBs an average annual mayim

(minimum) temperature of 94.5) °C and a mean annual precipitation of 1500 mm

(Figures 1 and 2, PRISM 800 meter gridded climate normals, 112000; Daly 2002).

Data from the Mammoth Lakes Los Angeles Department of Water and Power site
(station RRMAM m.a.s.|l.) for the same perio
water equivalent (SWE) of 1130 mm (California Department of Water Resources,

http://cdec.water.ca.gov/snow/current/snow).

TheBL sitelays immediately east of the Sierra Nevada ceesithwest of the town of
Mammoth Lakes in Mono County, Californigigurel). Though the Sierran batholith is
comprised of graniteheBL site liesatopMesozoic metavolcanic bedro¢dRCS,
2011).The Barney Lake sitis at the upper end of a glacialigrved valley directly
below and northwest of Duck PassoilSthat have developedt the site are rock

outcropMeissAndic Cryumbrept¢NRCS 2011) Treeline at this central latitude of the
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Sierra Nevada has been reported from 308600 m.a.s.l. (Mithr et al. 2004, Millar et

al. 2006).

The BL rock glacier sitbascool, weltdrained slopes ranging fromi GL00%, aspects
with azimuth from 20 90 degrees and elevation ranging from 315200 m.a.s.l.
Substrate at the site consists of large glacjaligked boulders with similar shallow
intermittent soil deposits. TH&L rock glacier i90.133 square kilometers and the entire
cirque valley head is approximately 4 square kilomet®tsanplant cover for all
vascular species #teBL site was 18%Table 1 and Table 2 Four locations with
contrasting azimuths were sampleéi(l@vel ground), 20°, 60°, and 90°. Plant cover
consists of patches of large shrubs [(e.g. granite gilipngen¥ and rabbitbrush
(Ericameriaspp)), smaller forbs [e.g. Siean primroseRrimulus suffrutesces and

small subshrubs (e.g. spreading phl&klox difussg (Figure 3).

C.4 Methods and Materials

C.4.1 Barney Lake Plant Species

Table 1 listghe 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 nmade. F

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 cove(%, 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 aspdueBarsite The

grid was estdished 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 thBL site (Table 1).

C.4.2 Linanthus pungens

After an initial vegetation survegampling proceeded with the goal of obtaining the
longestlived woody shrubs for climateesponse analysis. An ageown diameter model
from the initial survey indicated that age and crown size are significantly correRéted (
.3,p = 0.008;Figure 4B, therefore to obtain the longdsted individuals, larger plants

were sampled.

One of the more widespreathnts on the Barney Laksite,the subshrulinanthus
pungengTorr.) J.M. Porter & L.A. JohnsgifPolemoniaceae) is a one to thoeeimeter
tall suffruticose plant with a dense mefftianching crown (Figure 3C, 3D).. punges
grows on rocky weltrained 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 Sampe colletion and preparation

Of the long lived woody shrubs at the BL site pungensvas chosen for chronology

building because of its ubiquitous distribution, relatively great age, lack of central root rot
common in other species at the BL site (for exanipteameriaspp, see Figure A)

and clearly demarcated ring boundaries (Figure 5). Rootstock tissue from approximately
five to ten centimeters below and above the-sfmot boundary (the zone of maximum
annual ring accumulation) was collected from altotaixty-seven individuals over the
summer seasons of 200@010 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. dRelood, often collected in traditional
dendrochronological studies to extend the chronology length back in time (Salzer et al.

2009), was also obtained fbr pungensvood at each of the Barney Lake locations.

Samples were amiried at room temperatuesd were later rgoftened for thirsectioning
with a 5:2:1 glycerirwateralcohol solution. Thirsections 107 20 um thickness)of the
transverse crossection of the rootstock were obtained using an American Optics sledge
microtome as close as possitibethe shrub roeshoot boundary. Xamples of prepared

thin section®f five common shrubs at Bareshownin Figure 5 Microtomed thin

sections were stained with Safrai@nand Astrablue biological stains (e.g. VasqGemz

andMeyer 2002) to differemtlly highlight both lignified and living cells and then were
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permanently mounted on glass slides for photomicrographing and image affagysie

5).

C.4.4Chronologybuilding: Crossdating, Measuring and Standardization

Using crosgdating (for exampleby the skeletoplot 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 ringwidth 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 sanples at a site or in a collection of sites indicate a common regional forcing
element. Knowledge of the date of formation of the euiest 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 seried.. piegensross
sections were crostated using marker years (Figure 6) to assist in the skeleton plot
dating technique. Individuals that could not be cide®ed were omitted from

subsequent analyses.

Thin-section images of successfully craksted radii were obtained with a digital SLR
camera (Olympus-golt 330) coupled to a stereoscope (Nikon SME These images
were measured for basal area increment (BAI) and ring widt¥) (i8ing image analysis

software (mageJ ver 1.456ttp://imagej.nih.goVv/ijf 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 completeetyy of the annual
growth ring. This is especially important with shrub species, which often have low
circuit uniformity in growth rings. However, BAl measurements are extremely time
consuming. A subset of shrubs (N = 10) were measured for BAI andiRMatter along

six evenly spaced radiF{gure 3. Asring width measurementsie a representative
measure of growth comparable to BRW wasused as a measure of growth of radial

increment oL. pungengaproot for this study.

For all samples coatning 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 fAyear zeroo (and discarding
series basednly on the biological ageelated growth trend of plants at this siggre

4, Panel C).

Distinct annual ringwidth variations in the wood anatomy lof pungengrovided for
straightforward crosdating (Stokes and Smiley 1968) and constructiomairanually
resolved shrudzhronology. The common variation in the annual growth. gfungenst
BL provided the rationale for its use in a climate analysis. The-datesl and measured
chronology was checked for accuracy and for missing or falseusigg COFECHA
(Holmes 1983). Individuals sampled at the four locations at BL with differing aspect

(90°, 60°, 20°, and 0° [flat ground/O° slope]) cralsged well and were combined into the
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final BL site chronology used for comparison with PRISM climaitad The aspect of all
four locations at BL only ranged fromfcing to NEfacing 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 twahirds spline, which removed individual growth trends and
accountedforautc or r el at i on of a ring with t-he pr e\
produced chronology was the residual chronology with the common signal estimated

using thebi-weight robust mean. Correlation and response function analyses used to

evaluate the climatgrowth response of tHe pungenshronology were conducted with
DendroClim2002 (Biondi and Waikul 2004) using PRISM generated monthly PPT and

temperature for B for the period of the chronology.

C.4.5Climate Date&Selection

The response df. pungengo PPT and temperature (T) was evaluated using climate data
created by the Parametelevation Regressions on Independent Slopes Model (PRISM,;
Daly 2002). A sing gridpoint data set of 80fh resolution at the BL site coordinates

was accessed for monthly precipitation, and maximum and minimum monthly
temperature values Kgtp://www.prism.oregonstate.ed)/ Although climate stations

are present at the town of Mamth 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 Californien&etpair
Water Resources Data Exchange Cerittp{//cdec.water.ca.gov/snow/current/snpw/

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
stardardized 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

variabiity (Mote 2003).

C.5 Results

C.51 L. pungenssrowth 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 siilbx @ifussa,
Monardella odoriissima, Ericamerisgspp, andRibesspp) other than the present study
species attained ages from 40 to 100 yea&twe thin-sectionedshrubs in Figure 5 are ring
porous to semiing porous and show clear transitions from the late woashefear to

the arly wood of the nextFigure 5F is a magnified view of tiee ring boundariesf L.
pungenswvith smaller latewood fibers marking tked of one growing season and large

vessels marking the beginning of growth for the subsequent growing season.
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Throughcrossdating and high sample replicatidn, pungenst BL shows to have

annually produced growth rings in its rootstock. The cozdsg 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 Afalse r i ng s-datindwas also tarriedoatu r . Suc
between the BL chronology and_.apungenghronology 60 km north of Mammoth

Lakes at a site outside of Yosemite National Park (Franklin, unpublished data), indicating

a common, regionadcale forcing acting oh. pungengrowth at both sites.

The cavarying interannual variability in ring widths signifies a common response to an
external driver of growth at the BL sit&ifure §. The rate of radial growth of the
taproot has not decreased over the past cerftigyre 4, Panel Aput rather has
maintained a constant rate at BL. Abay®und crown growth parallels plant age and
rootstock growth (Figure 4B) and thus the growth trend in the radial incremént of

pungeng oot tissues wil|l be termed dAplant grov

This growth curve forthe BL. pungens ndi cat es a O0juvenile trer
rapid, lessdensedn wi dt h growth at the beginning of
openrcanopy 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 comparisoh.gfungen®RW growth and BAI

growth indicate strong, nelinear correlations between the tw? € 0.85,n = 39).

C.5.2 Crossdating, Measuring and Standardization

Figure 6 depicts examples of pattenatching associated with crossdating. Individuals

at BL exhibit wide rings in the same years of growth for 1961, 1977 and 1990 and exhibit
narrow or micrerings during theyears of growth for 1983, 198&nd 1995.Statistics

generated by the program ARSTAN for the raw ring width chronology and the

standardized chronology index are summarizetaible 2by aspect and for the final BL
chronology The highest standard deviati of ring width was found at tH&L rock

glacieril evel groundo site. The common signal
population signal (EPS) value of greater than 0.85 went back furthest in timeBat the

rock glacier90° site.

Similarities in rawring width (nonstandardized) chronologies by aspect at the BL site

can be seen iRigure 8. 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 irall chronologies, 1977, occurred in virtually all samples and was

associated with extremely low snowpack and warm growing season temperaigues (

6). Figure 6 also depicts marker years of narrow ring width for 1983 and 1986, associated

with record snavpack in the region and also marker years of wide ring width for 1961,
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1977 and 1990, associated with low spring snowpdtie temporal distribution df.

pungensamples at each location at the BL site is sediigare 8A

The finalBarney Lakd.. pungenschronology is presented Figure 9, Panel BGrey

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 yaries throughout the chronology. Dead wood samples did not
extend the BL site chronology further back in time, as the maximum age otrelict

pungensvas 13y.

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 idermgifyin
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

andyses.

C.5.3 Climate Response
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Significant correlations between the pungenghronology and current growing season
temperature (r = 0.21 to 0.40) and previous winter precipitatior@r3i to-0.34);

response function values are significant at the @b#didence level for prior November
precipitation (r =0.23) and current July maximum temperatures (r = O.2&)l¢ 3). A

visual comparison of the BL chronology with temperature and precipitation suggests

periods wher.. pungengrowth is in and out adynchrony with these two climate

metrics Figure 10). Moving correlations calculated in DendroClim2002 confirm this and

do not show the BL chronologyb6s response t

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 significantlycantelated and April
SWE switchedgrom being not significantly correlated with either Juhgy temperature

or previous November precipitation to being highly significantly correlated with
precipitation ( = 0.81,p < 0.001) and highly and significantly negatively correlated with
JuneJuly temperaturer(=-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 Jtdy temperaturer (= 0.59,p < 0.01)
during the first portion of the chronology (1946.968); but for the second portion of the
chronology (1969 2007), the chronology was more significantly asdrrelated with

winter PPT ( =-0.41,p<0.01) and 1 April SWEr(=-0.43,p < 0.01).
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C.54 Linanthuspungensand Snowpack

As several of theings 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 functédmes are highest for winter
precipitation (negative associations), the BL chronology was regressed against a four
station (Tioga Pass, Virginia Lakes, Mammoth Lakes and Agnew Pass) peak snowpack
(April 1 SWE) composite. For ease of visualizing theti@heship 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 plotteligure 11Bas relative April SWE

value in deciles against correlation with the BL chronology. This was done to capture the
nonparametric relation between April 1 SWE and the BL chronology in years of extreme
high and low snowpack, as years of average snowpaok less highly correlated with

the chronology.

C.54.1 Quantifyinga nonparametrid_. pungenssnowpack relationship

A contingency table was constructed to further quantify the relationship between
snowpack and.. pungengrowth (Figure 11A). Both snavpack 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 ofthgh low-high, highlow and
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low-low years. There was a significantly higher than expected incidence of both high
snowpacklow ringwidth years and low snowpatkgh ringwidth years with a confidence
value ofp < 0.02 (for an adjuste@ statistic to accout for the special case of low
expected values). A scatterplot of the data from 198807 shows a nelinear trend

determined by fitting a second order polynomial wittRanf 0.2 (1 = 40) (Figure 1C).

As noticed with the trend of relationship wihecipitation and temperature to ring width
over the chronology period, the correlation coefficients betwe@ungensing width

and April 1 SWE also shift between the years 1968/1969 (Figure 10). A plot of the four
station mean of April 1 SWE values also divided into two time periods: 1926968

and 1969 2007 Eigure 10C).Prior to 1969 there is relatively low variability in the
snowpack record and from 19622007 there is a significant increase in April 1SWE
variability (p < 0.05). Coincidentvith fewer years of extremely high or low SWE values,

t he Pearsonb6és Correlation Coefficient (PCC
from 19461 1968 is approximately 0, but switches to a strong@ottielation ¢ = -0.43,

p < 0.01) for the period 186 2007. The increase in atgdrrelation coincides with the
increased incidence of high snow pack levels{i8€18. During years of high peak
snowpack, extremel pgear ao ¥ ppngeosit this stal o i n

(Figure 6).

C.6 Discussin

C.6.1 Linanthus pungenshronologes, ring width and climate
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Sensitivity to regional climatic variabilitgoupled with itswvide distribution across

western North America and lofiiyed nature maké. pungens key species for use in
further studies oflpine ecosystemsAnnual growth increments &f. pungenst BL are
found to be significantly related to regional climat@sitive correlations with growing
season temperature are higher and significant in the first half of the chronology century
but afer 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 aotirrelated at BL

This increasing anttorrelation between temperature and winter precipitation during the
latter half of the chramlogy may account for the changing growth response of the.BL
pungendo temperature and snowpack. A stronger-aatrelation of winter precipitation
and summer temperature means more years when higher snowpack/cooler growing
season conditions and lowamowpack/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 tempemiarthe BL chronology growth signal that
even if growing season temperatures are amenable to gribtit snowpack has

lingered especially late, the growing season is of insufficient duration to form a wide

ring. No strong or clear relation to rivgidth 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 developmat of the significant correlation between the BL chronology and April 1
SWE in the latter part of the ®@entury. However, the increase in snowpack variability
may also be coincident to the increased negative correlations between winter
precipitation ad 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. Thtie coincidence of narrow marker years formed as a result of
heavy springsnowpack also occur prior to the 1968/1969 boundary is captured by the
contingency table analysis (Figure L1ihich spans the entire chronology period, 1946

2007.

A possiblereason for the change in variability of snowpack {248 is illustrated in
Figure 10B Before 1969, summer temperatures and winter precipitation were less
significantly anticorrelated (PCC =-0.43,p < 0.05) at the BL site, decreasing the
likelihood of a wet winterwarm growing seasofury wintercool growing season)
combination, which would yield higher (lower) April 1 SWE levels and a narrow (wide)
annual growth ring. The increase in acirrelation between summer temperature and

winter precipitaibn is visibly apparent from 19692007 inFigure 10 PandB, especially
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in years of low SWE values (PGG--0.50,p < 0.001). The stronger argorrelation
during this period coincides with more years of high snowpack and lower summer
temperatures, yiding 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 moiighily positively correlated with
summer temperature (PGG 0.59,p < 0.01); after 1968 the effect of temperature on

ring formation decreased (PCGG 0.34,p = 0.05) Figure 10 Panel A)Prior to 1969,

ring width was determined primarily by growing seasemperature (July minimum
temperature) and from 1969 on, the effect of the highercantelation of summer
temperature and winter precipitation amplified the incidence of extreme April 1 SWE

values which controlled ring width growth from 1962007.

C.6.2 Possible effect of the Pacific Decadal Oscillafion

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 climee variability in the northern Pacific. Although PDO phases can affect
vegetation establishment and growth in the
et al. 2001 Millar et al. 2004), results fromoerelation and response function analyeis

the BL chronology showedo significant relationship betweéme BL chronology and

monthly PDO values. However, note that the change in radial growth increment response
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of BL L. pungengo 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 pdragesch

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
tridentataat higher elevations (2920 m.a.s.l. vs ~1000 m.a.s.l.) is limited by growing
season lengt not moisture availability are in agreement with thosthefpresent BL
study which focuses only on the upgEevation distribution of. pungens Maier et al.
(2001) also differentiate between the effect of precipitatioA.anidentata(adapted to)
growing at high and lower elevations. They found tizgatin big sage brust\(
tridentatassp tridentatg established during periods of wetter spring seasons and
mountain big sagebrush (tridentatassp vaseyanpestablished during drier spring
seasosn. Although establishment and secondary growth are separate processes, both
higher elevation sagebrush and the present study specms)gensiemonstrate a

positive response tdrier winters and springs.

The radial growth increments bigh latitude $andanavian shrubchronologies
(Empetrumspp andJuniperus spp (Bar et al. 2008, Hallinger et al. 2010), witieir

strong positive growth responses to growing season temperature and a positive growth
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response at some sites to snow and wintertime ptagi, are more strongly correlated
to sumner 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
temperatves 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
shrubchronologieat locations from mesic to xeric and at varying elevations and

latitudes.

C.6.4 Future shrub growth at high elevations

Figure 10, Panel Bisplays the increase in synchrony of drier (wetter) winters and

warmer (cooler) growing seasons since 1969; thatems appear to amplify the

response of. pungengrowth 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 (Dettmgnd Cayan 1995, Kapnick and Hall
2010) could indicate increased growth for alpine shrub species with a similar climate
response aks. pungens However, with projected increases in temperatures for California
and the Sierra Nevada (Cayan et al. 200®) decreasing magnitude of positive

correlations with growing season temperaturelanoungensnay 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, théaeterogeneity 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 AC in some mountain
that here 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
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-alpalecotone
where shrubline can advance @p aroundslope (Ammann 1995, Grabherr et al. 1995,
Hallinger et al. 2010) could have effean 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. 200If Sierran alpine shrubnow feedback
patterns are similar to those noted in Arctic sites (viradsported snow accumulating in
shrub patches, raising winter soil temperatures, increasing nutrient decomposition and

decreasing albedo), this could aff¢he alpinenival ecotone in the Sierra Nevada range
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Although shortein heightthan the shrub species in tBaurm et al. studiesmall shrubs

like L. pungeng10i 30 cm at the BL siten the Sierra Nevadeould potentially trap

drifting snow and egin similar shruksnow 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 sotemperatures and nutrient decompositibtising 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 distribubn 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, KapnitKall 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 alpine
nival ecotone. Changes in albedo and winter and summer teomesrdue to wor

aroundslope shrub encroachment will likely modify alpine conditions further still.

C.6.5Linanthuspungensshrubchronolog in thealpineSierra Nevada

The BLL. pungenghronology and climatgrowth 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 2G0B010 field seasons | have installed sixarstes

(each including higlelevation rock glacier and nenck glacier sites and miénd low

elevation 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.dkdse sites will be

the subject of future research on the effects of elevation gradients and microsite habitat

onL. pungengrowth.

C.6.6Considerations fofuture methodologies

Basal area increment (BAI) measurements of radial growth pfingengaproot are

slightly different than linear ring width measurements of the same tagigoré 7).

Generating a larger sample size of BAI series will enable comparison to temperature,
precipitation, and snowpack records to investigate whether or not Bddris highly

correlated to climate than linear measures of ring width, given that BAI tracks the actual
annual i ncrement of radial growth of a pl a
amount of conductive tissue in a growth ring compared to tioghlarea) measurements

to evaluate which factors were affecting the conductive area of shrub rings at sites in

Norway. This technique is useful far pungenss there appears to be sufficient

interannual vessel size and density variation in the amgnaaith rings at the BL site

(Figureéand aut hor s observations
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Using relict or dead wood in treég chronologies can extend the chronologies back in
time, doubling or tripling the length of chronologies built from living samples alone
(Salzer et al2009). Although relict.. pungensamples 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 elevatiorL. pungensites there are whitebark pirteifus albicauli} tree

stands adjacent to the shrub sampling locations. In an exploratory study of the
comparison of treeing growth toL. pungengaproot growth | found a potentially

different signal in the growth of whitebark pine than there is irLtimingens

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 communitiebatupper elevational limits

of shrub growth will provide age distribution data that can demonstrate if shrubs have
been advancing umr aroundslope over the past several decades. Combining this
information with satellite data on snowpack accumulatiahraelt out at the alpingival
ecotone can advise researchers and managers of the possibility esstwufeedback
loops similar to those noted in research on standowv interactions in the Canadian

tundra (Sturm et al. 2001b).
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C.7 Conclusions

Linanthuspungensa 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.
Commoninterannual variability in the growth patterns of these rings allows for-cross
dating ofL. pungenst the Barney Lake site above Mammoth Lakes, California. The BL
L. pungenshronology 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
increasan the variability of April 1 SWE values and an increased-emtrelation

between summer growing season temperatures and winter precipitation. Over the entire
period of the chronology (19462007), 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, MononBgCalifornia, USA. The
BL site is indicated by a circle.

Figure 2. Climagraph for the Barney Lake site.

PRISM climate normals (19712000) for the 800neter gridcell centered at the Barney
Lake (BL) site. Mean annual temperature for this siBe2s°C and annual precipitation
iIs 1490 mm. Error bars indicate the range of measurements for the perioid 2(800L
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Figure 3. BL Rock Glacier Vegetation Types

Typical vegetation patches distributed over the surface. A) Larger skmdzneria
spp; B) Forbs Primulus suffrutescen€&, D & E) Shrub in present studyinanthus
pungensand F) Smaller shrubBhlox difusa Scale bar is 1 m.

Figure 4. Linanthus pungensGrowth Dynamics

Barney Lake (BL)Linanthus pungengrowth dynamics. A) Cumative growth at the
five BL site locations. B) Age model based on diameter at root crownghoatt
interface). CL. pungengrowth curve for all samples containing pith. Values are ring
width (mm) in years from pith. Curve is truncated at 49 yearsawbeage 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 102 0 ¢ m t Bricamkria discoloy B) Monardella

odoraissimg C) Phlox diffusa D) Salix spp, E) Linanthus pungen&tudy plant) and F)
close p of L. pungensing boundary. Scale bar is 1 mm for panels B, 0.2 mm for
panel F.

Figure 6. Linanthus pungenscrossdating examples

Barney Lake site marker yeatsgck dots denote exceptionally wide or narrow rings).
Column headings denote spéxciflates 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 grwidth (RW) and basal area increment (BAI). A) A second
order polynomial through data from six radii from each of ten individuals generated a
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correlation of R= 0.85. B) Correlations between BAI and RW measured from shrub
radii. C) RW and BAI correlan 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 linegate no pith present. Raw ring
width chronologies of Barney Lake site locations are arranged according to aspect. Ring
width values are on leftand axis, number of radii measured for each site location is on
right-hand axis.

Figure 9. Barney LakeLinanthus pungensChronology

A) Sample depth through time; number of radii measured, EPS value and 686 cut
level (for evaluating EPS value). B) Barney Lake chronology (residual time series) is in
black and grey shading indicates plu or minus one atdrideviation. Years before 1952
are lightly shaded, indicating an EPS value below 0.85.

Figure 10. Barney Lake Chronology Climate Correlations and Change Across Time

Pearsondéds r Correlation significant at **=*
y i1 ned mearss are not significantly different
yy indicates variances are significantly d

A) Pearson correlation coefficients for the Barney Lake BL) chronology and climate
variables for the time periods 1916968 and 1969 2007. B) Time series for Jure
July average temperature (black line) and winter (previous Octaherent January)
precipitation (grey line) for the 8aMeter PRISM gridcell at the BL site (note that the
axis for precipitation is reversed for ease of comparisoampérature series). C) Time
series of a foustation average (average okZores for Tioga Pas¥jrginia Lakes,
Mammoth Lakes and Agnew Pasd April 1 SWE values (dashed line) and the BL
chronology (solid line). Grey shading indicates the variant€l(ED) 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 {four

station average) and BL chronology values (expected values in parentheses, actual values
in bold). Both chisquare and adjustdd (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 correlationpat0.02. C) Scatter plof

19691 2007 April 1 SWE and BL chronology values fit with a seconder 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 incrementseaindicated 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 #t 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 rgddcier sub
sites 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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C. 11 Figures

Figure 1. Barney Lake Site Map



