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ABSTRACT

Higher temperatures and increased drought associated with climate change are influencing forest
growth globally. Understanding how past climate variation has influenced tree growth in
different settings is essential for predicting the spatial patterns of ecosystem responses to climate
change. In the sub-alpine forests of the Klamath Mountains, lake sediment pollen cores have
documented different tree species compositional responses to climate variability on ultramafic
(nutrient poor) and non-ultramafic (nutrient rich) substrates. Non-ultramafic substrates show
significant climate-driven vegetation change while ultramafic substrates show relative
compositional stability, suggesting that ecosystem responses to climate are strongly mediated by
substrate. This research uses dendroclimatology methods to test if substrate mediates the
variation of radial growth in response to climate. Growth sensitivity to temperature and
precipitation variables-- monthly, seasonal and annual-- is examined. Untangling the effect of
substrate conditions on climate-growth rate relationships improves our knowledge of how
projected climate change will affect forest composition and growth. Accordingly, this research
found that the climate-growth rate relationships were consistent across substrate type. This result
suggests that the climate-species performance relationship was not responsible for the
differences in vegetation history observed in pollen cores on different substrate types.
Differences in species competition on sites may better explain the divergent vegetation histories.

Keywords: Climate Change, Geology, Temperature, Precipitation, Growth, Dendrochronology,
Klamath Mountains, Mountain Ecosystems, Forests, Adaptation, Refugia, Ultramafic
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Chapter 1. INTRODUCTION
Anthropogenic climate change is expected to reorganize forest location, structure
and composition in California and worldwide (Hayhoe et al. 2004, Lenihan et al. 2008,
Anderegg et al. 2013). However, two unknown variables propagate uncertainty in the
effects of climate change on forests; 1) uncertainty in the magnitude of changes in
temperature and precipitation (Stocker et al. 2013), and 2) uncertainty in the forest’s
response to current climatic variability (Millar et al. 2007). Forest species’ geographic
ranges are driven by climate envelopes derived from elevational and latitudinal gradients.
Forest species respond to changes in climate by changing their geographic range to
follow the migrating climate envelope (Pearson and Dawson 2003). Generally, increased
temperatures are expected to shift climatic envelopes poleward and to higher elevations
(Woodward 1987). A shifting climate envelope generally leads to species range
expansion through colonization on the leading edge of the envelope and range contraction
through mortality on the trailing end of the envelope (Breshears et al. 2005, Anderegg
and Anderegg 2013). Species may not change their distribution unless disturbance such
as fire alters competitive conditions. Climate change is expected to increase the
frequency of disturbances (Overpeck et al. 1990). However, recent research has
suggested that site-level conditions can strongly inhibit climate and disturbance-driven
community vegetation shifts (Briles et al. 2011).
Understanding where and under what circumstances site conditions may mediate
climate-driven vegetation change is of increasing interest to scientists and resource
managers. Locations where site level conditions mediate climate-driven vegetation
change are often refugia with high species richness and endemism, and are considered by
researchers to be a high priority for protection to preserve biodiversity (Keppel et al.
2011). Site conditions in refugia create “outposts” where species can survive prolonged
periods of climate variation and avoid local extinction (Baliranta et al. 2010). Varied
topography and geological substrates can create spatial variability in local and mesoscale
climate conditions that provide a range of climatic conditions during periods with
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consistent temporal trends in temperature or precipitation (e.g. glacial or interglacial
periods; the Medieval Climate Anomaly (MCA) and the Little Ice Age (LIA)). While
refugia provide conditions for species to persist during periods of climatic change, it is
still possible that the fitness of individuals within the refugia is affected by climate
variation.
The Klamath Mountains of northern California have been identified as a historical
botanical refugium and were not covered by the Laurentide ice sheet during the most
recent glaciation (Steele and Storfer 2006). As the Klamath Mountains have been
identified as a historical refugium, it explains how this region is home to one of the most
diverse coniferous temperate forest ecosystem in the world (Skinner et al. 2006). The
region has a high beta diversity, or high rate of change between habitat species diversity,
across a steep elevation gradient that reaches from sea level to over 2750m (Whittaker
1960). Additionally, heterogeneous bedrock geology contributes to high biodiversity
with significant spatial variation in parent rock material within and among watersheds
(Coleman and Kruckeberg 1999, Kruckeberg 2002). Finally, a spatially and temporally
heterogeneous historic and contemporary fire disturbance regime may contribute to
biodiversity (Martin and Sapsis 1992; Taylor and Skinner 1998, 2003; Skinner et al.
2006; Briles et al. 2011). A regime of fires with a mixture of severity is typical of this
region, providing regeneration opportunities for both fire tolerant and intolerant species.
Climate is an important driver of vegetation change in the biodiverse Klamath
Mountain forests on millennial and centennial time scales (Briles et al. 2008). Pollen and
charcoal in lake sediment cores have been used to reconstruct the temporal variation of
vegetation for the Klamath Mountains during the Holocene Epoch (Briles et al. 2008).
The beginning of the Holocene Epoch was marked by the retreat of the Laurentide ice
sheet approximately 12,000 years ago (Bartlein et al. 1998) due to solar forcing. Average
annual temperatures in northern California ranged from 3°C lower than present day
during the Pleistocene-Holocene transition about 14,000 years ago, to 2.5°C higher than
present day during the Holocene Maximum about 6,5000 years ago (Diffenbaugh and
Sloan 2004, Briles et al. 2005). Historical climate change at the centennial scale has also
influenced vegetation composition and structure in the Klamath Mountains during the
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MCA between 950-1250 CE and the LIA between 1400-1700 C.E. (Jones and Mann
2004, Briles et al. 2011). Temperature deviations during the MCA and LIA were not as
extreme as during the Holocene Maximum and the Pleistocene-Holocene transition,
respectively. Temperatures derived from tree ring records in the nearby Sierra Nevada
Mountains were 0.5°C higher than present day during the MCA and 0.5°C lower than
present day during the LIA (Graumlich 1993, Scuderi 1993)
Vegetation shifts on nutrient rich soils during the Holocene in this region are
spatially and temporally coincident with recorded regional temperature changes (Briles et
al. 2008, 2011). During the cool and wet period of the Younger Dryas, mesophytic forest
species typical of cool subalpine forests such as T. mertensiana and species of Abies
dominated high elevations. This vegetation distribution contrasts with the warmer and
drier period of the Holocene Maximum when high elevations were dominated by drought
tolerant and fire resistant tree and shrub species of Pinus and Quercus. Vegetation also
responded to centennial scale climate changes. During the warmer MCA there was an
expansion of Pinus and Abies species upward into the higher elevation sub-alpine zone
while in the LIA there was a downward elevation shift of the subalpine species T.
mertensiana (Briles et al. 2008). Even though climate change is a strong driver of
changes in forest composition at millennial and centennial time scales, there are
watersheds and regions within the Klamath Mountains with a unique underlying geology
where vegetation composition has remained relatively constant.
Paired pollen and charcoal lake sediment cores extracted in lake basins with
contrasting ultramafic and non-ultramafic bedrock geology demonstrate the effect of
substrate on climate-driven changes in vegetation and fire history of the Klamath
Mountains (Briles et al. 2011). Soils that develop on ultramafic substrates are limited in
essential plant nutrients and are high in the toxic elements such as nickel and chromium
that inhibit growth and the ability of many species to occupy ultramafic sites (Kruckeberg
1985; Alexander et al. 2007). In contrast, non-ultramafic soils, such as granite, are
relatively nutrient rich with no toxic metallic ions. Holocene vegetation responses to
climate change on these substrates are surprisingly different.
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Holocene vegetation changes on non-ultramafic soils have been dramatic and
strongly linked to climatic changes while vegetation on ultramafic substrates has been
compositionally stable. Ultramafic sites have generally been dominated by Jeffrey Pine
(Pinus jeffreyi) for millennia. Although the vegetation history of ultramafic substrates is
notably less sensitive to changes in climate, the peak temperatures of the Holocene
Maximum led to a reduction in P. jeffreyi and an increase in xeric Quercus shrubs. After
temperatures fell following the Holocene Maximum, P. jeffreyi returned to its previous
dominance with little vegetation sensitivity to climate variability on ultramafic sites up to
the present day. The work of Briles (2011) in the Klamath region demonstrates divergent
responses of long term vegetation composition to climate change on different geologic
substrates, at least as represented by pollen and charcoal data.
Harsh growth conditions for plants on soils developed on ultramafic geologic
substrates constrain vegetation response to climate compared to vegetation on nonultramafic substrates. However, Briles’ study (2011) only examined vegetation
community response over long temporal intervals and posited that either competition or
different specie’s growth responses to climate on different substrates may have caused
the divergent vegetation histories.
It is unknown if ultramafic substrate types in the Klamath Mountains mediate
vegetation sensitivity to climate at the scale of the individual tree. To address this
question, my study used dendroclimatological methods to determine climate-tree growth
relationships on different geological substrates. Dendroclimatology identifies the
contribution of climate to interannual variability in the growth of tree rings (Fritts 1971).
Dendroclimatological methods have been widely used to identify climate-tree growth
relationships in temperate forests and growth responses on different substrates. For
example, climate-growth relationship of Scots pine (Pinus sylvestris) has been identified
on a dolomite (nutrient poor) and non-dolomite substrates (nutrient rich) whereby the
response of Scots pine growth to climate was similar on both substrates (Oberhuber et al.
1998).
My hypothesis is that conditions present on ultramafic substrates mediate the
species’ growth response to climate variation in the conifer forests of the Klamath

4

Mountains. To test this hypothesis I determined the species climate-growth relationship
on ultramafic and non-ultramafic substrates while minimizing the effects of confounding
topographic variables such as slope and aspect (Bunn et al. 2005). The species evaluated
were mountain hemlock (T. mertensiana), red fir (Abies magnifica) and western white
pine (P. monticola), common high elevation forest species in the Klamath Mountains that
occur on both ultramafic and non-ultramafic substrates. The use of multiple conifer
species ensures that the result of the study is not species dependent and is applicable
throughout the entire Klamath Mountains region.
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Chapter 2. STUDY REGION
Physiography
The Klamath Mountains of northern California originated as fragments of ancient
island arcs and continental crust located in the Pacific Ocean (Figure 2.1). During the
accretion events of this oceanic crust, basaltic rock metamorphosed into ultramafic
serpentine rock (Alexander et al. 2007). These processes contribute to the geologic and
topographic diversity of the Klamath Mountains: the topography is rugged, with slopes
averaging 30 degrees (Whittaker 1960) and elevations ranging from 30 m to 2,755 m
(Skinner et al. 2006). Crests of the ridges running north-south are commonly between
1,500 m and 2,200m (Irwin 1966). At higher elevations, cirques are evident due to
glaciation during past ice ages (Whittaker 1960).

Figure 2.1 Map of the Klamath Mountains, northern California, USA (red box), study area and study sites. Green
denotes national forest boundaries, black denotes ultramafic soils, and blue/red denotes sampling sites.
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Climate
The climate of Klamath Mountains is Mediterranean: winters are cool and wet
while summers are warm and dry. Most winter precipitation falls as snow at high
elevations. Snow begins to accumulate in November and persists well into the summer
months, providing melt-water runoff that mitigates the precipitation deficit during
summer. Precipitation is spatially influenced by orographic lifting causing a dramatic
decrease in precipitation from west to east. The majority of the precipitation accumulates
in the mountains and leaves the valleys dry (Skinner et al. 2006).
Interannual and interdecadal climate variability in the Klamath Mountains is
influenced by Pacific climate teleconnection patterns. These patterns are generally
characterized by temporal changes in regional sea surface temperatures (SST) and/or sea
level pressure (SLP) that drive far away (tele) spatially variable temperature and
precipitation patterns (connections) (Carleton 2016). Certain teleconnections have
influences on global mean temperatures, like El-Nino Southern Oscillation (ENSO),
while others like the North Pacific Oscillation (NPO) are linked to more regional
temperature changes (Rogers 1981). Most teleconnection patterns are self-reinforcing
and transition between phases at quasi-regular intervals (Carleton 2016). However, the
NPO, which is characterized by SLP over the North Pacific, changes phases randomly
(Rogers 1981).
The Klamath Mountains sit near the transition zone between the well-established
positive Southwest and negative Pacific Northwest temperature and precipitation dipole
patterns associated with the ENSO teleconnection (Dettinger 1998, Wise 2010) with
flucations between positive (El Niño) and negative (La Niña) SST conditions on time
scales of 3-7 years. However, while the established ENSO precipitation signal has a
weaker correlation in northern California than in southern California, most extremely wet
years in northern California are associated with strongly positive El Niño years (Schonher
and Nicholson 1989). In addition, the ENSO “cycle” is positively correlated with
snowpack and stream flow in northern California (Redmond and Koch 1991, Piechota et
al. 1997, Taylor et al. 2008).
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The Pacific Decadal Oscillation (PDO) is an ENSO-like pattern and can interact
constructively or destructively on the frequency and/or intensity of ENSO phases as both
are defined through SST anomies in similar regions (Gershunov et al. 1999, Carleton
2016). However, the PDO differs from ENSO in two major ways; PDO phases persist
much longer (20-30 years), and SST anomalies are located primarily in the North Pacific,
while secondary signatures are located in the tropics, the opposite of the ENSO signal
(Mantua and Hare 2002). A positive PDO is evident on a cooler than normal West
Pacific SST and warmer than normal east pacific SST that leads to a deepening and
southward shift of the Aleutian low. Negative phases are display opposite trends in SST
and SLP (Wallace and Gutzler 1981, Mantua et al. 1997). In northern California, the
PDO has been linked to higher temperatures in positive phases and lower temperatures in
negative phases (Taylor et al. 2008, Abatzoglou 2011, Taylor and Scholl 2012, Carleton
2016). Like ENSO, the PDO exhibits a positive south California and negative Pacific
Northwest precipitation dipole signal. The Klamath Mountains sit in the middle of the
dipole transition zone (Wise 2010).
The North Pacific Oscillation (NPO) in a positive phase is characterized by
positive SLP and geopotential height anomalies near Alaska, and negative SLP and
height anomalies in the central North Pacific. Pressure height anomalies during the
positive phase of the NPO cause a southward shift of the Pacific jetstream from East Asia
to the eastern Pacific. The southward shift in the jetsteam leads to an enhanced anticyclonic circulation and increased temperatures over western North America. Negative
phases of the NPO are associated with the opposite pressure and temperature anomalies
(Rogers 1981).
The Pacific North American (PNA) atmospheric circulation pattern characterizes
the amplitude and location of the mid-troposhperic wave train over the North Pacific
Ocean and North American sector (Wallace and Gutzler 1981, Trouet et al. 2009). The
mid-tropospheric waves carry along moisture-bearing cyclonic storms. A positive PNA
phase strengthens the high pressure ridge over western North America which shifts the
wave train northwards. This ridging results in reduced precipitation and increased
temperatures in the western United States (Leathers et al. 1991, Taylor et al. 2008,
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Abatzoglou 2011, Taylor and Scholl 2012, Carleton 2016). During a negative PNA
phase, the mid-tropospheric wave train comprises a trough over western North America
which brings lower temperatures and wet weather to California (Leathers et al. 1991,
Taylor and Scholl 2012, Carleton 2016). During the winter, snow cover can enhance
tropospheric pressure differences between western and eastern North America,
perpetuating the PNA phase signal (Carleton 2016).
Spring snowpack is a unique climate measurement because it is a record of both
temperature and precipitation from fall to spring that can influence radial tree growth
(Cayan 1996). At high elevations in northern California, the ENSO signal correlates
positively with spring snowpack, likely due to the correlation between the ENSO signal
and precipitation (Howat and Tulaczyk 2005). In contrast, low elevation spring
snowpack tends to be influenced more by temperature variability (Cayan 1996
Abatzoglou 2011).

The PDO and PNA, which are positively correlated with winter and

spring temperatures, are anti-correlated with spring snowpack at low elevations (Cayan
1996, Howat and Tulaczyk 2005, Knowles et al. 2006, Mote 2006, Agatzoglou 2011).
Early winter precipitation at the low elevation rain-snow transition zone is heavily
dependent on temperature, as warmer conditions leads to more precipitation falling as
rain instead of snow. After March, increased temperatures accelerate melting of existing
snowpack (Knowles 2006). However, these associations are not likely to remain
stationary, as anthropogenically-forced temperature increases lead to decreases in spring
snowpack through similar mechanisms exhibited in positive phases of the PNA and PDO
(Howat and Tulaczyk 2005).

Forest Characteristics
The Klamath- Siskiyou ecoregion is known for high biodiversity and endemism
even when considered globally (Wallace 1982). This biodiversity has been attributed to
micro-climatic variability, topography, a steep elevational gradient, the Klamath
Mountains’ status as a historical refugium, and soil substrate diversity (Whittaker 1960,
Skinner et al. 2006). This diversity is exemplified in the “Miracle Mile” – a square mile
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in the Russian wilderness of the Klamath Mountains where 18 species of conifers are
found, the highest density of conifer species in the world (DeSiervo et al. 2016).
I sampled conifers on granitic substrates in June of 2015 in the Russian
wilderness around Big Duck Lake (Figure plate 2.1-3B). The forests are dense with
evidence of biotic disturbances. Stands of western white pine were the most open, and
were established between cracks in large slabs of granite. Western white pines showed
evidence of beetle attacks while a neighboring mountain hemlock stand had mistletoeinduced mortality. The conifers in the forests were relatively young with evidence of
good regeneration; the earliest date of recorded growth was 1544 from a cross-dated
mountain hemlock.
Alan Taylor, my advisor, sampled conifers on ultramafic substrates in September
of 2014 on and near South China Mountain (Figure plate 2.1-3A). The density of forests
at the ultramafic sites was similar to the granitic sites. Western white pine stands had the
lowest density for tree species sampled at this site. Trees on ultramafic soils were old
with some evidence of regeneration; the earliest date or recorded growth for sampled
trees was 1039 CE from a nearby foxtail pine.
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3A

3B

Figure Plate 2.1A-3B. Subalpine species sampled on an ultramafic substrates (A) at
South China Mountain, Klamath Mountains, California in September 2014 and
granitic substrates (B) at Big Duck Lake, Klamath Mountains, California in June
2015. Species sampled include mountain hemlock - Tsuga mertensiana (1), red fir
- Abies magnifica (2), and western white pine - Pinus moniticola (3)
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Chapter 3. METHODS

Field Sampling
To identify the possible influence of substrate on climate-tree growth
relationships I sampled red fir (Abies magnifica), western white pine (Pinus monticola)
and mountain hemlock (Tsuga mertenziana) on ultramafic and granitic substrates. Tree
core samples were taken from these conifers on both ultramafic substrate sites
(September, 2014) and granitic substrates (June, 2015) having similar topographic
characteristics. Conifer stands for sampling were selected based on pollen and charcoal
study locations that showed different responses of vegetation to climate on different
substrate types (Mohr et al. 2000; Briles et al. 2008, 2011). To reduce the influence of
topographic variables, slope, aspect and elevation were held constant between species
during field sampling (Table 3.1). Conifers on granitic substrates were sampled near
Duck Lake and on ultramafic sites on and near South China Mountain. The species
samples at both types of sites were red fir, western white pine and mountain hemlock.

Table 3.1 Sample site characteristics. Species acronyms: ABMA – red fir, PIMO –
western white pine, TSME – mountain hemlock. Stands on ultramafic substrates are
shaded grey and stands on granitic substrates are not shaded. UTM coordinates were
recorded in the NADV1983 coordinate system
Species Slope
(Percent)
39.4
ABMA
52
22.5
PIMO
53.7
26.9
TSME
60.7

Aspect
(Degrees)
265
261
313
334
96
19

Mean
Elevation (M)
2135
2165
2122
2042
2425
2200

UTM E(zone 10)
540771
505487
538283
505077
535791
504266

UTM N
(zone 10)
4576043
4572874
4578128
4572659
4578519
4572562
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Soils
I undertook forest sampling at locations where the parent rock type was known.
The characteristics of these soils were determined using web soil survey maps from the
National Soils Survey Center (http://ncsslabdatamart.sc.egov.usda.gov/). Soil pedon ID
from South China Mountain was 79CA093002 and soil pedon ID from Duck Lake was
S01CA-093-002. The soil profile from South China Mountain was representative of
ultramafic parent material and the soil profile from Duck Lake was representative of
granitic parent material.

Tree Ring Chronology Development
Tree rings from twenty trees of each species at each site were sampled by
extracting two increment cores at the cross-slope position from each stem at breast
height. The diameter at breast height (DBH) and location (GPS) of each tree were
recorded along with general site conditions (slope, aspect, elevation, geologic substrate,
stand conditions and understory vegetation). In the lab, each core was sanded using
progressively finer grades until cell structure was visible and ring boundaries were
visually distinct. Cores were visually cross-dated to control for missing and false rings
(Stokes and Smiley 1968). Individual ring width was measured to 0.001 mm using a
Vemlex TA measuring system. All cores were measured from the first visible year of
growth, except for mountain hemlock and western white pine on ultramafic soils. These
cores were measured beginning in the year 1800 to present day. Tree ring widths from
each core were statistically matched to the mean chronology for each stand using
COFECHA (Grissino-Mayer 2001).
Variation in ring-width growth can be caused by either biotic or abiotic factors.
To study the effect of regional climate influences on growth, individual tree-ring width
variations were standardized and biological growth trends were removed (Speer 2010).
The typical de-trending methods of applying either a negative exponential curve or linear
regressions to remove biological growth trends were not possible. Tree ring widths in the
cores contained suppression and release events early in their life related to external
processes such as disturbance and competition. Consequently, standardization was
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accomplished by fitting individual tree-ring width to a 50% cut-off cubic smoothing
spline which was able to remove the non-climatic influences on growth while preserving
the climate signal (Biondi and Qeadan 2008; Speer 2010). Standardized unitless indices
were then created by dividing the ring width measurement by the splined values. From
these indices, the first order autocorrelation was removed to create residual indices. The
indices were then averaged using a bi-weighted mean to account for the effect of paired
cores from the same tree having a similar signal in order to create the residual
chronology.

Climate Data
To identify the effect of substrate on the climate-growth rate relationships were
identified for each species on each substrate type. Climate data were acquired from
several sources. The first climate data set was a compilation of nearby climate stations
having monthly total precipitation and mean temperature with a minimum fifty year
record of continuous measurements. This weather station dataset was accessed through
NOAA’s Western Regional Climate Center (http://www.wrcc.dri.edu/). Missing months
in the climate station data were filled by averaging the two preceding and two following
years for the missing month. Stations with a high frequency of missing data and
subjected to heavy cleaning by me were excluded from the analysis. Stations are listed
below that meet these location and record length criteria (Table 3.2).

Table 3.2 Climate stations in the Klamath Mountains used for climate analysis in the
study.
Name

Elevation (m)

Location

Record length

Ashland OR

533

42 13 N 122 43 W

1893-2014

Callahan

971

41 18 N 122 48 W

1953-2014

Covelo

461

39 47N 123 15W

1936-2013

Fort Jones

830

41 36 N 122 51 W

1936-2014

Happy Camp

341

41 48 N 123 23 W

1914-2014

Orleans

122

41 18 N123 32W

1903-2014

Red Bluff

95

40 09 N 122 15 W

1935-2014

15

Shasta Dam

328

40 43 N 122 25 W

1943-2014

Weaverville

625

40 44 N 122 56 W

1912-2014

Yreka

800

41 43 N 122 38 W

1893-2014

Mountainous terrain can create highly contrasting climate conditions that may
differ substantially from nearby station data (Barry 2013). Significant climate differences
can be caused by differences in elevation, aspect, topographic position, and vegetation
cover. To account for these differences, a second source of climate data was retrieved
from PRISM (Parameter-elevation Relationships on Independent Slopes Model) for each
study site (Daly et al. 2008; PRISM 2014). PRISM spatially interpolates climate station
data with DEM (Digital Elevation Model) raster files and other variables to produce
spatially explicit climate data from 1895 to present for moderately sized pixels (4km).
The pixel over Russian Peak (41.3017 N, 122.9545 W) was selected for chronologies on
granitic substrates and the pixel over South China Mountain (41.3685 N, 122.5786 W)
was selected for chronologies on ultramafic substrates.
A third source of climate data, a larger-scale regional classification, was
downloaded from the California Climate Tracker of the WRCC for the North Central
California climate region (Abatzoglou et al. 2009) because tree growth may be more
strongly related to regional climate than the site-level climate as regional climate is likely
to enhance the climatic signal above local micro-climatic noise (Briffa et al. 2002).
Temperature and precipitation from all three types of climate data were correlated to
determine if they contained a common climate signal.
To identify the potential influence of snowpack on tree growth, nearby Snow
Course measurements with April 1st Snow Water Equivalent (SWE) data over a minimum
of fifty continuous years were acquired. Snow course data for California are available
from the California Department of Water Resources
(http://cdec.water.ca.gov/index.html). Snow course data that met location and record
length criteria of at least 50 years are listed below (Table 3.3).
Table 3.3 Snow course data in the Klamath Mountains used for analysis in the study
Name

Elevation (m)

Location

Record Length
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Bear Basin

1981

40.967 N, 122.867 W

1947-2015

Big Flat

1555

41.077 N, 122.938 W

1946-2015

Deadfall Lake

2195

41.318 N, 122.933 W

1946-2015

Dynamite Meadow

1737

41.233 N, 122.817 W

1956-2015

Etna Mountain

1798

41.400 N, 123.001 W

1951-2015

Highland Lakes

1838

41.093 N, 122.483 W

1947-2009

Mumbo Basin

1722

41.197 N, 122.523 W

1947-2015

Parks Creek

2042

41.367 N, 122.550 W

1940-2009

Red Rocks Mountain

2042

41.023 N, 122.885 W

1946-2009

Shimmy Lake

1950

41.008 N, 122.800 W

1947-2009

Swampy John

1676

41.397 N, 122.993 W

1951-2015

Sweetwater

1783

41.382 N, 122.535 W

1940-2013

Whalan

1646

41.150 N, 122.450 W

1940-2009

Wolford Cabin

1875

41.200 N, 122.833 W

1949-2015

To address the influence of drought, monthly drought indices were acquired and
correlated with radial tree growth. Drought severity is classified by the Palmer Drought
Severity Index (PDSI). PDSI is a measure of lagged and immediate precipitation,
temperature and soil moisture to create an index of hydrologic drought (Palmer 1965).
PDSI values for the North Coast and Sacramento climate division were downloaded from
NOAA (http://www.ncdc.noaa.gov/temp-and-precip/drought/historical-palmers/).
To identify the influence of teleconnection patterns on instrumental climate in the
Klamath Mountain region, I calculated correlation coefficients among winter index
values for the multi-variate ENSO 3.4 1950-2014
(http://www.esrl.noaa.gov/psd/enso/mei/table.html) , PNA 1950-2014
(http://www.cpc.ncep.noaa.gov/data/teledoc/pna.shtml), PDO 1900-2014
(http://research.jisao.washington.edu/pdo/PDO.latest) and NPO 19502014(http://www.cpc.ncep.noaa.gov/data/teledoc/ep.shtml) with annual and seasonal
temperature and precipitation from the north-central California regional climate dataset.
To best capture the ENSO signal, the multivariate ENSO 3.4 index is used. This index is
derived from variations in SLP, SST, surface air temperature (SAT), Outgoing Longwave
Radiation (OLR), and zonal and meridional winds over the Tropical Pacific (Wolter and
Timlin 2011). The NPO and PNA indices are created from grid-point values of SLP and
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tropospheric height, while the PDO index is created just from SST variations in the North
Pacific (Carleton 2016). Winter index values were used to characterize teleconnection
patterns and oscillations. Teleconnection values tend to show the greatest variability in
the winter months, and these were used to evaluate teleconnections’ effects on climate
(temperature, precipitation and April 1st SWE). Periods of analysis varied due to length
of the teleconnection series, however all available years were included in the final results.
All teleconnection indices contained more than 60 years of data and had many transitions
between positive and negative phases. This length of data reduces the impact that the
record length differences have on the final results.

Climate-Growth Rate Relationship and Response Analysis
The relationship between radial growth and climate was determined by
statistically comparing the values of the residual tree ring chronologies with climatic
variables through a bootstrapped correlation and response function analysis using
Dendroclim (Biondi and Waikul 2004). Response function analysis is performed through
a principle component analysis of monthly mean temperature, total monthly precipitation
and teleconnection indices as predictor variables. The response function analysis
identifies the months that best predict the ring width index. The correlation analysis is
based on calculating Pearson correlation coefficients between the residual chronology
and each of the climate variables. Correlation coefficients and response function
coefficients were calculated for a 19-month window extending from April of the previous
growing season to October of the current growing season.
The correlation and response function analysis identifies relationships among
radial growth and climatic variables. Monthly index values for PDSI and teleconnections
(ENSO 3.4, PNA, PDO, and NPO) were used as predictor variables in the response
function analysis and for the correlation of climate with growth. The residual chronology
was also correlated with April 1st SWE.

Substrate analysis
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Species climate-growth rate relationships were analyzed for response to
temperature, precipitation and April 1st SWE. Species correlation and response function
to climate variables were compared by substrate type using climate-growth rate
correlations and responses with the same sign in the same or neighboring month. If the
growth rate response to climate remained constant across substrate type, I would
conclude that substrate did not influence the growth rate response to climate and reject
the hypothesis. On the other hand, if the climate-growth rate relationship diverges among
the same species in similar geographic locations, it suggests that substrate condition may
have mediated the growth rate response to climate.
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Chapter 4. RESULTS
Soils
The soil from the 2001 NCSS survey on the granitic substrate in the Russian
wilderness was classified as loamy, mixed, euic Terric Haplosaprist. This soil sample has
a high Ca:Mg ratio and abundant cations while nitrogen and potassium are within the
established range for granitic soils. The pH (5.9) is only mildly basic for soil profiles
(Table 4.1). This soil profile is consistent with “normal” parent material nutrient profiles
which are unlikely to inhibit species distributions in the Klamath Mountains (Whittaker
1960).
The ultramafic soil on South China Mountain was classified as fine,
montmorillonitic Mollic Haploxeralfs and a second sample of clayey-skeletal, smectritic,
frigid Mollic Haploxeralf was appended to the dataset. In contrast to the granitic soils,
these soils have a very low Ca:Mg ratio, low nitrogen and phosphorous, low sum of
cations. The pH at 6.8 is basic for soil profiles (Table 4.1). This soil profile is consistent
with ultramafic serpentine nutrient profiles and displays poor nutrient content for growth
(Whittaker 1960, Kruckeberg 1985). Prior literature points to the low Ca:Mg ratio as the
primary nutrient limitation on tree growth (Alexander et al. 2007) Not measured in the
NSSC survey were toxic elements common to ultramafic serpentine soils including nickel
traditionally found in concentrations of 0.5-3g/kg in western serpentine soils, and
chromium usually found in concentrations of 1-5g/kg in western serpentine soils
(Alexander et al. 2007).

This confirms that the parent material of the conifers sampled

was ultramafic and granitic for the respective sites.
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Table 4.1 Soil analyses from Little Duck Lake in 2001 (granitic) and South China
Mountain in 1979 and appended in 1993 (ultramafic).

Data retrieved from the National

Soil Survey Center (http://ncsslabdatamart.sc.egov.usda.gov/).
CEC8 sum

Cations

Potassium

Magnesium

Calcium

Soil Acidity

(pH)

Nitrogen

Sand

null

Lab Pedon

Silt

Horizon

cm

Site/

Clay

Depth

Substrate/

Number
Unit

Cmol (+) kg-1

% of <2mm soil

Granitic/

0-9

Oe1

-

-

-

2.03

5.9

84.3

3.2

7.2

146.2

Little Duck

9-29

Oe2

-

-

-

2.62

5.9

74.9

0.9

.8

159.3

Lake/

29-47

Oa

-

-

-

1.74

5.9

27.8

-

.3

104.6

04N0525

47

C

1.8

11.3

86.9

0.13

5.8

3.5

-

Tr

13.6

Ultramafic/

0-18

A

17.0

25.8

57.2

.084

6.8

4.0

18.7

0.2

30.2

South

18-43

Bt1

40.2

15.3

44.5

.062

6.9

3.2

29.1

0.3

-

China

43-71

Bt2

39.6

16.1

44.3

.038

6.7

2.9

34.2

0.2

45.0

Mountain /

71-80

Cr

34.3

14.9

50.8

-

7.2

2.1

27.9

0.1

-

79P0486

Tree Ring Chronology
Mean series inter-correlations for the raw measured chronologies were high and
ranged from 0.556 to 0.753 while mean sensitivity ranged from 0.188 to 0.285 (Table
4.2). The expressed population signal (EPS) from 1895 to present was well above the
standard threshold of 0.85 (Wigley et al. 1984) for each residual chronology, indicating
that sample depth was sufficiently large for a robust statistical analysis of climatic effects
on tree growth (Table 4.2 – range: 0.931-0.976). Western white pine growing on a
granitic substrate had the lowest EPS and series inter-correlation, perhaps due to the
enhanced growth trends of the last 50 years. Radial growth increased markedly in eight
trees while the other western white pine trees displayed similar but lower increases in
growth. Mountain hemlock on ultramafic substrates had the most visually distinct
marker rings and had the highest EPS and series inter-correlation. Species chronologies
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often had the same marker rings, suggesting that climate had a common effect on growth
across substrates. (Figure 4.2).
Table 4.2 Chronology statistics from 1895 to present. Species acronyms: ABMA – red
fir, PIMO – western white pine, TSME – mountain hemlock. Stands on ultramafic
substrates are shaded grey and stands on granitic substrates are not shaded. EPS and
mean sensitivity are for the residual chronology while the series intercorrelations and first
order autocorrelations are for the raw width chronology. Mean age and standard
deviation in parentheses are for cores included in the final chronology.
Species

Trees/Cores

24/48
ABMA
20/40

21/44
PIMO
21/42

20/41
TSME
20/41

Year

Age - mean

Range

(SD)

17682013
17342014
13432013
17912014
13942013
18172014

EPS

Mean

Series inter-

First Order

Sensitivity

correlations

Autocorrelation

187 (35)

0.972

0.199

0.644

0.8

159 (40)

0.949

0.188

0.592

0.831

447 (90)

0.956

0.211

0.621

0.635

132 (34)

0.931

0.271

0.556

0.723

443(122)

0.976

0.285

0.753

0.414

157 (19)

0.973

0.257

0.650

0.78
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Ring Widths (mm)
Figure 4.1 Raw ring width measurements in mm for chronologies of red fir (top), western
white pine (middle) and mountain hemlock (bottom) on granitic (blue) and ultramafic
(red) substrates.
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Figure 4.2 Residual chronology for red fir (top), western white pine (middle) and
mountain hemlock (bottom). The window displays the period of dendroclimatic analysis,
1895-2015. Chronologies on granitic substrates are blue while chronologies on
ultramafic substrates are red.
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Climate
Temperature and precipitation data from local climate stations, PRISM, and the
North Central California region were highly correlated (Appendix Table 7.1).
Consequently, only the climate growth analysis using the North Central California
regional climate data are reported.
The North Central California regional climate dataset was correlated with winter
teleconnection indices. The winter indices for the Pacific North American (PNA) and
Pacific Decadal Oscillation (PDO) were positively correlated with annual and winter
temperatures, and the winter index for the North Pacific Oscillation was positively
correlated with summer temperatures (Table 4.3). PDO was positively correlated with
spring temperatures and moderately correlated with annual and winter precipitation.
Winter ENSO 3.4 index was positively correlated with annual and winter precipitation
(Table 4.4). The PNA and PDO were negatively correlated with April 1st SWE at survey
sites below 1800 meters that had an average SWE less than 81 cm. The ENSO 3.4 index,
which was positively correlated with precipitation, was positively correlated with April
1st SWE at stations above 1800 meters that had an average SWE greater than 81 cm
(Table 4.5).

Table 4.3 Pearson’s (r) correlation coefficients of seasonal and annual mean regional
temperatures with winter teleconnection indices. The teleconnections are the Pacific
Decadal Oscillation (PDO), the North Pacific Oscillation (NPO), Pacific North American
(PNA) and the El Nino Southern Oscillation 3.4 (ENSO). Correlations were for the
period 1950-2014 except for PNA which was for the period 1900 to 2014. Bonferonni’s
correction of dividing P values by number of results was used to reduce Type 1 errors.
Temperature

PDO( DJF)

NPO (JF)

PNA (DJ)

Annual

0.215

0.354

*0.39

ENSO 3.4 Multivariate
(DJF)
0.214

Winter
(DJF)
Spring
(MAM)
Summer
(JJA)
Fall (SON)

**0.370

0.046

**0.56

0.103

0.125

0.210

0.03

0.121

0.244

*0.376

0.31

0.061

-0.136

0.035

0.12

0.104

* p < 0.05 – Bonferonni equivalent
** p < 0.01 – Bonferonni equivalent
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Table 4.4 Pearson’s (r) correlation coefficients of annual and seasonal total regional
precipitation with winter teleconnection indices. Included are the Pacific Decadal
Oscillation (PDO), the North Pacific Oscillation (NPO), Pacific North American (PNA)
and the El Nino Southern Oscillation 3.4 (ENSO). All oscillations range between 1950
and 2014 except for PNA which ranges between 1900 and 2014. Bonferonni’s correction
of dividing P values by number of results was used to reduce Type 1 errors.
Precipitation

PDO (DJF)

NPO(JF)

PNA (DJ)

ENSO 3.4 Multivariate (DJF)

Annual

0.165

-0.187

0.15

0.403**

Winter (DJF)

0.154

-0.13

-0.11

0.270

Spring (MAM)

0.010

-0.230

0.17

0.138

Summer (JJA)

-0.089

-0.126

-0.14

0.064

Fall (SON)

0.001

-0.246

0.1

0.069

* p < 0.05 – Bonferonni equivalent
** p < 0.01 – Bonferonni equivalent
Table 4.5 Pearson’s (r) correlation coefficients of April 1st SWE with winter
teleconnection indices. Bonferonni’s correction was not used as no correlation was high
enough to be significant after correction. See Table 3.3 for snow course location details.
Snow course

PDO

NPO

Name

(DJF)

(JF)

Bear Basin

.017

.025

Big Flat

-.140

Deadfall Lake
Dynamite

PNA(DJ)

ENSO 3.4 (DJF)

Elevation

SWE (cm) –

Multivariate

(m)

Mean (SD)

-.037

.392**

1981

94.1 (45.8)

-.128

-.149

.154

1555

36.4 (24.6)

-.009

-0.056

-.093

.349**

2195

81.7 (30.8)

-.130

-.050

-.087

.173

1737

45.1 (26.3)

Etna Mountain

-.353**

-.131

-.374**

-.081

1798

68.6 (41.2)

Highland Lakes

0

-0.130

-.011

.327*

1838

86.9 (49.2)

Mumbo Basin

-.271*

-.027

-.278*

.161

1722

56.8 (31.6)

Parks Creek

-.093

-.160

-.193

.180

2042

91.9 (33.1)

Red Rocks

-.012

.003

-.087

.346**

2042

112.6 (44.7)

Shimmy Lake

.013

-0.073

-.07

.338**

1950

126.1 (55.6)

Swampy John

-.32**

-.144

-.361**

-.107

1676

80.3 (41.2)

Sweetwater

-.235*

-.191

-.215

.026

1783

34.6 (20.1)

Whalan

-.104

.059

-.172

.255

1646

53.2 (31.4)

Wolford Cabin

.022

-.174

-.026

.238

1875

87.8 (38.4)

Meadow

Mountain

* p < 0.05
** p < 0.01
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Climate and tree growth
Red Fir
Red fir growth was most influenced by the previous year summer temperatures
(Figure 4.3). The negative correlation of previous year summer temperatures and red fir
growth was even more evident in the correlation of maximum rather than mean
temperature with growth (Appendix Table 7.3). In addition, red fir growth was
negatively correlated with previous year fall temperatures and current year summer
temperatures, with most correlations strengthened by correlating growth with maximum
temperatures instead of mean temperatures. Growth of red fir was positively correlated
with minimum spring temperatures but not mean spring temperatures (Appendix Table
7.4). The response function analysis also demonstrates that growth was negatively
influenced by previous year and current year summer temperature.
Red fir growth responded positively to precipitation in October of the previous
year and February of the current year. Red fir growth on granitic substrates also
responded positively to precipitation in August of the previous year, a response not
identified for red fir growing on ultramafic sites. Precipitation in February falls primarily
as snow, so red fir growth might be expected to respond positively in the current year to
April 1st SWE. However, red fir growth on ultramafic sites was not correlated with April
1st SWE in the current year. Red fir growth was positively correlated with SWE from 2
of the 14 snow course sites while red fir growth on granitic sites was not associated with
SWE measured at any of the sites (Appendix Table 7.20). Red fir growth on granite and
ultramafics was positively correlated with the PDSI in all months in the previous year,
excluding summer months and December for red fir on granite. Red fir growth was
positively correlated with current year February PDSI. On the other hand, red fir growth
on ultramafics was weakly correlated with current summer PDSI (r=0.2) and no
relationship was evident for red fir growing on granite in the summer (Appendix Table
7.10).
Red fir growth was negatively correlated to the NPO index in July of the current
year (Appendix Table 7.14). Red fir growth also correlated negatively to the PNA index
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in May of the previous year (Appendix Table 7.18). Because the NPO and PNA indices
were correlated with an increase in temperatures in the summer and spring months
respectively this result suggests that red fir growth is influenced through temperaturedriven variation in the NPO and PNA.
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Red Fir

Correlation Coefficient

Granitic

Ultramafic

Temperature

Precipitation

Response Function

Granitic

Ultramafic

Temperature

Precipitation

Figure 4.3 Correlation Coefficient (top) and response function analysis (bottom) of
red fir radial growth with previous year April to Current year October monthly mean
temperatures ( Left) and monthly total precipitation (Right)for red fir growing on
Granitic (upper) and Ultramafic (lower) substrates. Climate growth analysis was
conducted using the residual chronology. Results that were statistically significant
(0.05) are shown with a filled bar.
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Western White Pine
The strongest correlation and response function between the growth of western
white pine and climate was with spring temperatures of the current year (Figure 4.4).
The correlation was positive. In contrast, growth response to the previous year’s spring
temperature was negative. There were two instances when growth of western white pine
differed with temperature on different substrate types. Western white pine growth on
ultramafic substrates, but not on granitic substrates, was positively correlated with the
previous year’s October temperature. Western white pine growth on granite, but not on
ultramafic, responded negatively to August temperatures of the previous year.
Interestingly, when maximum temperatures were correlated with western white pine
growth instead of mean temperatures, western white pine growth was negatively
correlated to the previous year’s August temperatures on both substrate types (Appendix
Table 7.3).
Western white pine growth was strongly positively correlated and responded
positively to summer precipitation in the previous year, and had a strong positive
correlation with spring precipitation in the previous year. Western white pine growth on
ultramafic soils was negatively correlated with spring precipitation in the current year and
there was no influence of spring precipitation on western white pine growth on granite
(Figure 4.4).

Growth of western white pine was not correlated with April 1st SWE

(Appendix Table 7.20). Western white pine growth correlated positively with PDSI in
every month in the previous year except for winter months for trees growing on
ultramafic substrates. There was one PDSI correlation that was not consistent between
sites, a weak (r=0.17) negative correlation between tree growth on ultramafic and current
year July PDSI (Appendix Table 7.10).
Western white pine growth had positive correlations to the NPO, PDO and PNA
indices in the fall of the previous year on both substrate types (Appendix Tables 7.14,
7.16, and 7.18). However, western white pine growth only correlated with temperatures
in the fall of the previous year on granitic substrates. As the NPO, PDO and PNA had no
significant influence on fall temperatures, the climatic mechanisms in which
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teleconnection patterns influence western white pine growth were not able to be
determined.

31

Western White Pine

Correlation Coefficient

Granitic

Ultramafic

Temperature

Precipitation

Response Function

Granitic

Ultramafic

Temperature

Precipitation

Figure 4.4 Correlation Coefficient (top) and response function analysis (bottom) of
western white pine radial growth with previous year April to current year October
regional monthly mean temperatures (Left) and total monthly precipitation (Right)
for western white pine growing on granitic (upper) and ultramafic (lower) substrates.
Climate growth analysis was conducted using the residual chronology. Results that32
were statistically significant (0.05) are shown with a filled bar.

Mountain Hemlock
Mountain hemlock growth was negatively correlated with spring and summer
temperatures of the previous year and positively correlated with spring temperatures of
the current year. The more stringent response function analysis demonstrated a negative
growth response to the previous year’s summer temperature and a positive growth
response to the current year spring temperature (Figure 4.5). Generally, negative
correlations and response functions of mountain hemlock growth with temperature were
enhanced when using maximum temperatures instead of mean temperatures (Appendix
Table 7.3). An example of a strengthened signal, when using maximum temperatures
instead of mean temperatures, was for the mountain hemlock growth response function
analysis. The response function became significant for spring temperatures of the
previous year, emulating the signal found for the correlation analysis with mean
temperatures. Conversely, positive correlations and response function analysis of
mountain hemlock growth with temperature were generally enhanced when using
minimum temperatures instead of mean temperatures (Appendix Table 7.4).
The growth of mountain hemlock had a strong positive correlation and response
to previous year’s spring and summer precipitation. However, current year winter and
late spring precipitation were negatively correlated with mountain hemlock growth.
Growth response of mountain hemlock to PDSI and April SWE was similar to the
correlation for precipitation. There were differences in the response of mountain hemlock
growth on different substrates to SWE. Mountain hemlock on ultramafic sites was
positively correlated with previous year April 1st SWE for 9 out of 14 snow course sites,
but mountain hemlock growth on granite was only positively correlated with April 1st
SWE from 2 out of 14 snow course sites. In the current year, ultramafic mountain
hemlock growth was significantly negatively correlated with 5 out of 14 snow course
sites, while granitic mountain hemlock growth was not correlated with any snow course
sites (Appendix Table 7.20).

The previous year (April-October) PDSI correlates

positively with mountain hemlock growth while the current year (May-October) PDSI
correlates negatively with mountain hemlock growth (Appendix Table 7.10).
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Mountain hemlock growth correlated negatively with the previous year’s April
and May PDO index values (Appendix Table 7.16). Similarly, mountain hemlock growth
was negatively correlated with temperature in the same months. Because the PDO index
was correlated with an increase in temperatures in the spring months, it suggests that
mountain hemlock growth is influenced through temperature-driven variation in the
PDO.
The ENSO, PNA, PDO and NPO indices all correlated with growth of Mountain
Hemlock in at least one month (Appendix Tables 7.12, 7.14, 7.16, and 7.18). For all of
these correlations, the climatic mechanism that influenced growth could not be
determined. Mountain hemlock growth correlated negatively with the PNA and NPO
indices in the current summer. The growth of mountain hemlock correlated negatively
with the ENSO index in the previous year’s winter and the PDO index in the current year
winter. However, dendroclimatic analysis of mountain hemlock growth with temperature
and precipitation could not be reconciled with teleconnection influences on climate
because months with significant teleconnection-growth rate correlations did not have a
similar temperature or precipitation-growth rate correlations with mountain hemlock
growth.
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Mountain Hemlock

Correlation Coefficient

Granitic

Ultramafic

Temperature

Precipitation

Response Function

Granitic

Ultramafic

Temperature

Precipitation

Figure 4.5 Correlation coefficient (top) and response function analysis (bottom) of
mountain hemlock radial growth with previous year April to Current year October
regional monthly mean temperatures (Left) and total monthly precipitation (Right)
for mountain hemlock growing on granitic (upper) and ultramafic (lower) substrates. 35
Climate growth analysis was conducted using the residual chronology. Results that
were statistically significant (0.05) are shown with a filled bar.

Substrate Results
Regardless of species considered, growth rate response to climate was similar on
ultramafic and granitic substrates. In total, 43 out of 47 species specific significant
climate-growth rate correlations overlapped with similar correlations between substrate
chronologies when neighboring months with the same sign were included. For the
response function analysis 22 out of 27 species specific significant responses were
matched with similar signals between substrate chronologies when neighboring months
with the same sign were included (Table 4.6). Mountain hemlock was least influenced by
substrate as growth response to precipitation and temperature was remarkably similar. All
ring width-climate correlations were the same on ultramafic and granitic bedrock. This
result is in contrast to western white pine which had a generally similar growth response
to climate, but also included three non-paired correlations that were consistent with the
western white pine on the other substrate.
Mountain hemlock growth appears to have a different correlation and response to
st

April 1 SWE, depending on substrate. Mountain hemlock growth on ultramafic sites
had stronger correlations with April 1st SWE while the correlation of mountain hemlock
growth on granite with April 1st SWE was weak (Table 4.7; Appendix Table 7.20). The
difference in mountain hemlock growth correlations with April 1st SWE between sites
may be a result of the elevation differences between the sites, as the ultramafic mountain
hemlock stand I sampled was 200 meters higher than the granitic mountain hemlock
stand.

Table 4.6 Counts of overlapping statistically significant monthly responses to climate
variables across substrate type. * indicate the inclusion of neighboring months with the
same sign into the counts.
Correlations
Response
Function

Climate Variable
Temperature
Precipitation
Temperature
Precipitation

ABMA
8 / 8*
4/5
6/6
4/5

PIMO
8 / 10
4/5
3 / 5*
2 /2

TSME
9 / 9*
10 / 10*
4 / 4*
3 / 5*
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Table 4.7 Counts of 14 sites for statistically significant correlations and responses to
April SWE snow course sites. Arithmetic sign indicates positive or negative growth
correlations and response to SWE. * indicates one significant response function for
mountain hemlock growth that is counter to the established trend.
Predicted Year

ABMA

PIMO

TSME

Ultramafic

Granitic

Ultramafic

Granitic

Ultramafic

Granitic

Previous Year

+2

0

0

0

+9

+2

Current Year

0

0

0

0

-5

0
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Chapter 5. DISCUSSION
Ultramafic substrates had little influence on the climate-growth rate relationships
in the conifers sampled in the Klamath Mountains. The associated species growth
correlations and responses to temperature and precipitation variables do not differ
substantially between chronologies of conifers on either ultramafic or granitic sites.
There is evidence from previous research that substrate type can override the influence of
climate on the distribution of trees and shrubs (Wright and Mooney 1965, Briles et al
2011). Wright and Mooney (1965) suggested that the absence of competition on nutrient
poor soils (dolomite) most likely explained why the distribution of bristlecone pines in
California does not follow traditional temperature gradients. However, while soil
mediates the influence of climate on vegetation distributions, my results demonstrate that
soil type does not significantly mediate individual tree growth response to climate. This
is consistent with a previous dendroclimatic study that demonstrates parent soil material
(e.g. dolomite) does not influence the climate-growth rate relationship in conifers with
similar topographic variables (Obenhuber 1998).
The climate-growth rate relationships of the conifers in this study are consistent
with established climate-growth rate relationships for conifers in mountain ecosystems
with a Mediterranean climate in California (Graumlich 1991, Peterson et al. 1991, Bunn
et al. 2005, Littell et al. 2008, Dolanc et al. 2013, Torbenson 2014, Marcinkowski et al.
2015). The species in my study, red fir, western white pine and mountain hemlock are
predominantly found on mesic sites at high elevations with deep snowpacks (Taylor
1995, Gedalof and Smith 2001, Peterson and Peterson 2001, Peterson et al. 2002). The
growth of energy-limited sub-conifers at or near tree line is generally enhanced by
warmer conditions in the summer and a longer snow-free period directly related to
decreased winter precipitation and increased spring temperatures (Peterson 1998, Royce
and Barbour 2001). Contrastingly, moisture-limited systems are generally at the lower
end of species elevation ranges in which growth of conifers responds positively to
precipitation and negatively to temperature-driven evaporative demand (Littell et al.
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2008, Albright and Peterson 2013). Warm, dry summers reduce energy reserves either
through a decrease in photosynthetic potential, increasing respiration rates, or by
diverting energy reserves to current year growth (Peterson and Peterson 2001).

Red Fir
Red fir (Abies magnifica) has not been used for many dendroclimatological
studies. Opportunities for research are limited as it is endemic to the Sierra-Nevada,
Klamath and southern Cascade Mountains of California and Oregon (Griffen and
Critchfield 1972, Sawyer and Thornburg 1977, Barbour and Woodward 1985). However,
red fir has been shown to have common interannual radial growth variations across
latitudinal gradients, demonstrating a likely climate-growth rate signal, and has been used
in composite climate-growth rate studies (Briffa et al. 1992, Millar 2004, Torbenson
2014). Previous work has found that red fir can be energy-limited (Zhang and Oliver
2005), display moisture limitation in the previous year and energy limitation in the
current year (Dolanc 2013), and have an even broader range of climatic responses based
on elevation and latitude (Torbenson 2014).
The response of red fir in this study is moisture-limited in both the previous year
and the current year. The growth responses of red fir to temperature, precipitation and
PDSI indicate that decreasing moisture stress leads to increased growth. Previously
developed moisture-limited red fir chronologies occurred primarily below 2200 meters,
consistent with the sampling elevation at 2150 meters in this study (Torbenson 2014).
However, while red fir has a demonstrated strong dendroclimatic signal, stands of red fir
tend to be young (about 200-300 years) and have limited use in developing
reconstructions of past climates (Torbenson 2014).

Western White Pine
Western white pine (Pinus monticola) suffers from the same dearth of
dendroclimatic studies as does red fir. Prior to Dolanc’s investigation (2013) into the
dendroclimatic responses of sub-alpine conifers including western white pine, radial
growth of western white pine had only been shown to be negatively associated with the
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two years of cone production (Eis et al. 1965). Western white pine a strong potential for
use in dendroclimatic studies, especially as it exists in a large geographic range along the
coast mountain ranges from central California to southern British Columbia and from
northern Idaho to southern British Columbia in the interior (Critchfield and Little 1966).
Growth relationships of western white pine with climate were similar to sub-alpine
conifers in the West Coast mountain region and responded positively to moisture in the
previous year and warm temperatures in the current year (Dolanc 2013).
The growth of western white pine in the Klamath Mountains responds to climate
in a similar way to other established western white pine chronologies in West Coast
mountain ecosystems. The growth of western white pine was linked to wet and warm
temperatures in Dolanc’s (2013) study and is apparent in Klamath Mountain western
white pine growth response to climate, but the previous year wet signal is stronger than
the current year warm signal. In the current year, positive correlations of growth with
spring temperature suggest that the system is energy-limited; however, the expected
snowpack, precipitation or PDSI correlations with growth do not corroborate this
interpretation. In the previous year, temperature, precipitation and PDSI correlations with
western white pine growth suggest that the system is either moisture-limited or that
energy limitation from the previous year stores carbohydrates used for growth in the
following year (Fritts 1976). Western white pine growth in the Klamath Mountains did
not respond to April 1st SWE from the previous year, even though temperature and
precipitation temporal patterns point to these systems having some elements of energy
limitation.
Although the majority of climate-growth rate relationships are consistent between
the ultramafic and granitic chronologies, there is evidence suggesting that western white
pine on granite is a more moisture-limited system and that western white pine on
ultramafics are more energy limited. The evidence that western white pines on
ultramafics is more temperature limited comes from the positive growth correlation with
fall temperatures, which would allow trees to continue building carbohydrates stores for
the next year, and negative growth correlation with precipitation in the current spring
which would extend the snowpack further into the growing season. The evidence that
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western white pines on granite are more moisture limited comes from the stronger growth
correlation with PDSI in the previous year, and the negative growth correlation with
summer temperatures in the previous year which leads to increased evaporative stress.
Two reasons may explain the increased moisture-stress signal of western white pine
growth on granitic soil. The first is that the western white pines sampled on granitic soil
were on slopes that were much steeper than those sampled on ultramafics (22.5% vs.
53.7%), and the second is that the western white pines on granitic soils were growing on
thin soil often within cracks or joints in continuous granite outcrops. These two factors
may lead to lower soil moisture and increased moisture stress, and suggest that soil type
may contribute to these minor differences in growth correlation with climate.

Mountain Hemlock
Unlike red fir and western white pine, mountain hemlock (Tsuga mertensiana)
has been used for many dendroclimatic studies. Growth of mountain hemlock responds
to climate variability at monthly, annual and decadal time scales (Blasing and Fritts 1976,
Briffa et al. 1992, Wiles et al. 1996, 1998, Smith and Laroque 1998, Gedalof and Smith
2001, Peterson and Peterson 2001, Marcinkowski 2012, Dolanc 2013). However,
emerging evidence suggests that these growth responses to climate are nonstationary, and
annual and decadal climate conditions may mediate monthly climate – growth rate
correlations (Marcinkowski et al. 2014).
Growth of mountain hemlock in the Klamath Mountains responds to climate in
similar ways to mountain hemlock to at low elevations in the Pacific Northwest and at the
southern end of its range (Peterson and Peterson 2001, Dolanc 2013). Peterson and
Peterson (2001) found that mountain hemlocks in southern Oregon and at low elevations
were generally moisture-limited, while Dolanc (2013) found that mountain hemlock at
high elevations in the Sierra Nevada Mountains followed the same previous-year wet and
current-year warm pattern leading to increased radial growth, a pattern also found in
western white pine. The wet/warm correlations with radial growth were also strong for
mountain hemlocks in the Klamath Mountains. Similar to the results found in Dolanc’s
study, the growth of mountain hemlock was better correlated with the wet/warm pattern
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than was western white pine. While similar explanations for mountain hemlock positive
growth response to a wet previous year, such as increased carbohydrate storage or
moisture limitation in the previous year e.g, western white pine, another mechanism has
been suggested. Mountain hemlock cone production usually occurs on a three year cycle
and favorable climatic conditions can promote resource allocation to larger cone
production, which results in a reduction of cambium growth in the following year. The
previous year’s summer temperature is positively correlated with the size of the cone
crop in the maturation year and is negatively correlated with the same year’s radial
cambium growth (Woodward et al. 1994, Gedalof and Smith 2001). However, this
relationship is tenuous as cone production may be more related to evolved strategy
(Koening and Knops 2000). Climate relationships may be independent and may not
signify a trade-off between growth and reproduction as has been demonstrated in
California oaks (Koening et al. 2007).
Mountain hemlock growth is primarily energy limited in the current year. The
growth response of mountain hemlock in the previous year could either be explained as a
moisture-limited system or a lagged response to energy limitation and subsequent
carbohydrate storage in the current year. April 1st SWE was positively correlated with
growth in the previous year and negatively correlated with growth in the current year,
adding evidence to the wet/warm pattern. However, the mountain hemlock chronology
on ultramafic soil had multiple statistically significant correlations with April 1st SWE,
while the mountain hemlock chronology on granite did not correlate with April 1st SWE.
Two possible explanations exist for this difference: i.) there is a substrate-mediated
growth correlation with snow water equivalent or ii.) the difference between sites is an
artifact of elevation differences. The second explanation is more likely as the ultramafic
mountain hemlock chronology which had a more consistent response to April 1st SWE
was 200 meters higher than the granitic mountain hemlock chronology. A stronger
association with snow is expected at higher elevations as these sites have deeper
snowpacks that persist into the summer and reduce the number of snow-free days, which
provides a competitive advantage for mountain hemlock (Taylor 1995, Peterson 2001).
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Climate Teleconnections and Radial Tree Growth
Determining the mechanisms by which a teleconnection may influence tree
growth is difficult, as teleconnections may influence local precipitation and temperature
patterns in unexpected ways. Linear correlations only begin to characterize
teleconnections associated temperature and precipitation patterns when these patterns are
classified as on of three stages (positive, neutral and negative) that may all have different
associated climate patterns. Correlating snowpack data with teleconnections provides a
unique opportunity to corroborate teleconnection impacts on winter temperature and
precipitation patterns as snowpack is directly influenced by both of these variables. The
PDO and PNA patterns were correlated with increased winter and spring temperatures,
while ENSO increased precipitation. April 1st SWE correlated as expected with
teleconnections based on temperature and precipitation effects on SWE. The PDO and
PNA reduced April 1st SWE at low and mid elevations, while ENSO increased April 1st
SWE at high and mid elevations.
Although multiple significant correlations with radial tree growth occurred for
the PNA, PDO, ENSO and NPO, determining how and why tree growth responded to
teleconnections is complex in part because climate is only part of what influences tree
growth (e.g, genetics, competition, disturbance, etc) and the correlations are modest.
Correlations with teleconnections are manifested through temperature and precipitation
variability. However, most teleconnection index correlations with growth occurred in
months with no relation to associated temperature or precipitation patterns for that
species, e.g.; the NPO and PNA indices were negatively correlated with growth in July of
the current year for western white pine even though there were no growth correlations
with temperature or precipitation. Some correlations with tree growth ran counter to
associated temperature and precipitation patterns, e.g.; the ENSO index was negatively
correlated with growth of mountain hemlock in April in the previous year, even though
ENSO increased April 1st SWE, and mountain hemlock growth was positively correlated
with April 1st SWE in the previous year.
The PNA and NPO were shown to increase temperatures in the Klamath
Mountains. Red fir growth correlated negatively to the PNA and NPO in months when

43

there was an established correlation with temperature. This result would suggest that
these teleconnections influences tree growth through temperature changes. However,
growth of mountain hemlock also correlated negatively to the NPO index in the same
month, even though mountain hemlock growth had the opposite correlation with
temperature in the current year.
The PDO was the teleconnection whose influence on tree growth was most clearly
linked to the teleconnection’s influence on regional climate. Consistent with mountain
hemlock chronologies from southern Oregon and low elevations in the Pacific Northwest,
growth of mountain hemlock in the Klamath Mountains was negatively correlated to the
previous year PDO signal in the winter and spring (Peterson and Peterson 2001). As a
positive PDO phase was linked to a decrease in April 1st SWE, and mountain hemlock
growth was positively correlated with April 1st SWE, we can infer that the linkage
between mountain hemlock growth, PDO and snowpack is robust. Although the PNA
and the PDO have similar effects on temperatures in the Klamath Mountains, the PNA
index was not correlated with the growth of conifers in months likely to influence
snowpack development. The PDO can be viewed as a window on the impacts of
predicted climate change on conifers in California as it increases temperatures at the
decadal scale. Therefore, the predicted decrease in snowpack in the Klamath Mountains
due to anthropogenic climate change is likely to decrease growth of mountain hemlock in
the Klamath Mountains.

Competition and Refugia
During the Holocene, the range of conifers in the Klamath Mountains has been
highly responsive to temperature changes – shifting trees to higher elevations in higher
temperatures and lower elevations when temperatures recede (Briles et al. 2011).
Climate-growth rate relationships developed for conifers lend support to future
compositional changes which follow these same patterns. If climate-growth rate
relationships were used to predict compositional changes, they would predict the same
compositional response of conifers to climate on ultramafic substrates. However, the
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pollen and charcoal lake sediment cores suggest that vegetation composition is stable on
ultramafic substrates (Briles et al. 2011).
In northern California, the presence of mountain hemlocks has been attributed to
tolerance of snow and the lack of competition from snow-intolerant species (Taylor
1995). Without snowpack, mountain hemlock is outcompeted even though the climate
envelope may still be generally hospitable. Ultramafic soils may provide a similar benefit
to species, as many potential competitors are excluded due to the site’s nutrient profile.
Unlike snowpack, soil type is stationary and does not respond to climate. This lack of
competition produces an environment without understory competition and allows for a
species to persist on the fringes of its climatic envelope.
Finding potential climate change refugia locations is important to prevent the
extinction of flora and fauna and allow for re-seeding of species after climate change
induced warming abates. Refugia locations are often identified as microclimatic zones
which promote mild climatic conditions driven by topography. Locations in which
species are able to persist on the fringes of their climatic envelope may be just as
important. This research suggests that the compositional stability and the refugia status of
the Klamath Mountains are due to ultramafic soils preventing competitive exclusion of
conifers. Further support for this theory is found in research on bristlecone pine, in which
the absence of competition has been suggested as the most likely reason for that species’
range extending beyond its established temperature gradients on dolomitic soils (Wright
and Mooney 1965). However, competition-absent refugia locations only extend the
climatic envelope and provide a buffer -- but not immunity -- from climate-change driven
mortality. Moreover, the absence of competition does not just lead to compositional
stability, but it may also lead to longer-lived individuals. Trees sampled on ultramafic
substrates for this study were long lived with individuals dating back to the 11th century.
As the climate-growth rate relationship of conifers on ultramafic soils is preserved and
merged with neighboring chronologies, these conifers can be used to create unusually
long dendroclimatic reconstructions from the common subalpine forests species in the
Klamath Mountains.
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APPENDIX
Table 7.1 Pearson’s r correlation values, showing the associations between the 10
climate stations, regional climate and PRISM data from the ultramafic and granitic sites.
Precipitation correlations are given above the diagonal and temperature correlations
below the diagonal. Correlations are calculated over the overlapping records between
stations given in Table 3.2. Regional climate (in bold) was reported in the results.
Prism Ultramafic

Prism Granitic

Regional

Yreka

Weavervile

Shasta Dam

Red Bluff

Orleans

Happy
camp

Ft Jones

Covelo

Callahan

Ashland

Ashland

-

.63

.42

.54

.69

.45

.42

.51

.51

.73

.6

.57

.54

Callahan

.74

-

.37

.73

.59

.59

.48

.57

.55

.79

.67

.64

.71

Covelo

.58

.85

-

.18

.4

.56

.64

.72

.69

.45

.7

.58

.53

Ft Jones

.68

.84

.81

-

.63

.59

.31

.35

.45

.73

.58

.58

.6

Happy
camp
Orleans

.71

.8

.81

.83

-

.49

.4

.46

.5

.7

.63

.58

.57

.73

.82

.85

.84

.94

-

.58

.55

.38

.53

.23

.19

.19

Red Bluff

.52

.79

.78

.66

.57

.6

-

.72

.59

.64

.81

.6

.67

Shasta Dam

.38

.81

.84

.5

.51

.56

.61

-

.76

.62

.83

.78

.77

Weavervile

.64

.87

.89

.83

.86

.87

.76

.65

-

.6

.79

.74

.7

Yreka

.78

.84

.77

.87

.79

.84

.59

.53

.8

-

.79

.77

.78

Regional

.62

.9

.93

.82

.84

.85

.88

.69

.93

.8

-

.84

.84

Prism Ultramafic
PRISM Granitic

.65

.88

.9

.8

.82

.82

.87

.7

.89

.76

.93

-

.97

.72

.9

.9

.83

.9

.91

.79

.66

.91

.81

.92

.93

-
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Table 7.2 Significant (p <.05) Pearson’s r correlations coefficients between standardized
tree ring index and North Central California regional monthly mean temperature for the
1896-2014 period, across a 19 month climatic window from April of the previous year to
October of the current year. Stands on ultramafic substrates are shaded grey and stands
on granitic substrates are not shaded. See methods for species codes and climate data
sources.
Significant correlation coefficients of Klamath Mountain mean regional temperature with tree
growth
Previous Year

Species
A

M

J

AMBA

PIMO

-.26

-.2

-.23

-.27

-.30

A
-.28

-.29

-.35

S

O

N

D

J

F

M

-.21

M

J

J

A

S

O

-.25

-.21

-.24

-.23
-.35

A

-.18

+.21

-.30

TSME

J
-.37

Current Year

+.21

+.35

+.21

+.27

-.27

+.28

-.30

+.20

+.32

Table 7.3 Significant (p <.05) Pearson’s r correlations coefficients between standardized
tree ring index and North Central California regional monthly maximum temperature
for the 1896-2014 period, across a 19 month climatic window from April of the previous
year to October of the current year. Stands on ultramafic substrates are shaded grey and
stands on granitic substrates are not shaded. Bolded numbers are improved correlations
compared to mean temperature. See methods for species codes and climate data sources.
Significant correlation coefficients of Klamath Mountain monthly maximum regional temperature
with tree growth
Previous Year

Specie
s
A

M

AMB
A

J

A

N

-.29

-.19

-.30

-.40

-.26

-.20

-.25

-.24

-.25

-.34

-.33

O

-.31
-.18

-.30

S

-.38

-.29

PIMO

TSME

J

Current Year

-.42

D J

F

M

A

-.20

-.20

+.19

J

J

-.22

-.20

-.23

-.17

A S

O

+.33
+.24

-.20

+.27

-.35
-.42

M

+.19

+.29
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Table 7.4 Significant (p <.05) Pearson’s r correlations coefficients between standardized
tree ring index and North Central California regional monthly minimum temperature
for the 1896-2014 period, across a 19 month climatic window from April of the previous
year to October of the current year. Stands on ultramafic substrates are shaded grey and
stands on granitic substrates are not shaded. Bolded numbers are improved correlations
compared to mean temperature. See methods for species codes and climate data sources.
Significant correlation coefficients of Klamath Mountain Minimum regional temperature with
tree growth
Previous Year

Species
A

M

J

J

AMBA

A

S

O

M

J

-.28

+.24

-.21

-.20

+.23

-.17

-.18

PIMO

Current Year
N

D

J

F

M

A

+.20

-.23
-.20

TSME

+.20

+.32

+.26

+.28

A

S

O

+.24

-.19
-.20

J

+.28

+.19

Table 7.5 Significant (p <.05) Pearson’s r correlations coefficients between standardized
tree ring index and North Central California regional monthly total precipitation for the
1896-2014 period, across a 19 month climatic window from April of the previous year to
October of the current year. Stands on ultramafic substrates are shaded grey and stands
on granitic substrates are not shaded. See methods for species codes and climate data
sources.
Significant correlation coefficients of Klamath Mountain regional precipitation with tree growth
Previous Year
Current Year
Species

A

M J

J

AMBA

PIMO

S

+.26
+.26

+.3

+.23

+.25

+.21

TSME

A

+.32

+.31

+.28
+.35

O

N

D

J

F

+.33

+.24

+.29

+.22

M

A

M

J

J

A

S

O

-.17

+.17

-.2
-.16

-.20
-.16

57

Table 7.6 Significant (p <.05) response function regression coefficients between
standardized tree ring index and North Central California regional monthly mean
temperature for the 1896-2014 period, across a 19 month climatic window from April of
the previous year to October of the current year. Stands on ultramafic substrates are
shaded grey and stands on granitic substrates are not shaded. See methods for species
codes and climate data sources.
Significant response function of Klamath Mountain regional temperature with tree growth
Previous Year
Current Year
Species

A

M

J

AMBA

J

A

-.28

-.17

S

O

N

D

J

F

M

A

M

-.19

J

-.21

-.18

-.19

J

A

S

O

+.24

PIMO

-.15

+.14

-.22

TSME

+.15

-.18

+.20
-.18

+.19

Table 7.7 Significant (p <.05) response function regression coefficients between
standardized tree ring index and North Central California regional monthly maximum
temperature for the 1896-2014 period, across a 19 month climatic window from April of
the previous year to October of the current year. Stands on ultramafic substrates are
shaded grey and stands on granitic substrates are not shaded. Bolded numbers are
improved correlations compared to mean temperature. See methods for species codes
and climate data sources.
Significant response function of Klamath Mountain Maximum regional temperature with tree
growth
Previous Year
Current Year

Species

A

M

AMBA

J

J

A

-.28

-.17

-.21

-.27

S

O

N
-.16

D

J

F

M

A

M

J

J

A

S

O

-.18

-.18

-.2

-.18

+.21

-.26

+.16

-.22

+.20

-.31

+.21

+.15

-.15

PIMO
-.16
-.19

TSME

-.20

-.33
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Table 7.8 Significant (p <.05) response function regression coefficients between
standardized tree ring index and North Central California regional monthly minimum
temperature for the 1896-2014 period, across a 19 month climatic window from April of
the previous year to October of the current year. Stands on ultramafic substrates are
shaded grey and stands on granitic substrates are not shaded. Bolded numbers are
improved correlations compared to mean temperature. See methods for species codes
and climate data sources.
Significant response function of Klamath Mountain Minimum regional temperature with tree
growth
Previous Year
Current Year

Species

A

M

J

J

A

S

O

N

D

-.28

AMBA

J

F

M

A

+.17

-.20

M

J

+.23

-.25

+.21

-.21

J

A

S

O

+.21

PIMO

-.19

+.2

+.19
+.22

TSME

+.22

Table 7.9 Significant (p <.05) response function regression coefficients between
standardized tree ring index and North Central California regional monthly total
precipitation for the 1896-2014 period, across a 19 month climatic window from April
of the previous year to October of the current year. Stands on ultramafic substrates are
shaded grey and stands on granitic substrates are not shaded. See methods for species
codes and climate data sources.
Significant response function of Klamath Mountain regional precipitation with tree growth
Previous Year

Current Year

Species
A

M

J

J

AMBA

A

+.19

S

O

N

D

J

F

+.22

+.18

+.18

+.17

M

A

M

J

J

A

S

O

+.23

PIMO

+.19
+.26

TSME

+.15

+.15
+.23

+.17
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Table 7.10 Significant (p <.05) Pearson’s r correlations coefficients between standardized
tree ring index and North Coast monthly PDSI for the 1895-2014 period, across a 19
month climatic window from April of the previous year to October of the current year.
Stands on ultramafic substrates are shaded grey and stands on granitic substrates are not
shaded. See methods for species codes and climate data sources.
Significant correlation coefficients of North Coast PDSI values with tree growth
Previous Year

Current Year

Species

AMBA

PIMO

TSME

A

M

+
.28
+
.23
+
.24
+
.34
+
.43
+
.37

+
.19
+
.23
+
.19
+
.33
+
.24
+
.25

J

J

+
.23
+
.21
+
.34
+
.25
+
.25

+
.21
+
.21
+
.32
+
.22
+
.22

A

S

O

N

D

+
.28
+
.28
+
.36
+
.29
+
.29

+
.26
+
.37
+
.20
+
.41
+
.29
+
.27

+
.36
+
.45

+
.32
+
.38

+
.24

+
.37
+
.18
+
.28

+
.31

+
.19

J

F

M

A

M

+
.21
+
.20

.22
.20

+
.22

J

J

A

+.
19

+
.19
.17

+
.20

.22
.19

.22
.20

.21
.18

S

O

.24
.24

.19
.17

Table 7.11 Significant (p <.05) response function regression coefficients between
standardized tree ring index and North Coast monthly PDSI for the 1895-2014 period,
across a 19 month climatic window from April of the previous year to October of the
current year. Stands on ultramafic substrates are shaded grey and stands on granitic
substrates are not shaded. See methods for species codes and climate data sources.
Significant response function of North Coast PDSI values with tree growth
Previous Year

Current Year

Species
A
+.31

AMBA

M

J

J

A

-.08

-.12

-.09

S

O

N

D

J

F

M

A

M

J

J

A

S

O

+.29
+.32

PIMO

+.23
+.31

TSME

+.24

+.24
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Table 7.12 Significant (p <.05) Pearson’s r correlations coefficients between standardized
tree ring index and the monthly multivariate ENSO 3.4 index for the 1950-2014 period,
across a 19 month climatic window from April of the previous year to October of the
current year. Stands on ultramafic substrates are shaded grey and stands on granitic
substrates are not shaded. See methods for species codes and climate data sources.
Significant correlation (r)
coefficients of Nino 3.4 index with tree growth
Previous Year
Current Year
Species

A

M

J

J

A

S

O

N

D

J

F

M

A

M

J

J

A

S

O

AMBA

PIMO
-.31

TSME

-.29

Table 7.13 Significant (p <.05) response function regression coefficients between
standardized tree ring index and the monthly multivariate ENSO 3.4 index for the 19502014 period, across a 19 month climatic window from April of the previous year to
October of the current year. Stands on ultramafic substrates are shaded grey and stands
on granitic substrates are not shaded. See methods for species codes and climate data
sources.
Species

Significant response function of Nino 3.4 index with tree growth
Previous Year
Current Year
A

M

J

J

A

S

O

N

D

J

F

M

A

M

J

J

A

S

O

AMBA

PIMO
-.45

TSME

-.38
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Table 7.14 Significant (p <.05) Pearson’s r correlations coefficients between standardized
tree ring index and the monthly NPO index for the 1950-2014 period, across a 19 month
climatic window from April of the previous year to October of the current year. Stands
on ultramafic substrates are shaded grey and stands on granitic substrates are not shaded.
See methods for species codes and climate data sources.
Significant correlation (r) coefficients of NPO index with tree growth
Species

Previous Year
A

M

J

J

A

S

Current Year
O

N

D

J

F

M

A

M

J

J

A

S

O

-.32

AMBA

-.22
+.26

PIMO
+.26

-.23

TSME

-.32

Table 7.15 Significant (p <.05) response function regression coefficients between
standardized tree ring index and the monthly NPO index for the 1950-2014 period,
across a 19 month climatic window from April of the previous year to October of the
current year. Stands on ultramafic substrates are shaded grey and stands on granitic
substrates are not shaded. See methods for species codes and climate data sources.

Species

Significant response function of NPO index with tree growth
Previous Year
Current Year
A

M

J

J

A

S

O

N

D

J

F

M

A

M

J

J

A

S

O

-.26

AMBA
+.24

PIMO
-.24

TSME

-.28
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Table 7.16 Significant (p <.05) pearson’s r correlations coefficients between standardized
tree ring index and the monthly PDO index for the 1900-2014 period, across a 19 month
climatic window from April of the previous year to October of the current year. Stands
on ultramafic substrates are shaded grey and stands on granitic substrates are not shaded.
See methods for species codes and climate data sources.
Significant correlation (r) coefficients of PDO index with tree growth
Species

Previous Year
A

M

J

J

A

Current Year

S

O

N

D

J

F

M

-.15

-.16

A

M

J

J

A

S

O

AMBA
+.17

PIMO

TSME

-.25

-.21

-.25

-.24

-.21

Table 7.17 Significant (p <.05) response function regression coefficients between
standardized tree ring index and the monthly PDO index for the 1900-2014 period,
across a 19 month climatic window from April of the previous year to October of the
current year. Stands on ultramafic substrates are shaded grey and stands on granitic
substrates are not shaded. See methods for species codes and climate data sources.
Species

Significant response function of PDO index with tree growth
Previous Year
Current Year
A

M

J

J

A

S

O

N

D

J

F

M

A

M

J

J

A

S

O

-.18

AMBA

-.19

PIMO
-.21

-.12

TSME

63

Table 7.18 Significant (p <.05) Pearson’s r correlations coefficients between standardized
tree ring index and the monthly PNA index for the 1950-2014 period, across a 19 month
climatic window from April of the previous year to October of the current year. Stands on
ultramafic substrates are shaded grey and stands on granitic substrates are not shaded.
See methods for species codes and climate data sources.
Species

Significant correlation (r) coefficients of PNA index with tree growth
Previous Year
Current Year
A

M

J

J

A

S

O

N

D

J

F

M

A

M

J

J

A

S

O

-.25

AMBA
+.25

PIMO

-.26
-.24

TSME

-.23

Table 7.19 Significant (p <.05) response function regression coefficients between
standardized tree ring index and the monthly PNA index for the 1950-2014 period,
across a 19 month climatic window from April of the previous year to October of the
current year. Stands on ultramafic substrates are shaded grey and stands on granitic
substrates are not shaded. See methods for species codes and climate data sources.
Species

Significant response function of PNA index with tree growth
Previous Year
Current Year
A

M

J

J

A

S

O

N

D

J

F

M

A

M

J

J

A

S

O

-.21

AMBA
+.26

PIMO

TSME

64

Table 7.20 Significant (p <.05) Pearson’s r correlations coefficients between standardized
tree ring index and April 1st SWE for full record for snow course periods. Correlations
analyzed with previous and current year influences on tree growth. Stands on ultramafic
substrates are shaded grey and stands on granitic substrates are not shaded. See methods
for species codes, station record length and climate data sources.
Significant correlation (r) coefficients of Klamath Mountain April 1st SWE Snow Course with
tree growth
Species and Substrate Type
Year

Previous

Current

Site
Bear Basin
Big Flat
Deadfall Lake
Dynamite
Meadow
Etna Mountain
Highland Lake
Mumbo Basin
Parks Creek
Red Rocks
Mountain
Shimmy Lake
Swampy John
Sweetwater
Whalan
Wolford Cabin
Bear Basin
Big Flat
Deadfall Lake
Dynamite
Meadow
Etna Mountain
Highland Lake
Mumbo Basin
Parks Creek
Red Rocks
Mountain
Shimmy Lake
Swampy John
Sweetwater
Whalan
Wolford Cabin

Abies magnifica
Red fir

Pinus monticola
Western white pine

Tsuga mertensiana
Mountain hemlock
+.27
+.33

+.29

+.35
+.33

+.35

+.25

+.25

+.25

+.26
+.36
+.41

+.32

-.30

-.30
-.30
-.30
-.21
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