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ABSTRACT

This paper documents a pilot study investigating the potential use of pinyon pine (Pinus monophylla
Torr. & Frem) growing in the White Mountains of eastern California for climate reconstructions. The
single-leaf pinyon pine from this study exhibit a significant and stable relationship with annual (August–
July) precipitation over the instrumental record (r = 0.69). This relationship is stronger than that of the
lower forest border bristlecone pine (Pinus longaeva) growing nearby. Spatially, the climate-growth re-
lationship remains strong beyond this localized region, extending over Southern California. Although
pinyon pine is not as long lived as the bristlecone pine, these results indicate that the strength of the
climate-growth relationship makes this species valuable in developing climate reconstructions in the fu-
ture. Additionally, the presence of persistent remnant wood at all sampling sites offers an opportunity to
extend pinyon records further back in time. Furthermore, the close proximity of pinyon pine to bristle-
cone pine at these sites presents the possibility of developing multi-species reconstructions using both
species.
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INTRODUCTION

The state of California is in the midst of its
fifth year of statewide drought, with the water years
2012–2015 being the driest 4-year period in the in-
strumental record (CADWR 2016). This drought
has had devastating impacts on agricultural and ur-
ban water supplies, resulting in $1.5 billion in direct
agricultural damages in 2014 alone (Howitt 2014).
The instrumental record of precipitation in Cali-
fornia only extends back to the late 19th Century,
making it impossible to assess the severity of this
drought in a longer-term context. Climate proxy
records, such as those developed from tree rings, al-
low for an assessment of climate based on an ex-
panded temporal window. To date, proxy data from
tree rings have proven to be useful for putting this
recent drought in a long-term context in some parts
of the state, including central and southern Cal-
ifornia (Griffin and Anchukaitis 2014), and more
studies are likely to follow. The expanded tempo-
ral context from the tree-ring data has proven to
be useful for water resource management, providing

an understanding of the range of drought variabil-
ity possible under natural climate conditions alone
(Woodhouse and Lukas 2006; Meko and Wood-
house 2011).

In California, a number of climate proxy
records have been developed from tree rings to ex-
amine past precipitation, streamflow, and drought,
and to place 20th and 21st Century climate vari-
ability and drought in a long-term context. In the
northern headwaters of the state, a sequence of
studies has reconstructed the flow of the Sacra-
mento River (Earle 1993; Meko et al. 2001). The
six-year period, 1929–1934, was found to be an un-
usually severe drought over the last 1150 years, only
being rivaled by two six-year periods near A.D. 980.
However, for both shorter (one to three year) and
longer (decadal and multi-decadal) droughts, none
of the five most severe droughts occurred in the 20th

Century (Meko et al. 2001).
A network of blue oak (Quercus douglasii

Hook & Arn.) tree-ring chronologies in central
California has been critical for the California
portion of a gridded network of Palmer Drought
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Severity Index (PDSI, Palmer (1968)) reconstruc-
tions (Cook et al. 2004) as well as for region-specific
reconstructions of precipitation and drought
(Meko et al. 2001; Gervais 2006; Meko et al.
2011a; Stahle et al. 2013; Griffin and Anchukaitis
2014). A recent study found that the 2012–2014
drought, as assessed by the PDSI in central and
southern California, is more severe than any over
the last 1200 years (Griffin and Anchukaitis 2014).
However, this study also determined that the
2012–2014 drought measured solely as a precip-
itation deficit is not uncommon, indicating that
warm temperatures have exacerbated the cur-
rent drought compared to similar past moisture
deficits.

In the Sierra Nevada, foxtail pine (Pinus bal-
fouriana Grev. & Balf) and western juniper (Junipe-
rus occidentalis Hook.) have been used to recon-
struct moisture variability (Graumlich 1993; Lloyd
1997; Lloyd and Graumlich 1997). Reconstructions
indicate that the worst period of drought of the
20th Century, 1910–1934, is not uncommon, with
eight other multi-decadal droughts of comparable
severity occurring over the last millennium in the
Sierra Nevada (Graumlich 1993). In contrast, only
two other time periods over the last millennium
are comparable to the prolonged wet period oc-
curring from 1937–1986 in the observed precipita-
tion record (Graumlich 1993). Work has been done
in southern California using bigcone Douglas-fir
(Pseudotusuga macrocarpa (Vasey) Mayr) to recon-
struct precipitation and streamflow along the coast
of southern and central California (Michaelsen et
al. 1987; Haston and Michaelsen 1994; Larson
1994; Haston and Michaelsen 1997). These studies
found results similar to those found in the Sierra
Nevada and indicate the observed record of pre-
cipitation does not encompass the range of vari-
ablity represented in precipitation reconstructions.
The bigcone Douglas-fir studies also indicate that
observed 20th Century precipitation has generally
been higher and less variable than precipitation
in past centuries (Haston and Michaelsen 1994,
1997).

Although the spatial coverage of tree-ring data
and reconstructions of hydroclimatic variability for
California is relatively broad, some areas of the
state have received little attention. In eastern Cali-
fornia, tree-ring research has been primarily limited

to bristlecone pine (Pinus longaeva), which has been
used to assess past temperature and precipitation,
in the White Mountains, east of the Sierra Nevada,
and bordering Nevada (Hughes and Graumlich
1996; Hughes and Funkhouser 1998, 2003; Salzer
et al. 2013). However the climate-growth relation-
ships for moisture on which these assessments are
based are weaker compared to reconstructions from
lower elevation conifers or oak (Fritts and Schatz
1975; St. George 2014). For example, an annual re-
construction (prior July-growing season to June)
of precipitation based on a single bristlecone pine
site from the White Mountains of California and
a revised reconstruction with a longer calibra-
tion period, achieved explained variances of R2 =
0.35 and R2 = 0.40 over their respective calibra-
tion periods (Hughes and Graumlich 1996; Hughes
and Funkhouser 1998). These reconstructions were
based on a single tree-ring chronology, and work
using a network of six bristlecone chronologies im-
proved the reconstruction skill, with an explained
variance of R2 = 0.48 against regional precipi-
tation (Hughes and Funkhouser 1998). In con-
trast, a recent reconstruction model of PDSI us-
ing blue oak from four sites in central and south-
ern California achieved an explained variance of R2

= 0.82 (Griffin and Anchukaitis 2014). Although
this is an exceptionally high R2, reconstructions of
Sacramento River basin flows using a larger net-
work of lower elevations conifers reflect a simi-
lar level of skill (Meko et al. 2001). However, the
bristlecone pine growing in eastern California in-
clude some of the oldest trees in the world, with
some living more than 4700 years (Schulman 1958).
This longevity enables reconstructions extending
as far back as 8000 years (Hughes and Graum-
lich 1996), the exceptional length of which is a
trade-off for the high degree of climate sensitiv-
ity in species like blue oak, for which chronologies
are typically only 400–700 years long (Meko et al.
2011).

Pinyon pine (Pinus monophylla Torr. & Frem.)
found in the White Mountains of eastern Califor-
nia is a climatically sensitive tree species that has
yet to be fully utilized as a climate proxy in this re-
gion. Pinyon pine can be found on the lower slopes
of the White Mountains, but its use in reconstruct-
ing past climate has been neglected in favor of
bristlecone pine that grow upslope. Although not
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as long lived as bristlecone pine, pinyon commonly
reaches ages in excess of 500 years in the Great
Basin (Strachan et al. 2012; Biondi and Bradley
2013) and because of xeric conditions remnant
wood can persist on the ground for several cen-
turies. Pinyon pine in other parts of the Great Basin
has successfully been used as a proxy for stream-
flow (Smith 1986; Strachan et al. 2012; Biondi
and Bradley 2013). A related pinyon, Pinus edulis,
has been an important species for hydroclimatic
reconstructions in the U.S. Southwest and Col-
orado (e.g. Stockton and Jacoby 1976; Woodhouse
and Lukas 2006, Meko et al. 2007). The com-
bined longevity and climate sensitivity of pinyon
pine make the species an ideal candidate for use
as a proxy record. Pinyon pine grows at a lower
elevation under conditions that are both hotter
and drier compared to the bristlecone pine, sug-
gesting a potentially greater sensitivity to mois-
ture stress and/or possibly a different seasonal re-
sponse to moisture variability. Although shorter,
chronologies from pinyon may provide additional,
improved, and/or complementary climate infor-
mation when used in conjunction with bristle-
cone pine to develop records of past hydroclimatic
variability.

The overarching goal of this study is to assess
the feasibility of developing pinyon pine tree-ring
chronologies in eastern California, their potential
for climate reconstruction, and strengths and weak-
nesses of pinyon as a climate proxy compared to
the neighboring bristlecone pines. Specifically, our
research questions are as follows: (1) To what cli-
mate conditions are pinyon pine ring widths sen-
sitive? (2) Is the relationship between pinyon pine
growth and climate stable through time? (3) How
does the climate sensitivity of pinyon pine com-
pare to that of nearby bristlecone pine? (4) What
is the potential for pinyon pine and bristlecone pine
chronologies to be used as complementary sources
of information in a multi-species hydroclimatic re-
construction for California? We hypothesize that
the pinyon pine will be sensitive to moisture be-
cause of the xeric site conditions, and that because
the sites are more climatically stressful, the rela-
tionship between moisture and ring growth will be
stronger in the pinyon pine than in bristlecone pine,
with potentially complementary seasonal climate
information.

DATA AND METHODS

The study area lies in the White Mountains
located in east-central California (Figure 1). This
area is characterized by an open-grown pinyon-
juniper-dominated arid ecosystem on talus slopes
and ridges with numerous limestone outcroppings
(Figure 1). The White Mountains are in the rain
shadow of the Sierra Nevada resulting in low an-
nual precipitation with an average of 27.54 cm/year
(10.84 in). The majority of the precipitation oc-
curs during the winter and early spring (December–
March) peaking at an average of 3.73 cm in the
month of March. The average temperature range
is from −8.1◦C to 25.4◦C (17.4◦F to 77.7◦F) with
January being the coldest month and July being the
warmest month (Daly et al. 2008) (Figure 1).

Trees were sampled in an area surrounding
Grandview Campground in the Inyo National For-
est, east of Bishop, California (Figure 1). The site
covers ca. 200 hectares, with an average elevation
of 2630 m. The Grandview Campground site was
initially targeted for sampling because of the pres-
ence of numerous healthy old-growth pinyon pine
trees and the abundance of remnant samples with
an aged appearance. Old pinyon pine trees, identi-
fied based on visual characteristics of age includ-
ing canopy dominance and gnarled branches, were
selected when possible. A total of 130 cores and
4 cross-sections were collected from 88 trees. Two
cores per living tree were collected when possible
via increment borer as close as possible to 180 de-
grees apart around the bole of the tree, for a to-
tal of 122 cores from living samples. Standing dead
wood and large dead-fall remnants were sampled
using an increment borer (8 cores) or a hand saw
(4 cross-sections) from a total of 12 remnant trees.
Locations of all sampled trees and remnants were
marked with a GPS. Because of the pilot nature
of this study, trees were sampled from a variety of
slopes and aspects, ranging from flat to 30◦ and
from south to north/northwest.

All cores were air dried and mounted in
wooden core mounts. Cross-sections were air dried
and mounted to plywood to ensure they remained
intact. All samples were sanded to a polished
surface with progressively finer sandpaper (Stokes
and Smiley 1968; Orvis and Grissino-Mayer 2002).
The rings of all samples were visually counted
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Figure 1. Map of study area. GVP and MWK collection sites (stars), PRISM grid points (circles), and long-term climate stations
(squares). Locator map with PDSI grid point #59 (inset right). Climograph for the White Mountain region (bottom left) average
precipitation in cm (bars), average temperature in ◦C (black line), temperature range (gray). Climate data are based on 12 PRISM grid
points located on the map. Grandview Pinyon-Juniper woodlands in the White Mountains of California (bottom right).

and crossdated (Stokes and Smiley 1968). Samples
were measured either using a Velmex measuring
stage or scanned at 1800 dpi then measured using
WinDENDRO measuring software (Regent Instru-
ments 2009). The computer program COFECHA
was used to statistically verify crossdating (Holmes
1983; Grissino-Mayer 2001). Missing rings were
common and samples with an excessive number of

missing rings (i.e. samples with more than 7% miss-
ing rings were not datable if missing rings were clus-
tered) were either excluded or truncated to ensure
dating accuracy through the entire series.

Standardized tree-ring chronologies were gen-
erated with the computer program ARSTANv41d
(Cook and Krusic 2005). The measured tree-ring
series were interactively detrended. Series with



Pinyon Pine Potential for Climate Reconstruction in Eastern California 15

Table 1. Chronology statistics for the Grandview Campground

Pinyon Chronology (GVP), mean values for 15 Pinus monophylla

chronologies in the International Tree-Ring Databank (ITRDB),

and Methuselah Walk Bristlecone (MWK).

GVP ITRDB MWK

Number of Series 42 149
Inter-series Correlation 0.73 0.80 0.74
Mean Sensitivity 0.55 0.53 0.38
Autocorrelation 0.51 0.58 0.51
Missing Rings 3.9% 3.3% 1.6%

a clear biological growth trend were detrended
using a negative exponential curve to remove
this trend (Cook 1985). The remaining samples
were detrended using a conservative two-thirds se-
ries length smoothing spline, to retain the low-
frequency variability in the series, important when
evaluating long-term climate variability (Cook et al.
1995). Autoregressive modeling was used to remove
autocorrelation from these series to create a resid-
ual ring-width index for all of the chronologies to be
used in climate comparisons. Autocorrelation was
assumed at least partially caused by tree biology
(Fritts 1976).

Along with the new chronology, Grandview
Pinyon (GVP), we made use of a nearby bristle-
cone pine tree-ring chronology from Methuselah
Walk (MWK) (Table 1), updated to 2009, obtained
from Dr. Matthew Salzer. The original MWK col-
lection, used in a Nevada Division 3 precipita-
tion reconstruction (Hughes and Graumlich 1996;
Hughes and Funkhouser 1998), is located 4 km
northeast of Grandview Campground and is likely
to experience similar precipitation and soil mois-
ture variations as the Grandview pinyon. We used
the residual version of the MWK chronology for
dating verification and also to assess the differ-
ences between bristlecone and pinyon pine in their
climate signal and stability of the signal over
time.

The climate analysis in this study employed
Parameter-elevation Regressions on Independent
Slopes Model (PRISM) gridded climate data (Daly
et al. 2008). Monthly total precipitation, and mean
temperature for years 1896–2014 values were ob-
tained for twelve 4 km × 4 km spaced grid points
located in the White Mountain region (Figure 1).
The grid point values were averaged together to gen-

erate regional average monthly climate series. The
climate-growth relationships were assessed with
correlation analysis using the MATLAB function
SEASCORR (Meko et al. 2011b). SEASCORR ex-
amines climate-growth relationships between a tree-
ring series and two climate variables using correla-
tions for the primary climate variable, partial corre-
lations for the secondary variable, and Monte Carlo
simulation of the tree-ring series to estimate the
confidence intervals. SEASCORR was used to iden-
tify the individual months, as well as three, six, and
twelve-month time periods with the strongest cor-
relation between the residual tree-ring chronologies
and climate data. SEASCORR was also used to
calculate partial correlations that are useful for as-
sessing the correlations between tree growth and
monthly temperatures, independent of the relation-
ships with monthly precipitation.

In order to evaluate the stability of the cli-
mate signal through time, moving correlations (us-
ing a 30-year window, incremented by one year) be-
tween the GVP residual chronology, modern pre-
cipitation data, and reconstructed Palmer Drought
Severity Index (PDSI) were generated. For the mod-
ern period, results of the precipitation-tree relation-
ship were assessed relative to the estimated num-
bers of stations available over time (based on a
survey of stations, NOAA Cooperative Observer
Network (WRCC 2013)). The PDSI reconstruction
was obtained from the Lamont-Doherty Earth Ob-
servatory’s Climate Data library (Cook and Kru-
sic 2004). Grid point 59 was selected for analy-
sis because of its proximity to the study site and
its location east of the White Mountains, repli-
cating the rain shadow effect experienced by the
study site. The spatial extent of the correlations be-
tween regional climate and the pinyon pine tree-
ring chronology at Grandview was assessed with
gridded PRISM precipitation data (http://prism.
oregonstate.edu) using KNMI Climate explorer
(http://climexp.knmi.nl). The analysis to assess cli-
mate signal stability using the reconstructed PDSI
grid point and the spatial analysis was also per-
formed using the MWK chronology.

RESULTS

The GVP chronology was generated using all
datable pinyon pine. This chronology is made up of
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Figure 2. Full Grandview Campground (GVP) residual chronology (expressed population signal (EPS) >0.85 dark gray; EPS < 0.85
light gray), with 20-year moving average (black), and number of cores (dashed).

28 trees (42 of 122 samples) and is 479 years long.
These samples came primarily from trees growing
in higher parts of the site as it was not possible
to date many of the trees sampled at lower eleva-
tions because of missing rings. Dating appeared to
become increasingly problematic for samples col-
lected around or below 2600 m a.s.l. (31 of 88 trees
were sampled at 2600 m or lower). Although the
chronology extended further back in time, the ex-
pressed population signal is ≥0.85 from AD 1535
on when sample depth is above 15, so we trun-
cated the chronology at this date (Figure 2) (Wigley
et al. 1984). The GVP chronology demonstrates
comparable chronology statistics when compared
to 15 existing Pinus monophylla collections in the
International Tree-Ring Data Bank, with an inter-
series correlation of 0.73, mean sensitivity of 0.55,
autocorrelation of 0.51, and segment length 479
years. About 4% of the rings were missing in the
samples that were used (Table 1).

The GVP chronology is primarily sensitive
to moisture variability. The strongest correlation
in an individual month of precipitation for GVP
is January, with a correlation of r = 0.38 (Fig-
ure 3). Correlations increase with aggregation over
months and are higher over periods of multiple
months. Three- and six-month precipitation totals
for winter and early spring (December–February,
December–May) have the strongest relationship
with tree growth (r = 0.53 and r = 0.61, respectively)
(Table 2). The strongest 12-month relationship is

with prior year August through current-year July
precipitation, with a correlation of r = 0.69 (Ta-
ble 2). The relationship between GVP tree growth
and annual (August–July) precipitation is evident
in the time series plot that shows a close corre-
spondence between the two series, with 93 of the
117 years having the same sign of departure from
the mean in a sign test (significant at p < 0.01)
(Figure 4, top). The relationship between GVP tree
growth and temperature, independent of the rela-
tionship with precipitation, is weaker, as would be
expected. The strongest single-month correlation
with temperature is a significant inverse relation-
ship with June (r = −0.25) (Figure 3). The com-
bined effect of a positive relationship with mois-
ture and a negative relationship with temperature
is representative of a drought-stress signal, where
there is insufficient moisture for the tree photosyn-
thesis at its maximum efficiency for the temperature
experienced.

The relationship between the bristlecone
chronology, MWK, and climate has similarities to
the GVP chronology. The strongest climate-growth
relationship for bristlecone is with cool-season pre-
cipitation, but for a different part of the cool season
compared to pinyon (Figure 3). This is most notice-
able in the 6-month correlations, when the highest
6-month precipitation-bristlecone correlation is
for prior September–February (r = 0.46), com-
pared to December–May for the pinyon (r = 0.61)
(Table 2). Both chronologies are correlated with
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Figure 3. Correlation between residual tree-ring series and precipitation (top) and partial correlations with temperature (bottom), for
individual months and aggregated over 12-month intervals. Significance α = 99% (black dashed) and α = 95% (gray dashed). GVP
chronology (GVP, black); Methuselah Walk (MWK, white).

December–January precipitation, but bristlecone
pine growth is also associated with antecedent
fall moisture conditions whereas the pinyon is
associated with spring conditions (Figure 3). It
is also notable that the strongest precipitation-
growth relationships on an annual (12 month)
basis for these bristlecone (June–May, r = 0.54) is
different from the pinyon (Aug–July, r = 0.69) and
slightly weaker but not significantly different (p <

0.069) (Figure 3). As with the pinyon, bristlecone
growth is inversely related to temperature, but more
strongly so. The negative response to prior year
August and September are the strongest relation-
ships for MWK. In contrast the GVP chronology
shows weaker, but significant negative correlations

Table 2. The months and values with strongest correlations be-

tween GVP and MWK residual chronologies and regional pre-

cipitation for 1, 3, 6, and 12-month intervals.

GVP MWK

1 Month Jan: 0.38 Oct*: 0.30
3-Month Dec*–Feb: 0.53 Dec*–Feb: 0.40
6-Month Dec*–May: 0.61 Sep*–Feb: 0.46
Annual Aug*–Jul: 0.69 Jun*–May: 0.54

*denotes previous year.

with previous September and November, as well
as with current year June (Figure 3). Divergence
between tree growth and climate in this low eleva-
tion moisture-limited bristlecone site has not been
found to be an issue (e.g. Salzer et al. 2014).

The GVP precipitation-tree growth relation-
ship is generally stable over the instrumental period,
although correlations are weaker during the early
portion of the climate record (Figure 4, bottom).
This temporal change could reflect scarcity of cli-
mate data in the early part of the record rather than
a weakened response of trees to climate (Figure 4).

Over longer time periods, moving correlations
between the GVP chronology and reconstructed
PDSI indicate a variable but generally strong rela-
tionship between PDSI and pinyon pine tree growth
(Figure 5). Over the last 500 years the correlation
between pinyon pine and PDSI grid point 59 has
mostly remained between r = 0.60 and r = 0.80 for
any given 30-year period, although dipping lower
during several intervals. In contrast, moving corre-
lations between this PDSI grid point and the MWK
bristlecone chronology are more variable, with cor-
relations that match those of the pinyon in parts of
the record, but frequently decrease to lower values
with a total range from r = 0.21 to r = 0.86. The
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Figure 4. Top: annual precipitation in cm (August–July) (black). GVP residual chronology (solid gray) and MWK residual chronology
(dashed gray). Bottom: 30-year moving correlation between GVP residual chronology and annual (Aug–July) precipitation (black).
Approximate number of climate stations from the NOAA Cooperative Observer Network in the general vicinity of the site (gray).

20th Century is a particularly weak time period for
this relationship (Figure 5).

The spatial relationship between the GVP
residual chronology and winter (December–
February) precipitation over the instrumental

period is the strongest over the White Mountains,
(r > 0.50) and across most of central California
(r > 0.4), with extensions into the rest of the state
and the Great Basin (Figure 6). In contrast, the
strongest spatial relationship between the MWK

Figure 5. 30-year moving correlation between residual tree-ring chronologies and reconstructed PDSI (Grid point 59) for the last 500
years. GVP (black); MWK (gray).
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residual chronology and winter precipitation is in
the central Great Basin. Moderate correlations (r >

0.30) extend into Arizona and southern California.

DISCUSSION

This study set out to determine whether pinyon
pine in the White Mountains of California could
be dated and developed into a tree-ring chronology
and whether pinyon pine is potentially useful for
developing climate reconstructions. We also inves-
tigated how the climate sensitivity of pinyon pine
compares to bristlecone pine in this region, possi-
bly allowing for the development of a more skillful
reconstruction of past climate, or complementing
the climate information in bristlecone pine.

The Grandview pinyon proved to be datable,
although careful site selection is needed to avoid
sampling trees from sites too stressful for reliable
annual rings. Missing rings were a concern at the
onset of the project, and indeed, many of the lower
elevation samples were not datable because of this.
Even in the more favorable sites, missing rings were
one of the biggest challenges to working with the
pinyon pine trees from this area. The threshold for
datable series, based on missing rings was set at
approximately 7%, above which samples were of-
ten undatable. However, it was common for missing
rings to be clustered over a few decades or a cen-
tury time period, which rendered parts of a num-
ber of samples unusable. One sample, for exam-
ple, had 36 absent rings in 499 years, but those
missing rings were not evenly distributed through
the sample. Sixteen of the missing rings occurred
since 1900, whereas only four absent rings occurred
through the 1700s. The 1900s and the 1600s were
the two centuries that had the most missing rings
across all samples, and consequently the 1900s were
frequently truncated. Similarly, earliest portions of
many cores were removed, as dating through the
1600s was simply not possible. The effects of these
truncations can be seen when looking at the sam-
ple depth of the chronology (Figure 2) in which the
period of highest sample depth is in the 1700s.

Even with the dating challenges, the results
of this pilot study indicate that pinyon pine in
the White Mountain study area of eastern Califor-
nia can be used to develop high-quality tree-ring
chronologies suitable for climate reconstructions.

The chronology statistics of GVP compare favor-
ably with published Pinus monophylla chronologies
in the ITRDB, and indicate good potential for cli-
mate reconstruction.

The climate response of the GVP pinyon to
precipitation is largely weighted toward the cool
season, and into spring, although the strongest cor-
relation is with the 12-month period from August to
July (Table 2). Temperature response, without the
influence of precipitation, tends to be weighted to-
wards the fall prior to the growth year and during
the summer where the strongest correlation is an
inverse relationship with temperatures in growing-
year June (Figure 3). A comparison of the ob-
served August–July total precipitation and the GVP
chronology indicates good correspondence between
high growth and wet conditions as well as low
growth and dry conditions. The match is good from
ca. 1930 to the present except for a brief interval in
the late 1970s early 1980s (Figure 4). Prior to 1930,
mismatches could be related to the decrease in num-
ber of climate stations that are integrated into the
gridded precipitation data (Figure 4). Running cor-
relations between 12-month precipitation and the
GVP chronology confirm the consistency of this re-
sponse over most of the modern period, and also
suggest the combined scarcity and limited distri-
bution of climate stations in the beginning of the
record resulted in less representative climate data
and may account for weaker relationship between
the climate time series and tree growth (Figure 4).

The seasonal climate information is similar
for the MWK and GVP chronologies, focused on
cool-season precipitation, but there are some im-
portant differences. The MWK chronology’s cli-
mate signal is stronger in the prior summer and fall
months, whereas GVP is more strongly correlated
with the winter and spring months (Figure 3). As
with GVP, the strongest climate relationship is with
a 12-month period, but it is June–May, instead of
August–July, indicating a shift of about 3 months
and the greater importance of prior summer mois-
ture in the MWK bristlecone (Figure 3). Partial
correlations for temperature also show similar sea-
sonal differences. Although correlations with an-
nual precipitation are higher for GVP pinyon than
for MWK bristlecone (r = 0.65 vs r = 0.54), par-
tial correlations with temperature are stronger for
MWK during the late summer and fall months,
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indicating a stronger relationship with temperature,
independent from that with precipitation for bristle-
cone. These seasonal differences in the climate sen-
sitivity of the two chronologies indicate that there
may be complementary climate information in the
two species at this location. For example, a cool-
season precipitation reconstruction for eastern Cal-
ifornia using the two species could take advantage
of the prior fall and winter moisture sensitivity
in the bristlecone pine, and the winter and spring
moisture sensitivity in the pinyon.

Spatial analysis indicates that the climate sig-
nal in GVP extends west of the White Mountains
and into central California, suggesting that pinyon
chronologies from this region could contribute use-
ful information on past moisture variably over a
much larger region, including much of the south-
ern half of the state (Figure 6). The spatial foot-
print of the climate signal in the MWK bristlecone
is somewhat different, again presenting potential
complementary information. Using both bristle-
cone and pinyon from this site would provide a
more robust reconstruction of cool-season mois-
ture over the southwestern Great Basin and central
California.

Reconstructed PDSI, which integrates mois-
ture and temperature, is useful for assessing the sta-
bility of the drought signal in the chronologies over
past centuries. It should be noted that the recon-
structed PDSI used is not completely independent
of the MWK bristlecone pine chronology, as this
chronology was used in the gridded PDSI recon-
struction (Cook and Krusic 2004). Running corre-
lations, used to qualitatively assess the stability of
the relationships over time, suggest variability in the
relationship over time for both series, but overall,
correlations between PDSI and the pinyon remain
quite high over the past 500 years (Figure 5). The re-
lationship between tree growth at GVP and PDSI is
stronger than for MWK, in spite of the fact that the
reconstructed PDSI data set is not completely in-
dependent from MWK. This result suggests greater
sensitivity and more consistent response to drought
by pinyon pine compared to bristlecone pine in
the White Mountains, and that the inclusion of
pinyon could help improve the gridded PDSI recon-
structions for south-central California. In addition,
some of the fluctuations in correlations for GVP
and MWK are synchronous, which could be worth

further investigation. Questions raised by the run-
ning correlation results include: Are there periods in
which relationships between tree growth and PDSI
become statistically insignificant or is the variabil-
ity in the correlations at the noise level? What is the
origin or cause of this instability? Is it the recon-
structed PDSI climate data, or the tree-ring data,
or is it an indication that the trees are growing in
a dynamic system and will experience shifts in how
they respond to long-term climate variability? Ad-
dressing these questions is outside the scope of the
current study but would be useful to pursue in sub-
sequent work.

CONCLUSIONS

This work establishes pinyon pine as a promis-
ing species for climate reconstruction in this region.
The current chronology extends back to AD 1535
(Figure 2) but further collections of remnants could
extend this record. One remnant cross-section that
did not overlap in time with the pinyon samples was
successfully dated to the MWK chronology back
to AD 882, and other samples fell within the 600-
year gap between the pinyon chronology and this
remnant. These remnant samples indicate the po-
tential to develop a much longer time series than
the one presented in this paper. A recommendation
for future work would be to focus on remnant cross-
sections to extend the chronology back in time. Ex-
amination of remnant cross-sections showed that
few rings are fully missing in pinyon, but rather
were locally absent. In many cases two cores may
not have been sufficient to capture these rings. The
challenge that missing rings presented in the study
could potentially be alleviated by taking three or
more cores per tree. Additionally, based on these re-
sults, we recommend further sampling of pinyon in
the area be focused on less moisture-stressed sites at
elevations above 2600 m.

Our results suggest pinyon pine has several
key differences that complement the strengths and
weaknesses of bristlecone pine in this region, justi-
fying additional collections and chronology devel-
opment for use as a paleoclimate record. Pinyon’s
sensitivity corresponds to some of the most im-
portant months for cool-season precipitation and
could provide useful information for understand-
ing cool-season droughts of the present, relative
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to those of the past. Spatially, both the pinyon
pine and bristlecone pine have a significant relation-
ship with moisture that extends beyond the White
Mountains, and this opens the possibility of anal-
ysis of past moisture variability over a broader re-
gion. Finally, because of the differences between the
pinyon and bristlecone sensitivity, there is the po-
tential to develop a multi-species reconstruction us-
ing both species that would be stronger than one de-
veloped with an individual species alone.
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