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Abstract

Understanding natural variability in precipitation and drought, and the resulting
effects on Sierra Nevada forests, is crucial for successful resource management in this
environmentally sensitive area of California. This study assessed the species-specific
influence of precipitation variations on radial growth, recruitment, and mortality
patterns for three conifer species (Pinus jeffreyi, Juniperus occidentalis, and Pinus
contorta) in two mid-elevation lake catchments over the past 550 years. The P.
Jeffreyi chronology was the most highly correlated with winter precipitation patterns,
although the other two species also exhibited significant correlations. Ring-width
patterns suggest the influence of the Pacific Decadal Oscillation (PDO) and El Nifio—
Southern Oscillation (ENSO) on winter precipitation over the length of the records.
Recruitment patterns displayed significant, though directionally distinct, correlations
with winter drought: P. contorta exhibited increased recruitment during extended
drought periods, while P. jeffreyi and J. occidentalis showed increased recruitment
during wetter intervals. Finally, a ring of dead trees around both lakes is evidence of
a late 20th century water level rise, likely caused by earlier snowmelt and/or wetter
conditions. Moisture availability has exerted a strong influence on Sierra Nevada
forests through time, but the strength of tree-growth response, and even the sign of

tree population response, has been species-specific.

DOI: 10.1657/1523-0430(05-080)[POTITO]2.0.CO;2

Introduction

Instrumental climate records and observations over the past
100 years have highlighted the importance of water stress and the
occurrence of significant annual to multi-annual droughts on the
functioning of forest ecosystems in many parts of California,
including the Sierra Nevada Mountains. Understanding the
magnitude, frequency, and causal mechanisms of prolonged arid
periods is essential not only for long-term water resources
planning in California, but for management and conservation of
Sierra Nevada forests. In addition to aiding in understanding the
long-term development and functioning of present Sierra Nevada
forests, this study will also offer a baseline for assessing and
potentially managing the changes that might occur due to global
warming over the next century.

Dendroclimatological and dendroecological studies provide
a means of reconstructing variations in precipitation, as well as
individual tree and population response to such changes, over
several centuries. The goals of the study presented here were
threefold. First, long-term ring-width records from three domi-
nant conifer species typical of moisture stressed low to mid-
elevation sites (Royce and Barbour, 2001) in the Sierra Nevada
were used to determine species-specific growth trend responses to
changes in effective moisture through time. Second, recruitment
(establishment and survival) patterns for the three conifer species
were compared to the above climate reconstruction to ascertain
the impact of differences in moisture on recruitment patterns
(North et al., 2005; Kitzberger et al., 2000; Swetnam and
Betancourt, 1998; Szeicz and MacDonald, 1995). Finally, an
apparently climate-induced mortality event, evidenced by drowned
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tree snags around at least four lakes in the study region, was dated
and its causal mechanisms investigated.

Study Sites

This study is concentrated within two small, mid-elevation
lake catchments along the eastern slope of the Sierra Nevada
(Fig. 1). The catchments are situated within mixed forest
ecosystems just west of the Great Basin/lower montane boundary,
and receive approximately 75 cm of precipitation annually
(Leavitt Meadows SnoTel station; http://www.wcc.nrcs.usda.gov/
snotel). The Roosevelt Lake catchment (2213 m above sea level
[a.s.l.] at the lakeside) is dominated by Pinus jeffreyi Graf. and
Balf. (Jeffrey pine) forest, although open Juniperus occidentalis
Hook. (western juniper) woodland and some Pinus contorta
Louden (lodgepole pine) are also present. The Hidden Lake
catchment (2379 m a.s.l. at the lakeside) is dominated by P.
contorta forest on the north-facing slopes and open J. occidentalis
woodland and mixed J. occidentalis and P. jeffreyi forest on the
south-facing slopes and ridge tops. Hidden Lake also has a dense,
young P. contorta stand surrounding the immediate lakeside,
likely due to enhanced recruitment of shade-intolerant P. contorta
following a recent mortality event of lakeside trees. Soils in this
area are gravelly loamy coarse sand to fine sandy loam, and soil
conditions are patchy (Blake, 2006). Deeper soils (30-40 cm) with
higher nutrient and water-holding capacity are found in flatter
areas within the lake basins, while shallower (10-20 cm) and
sandier soils are found along the ridgetops and on steeper slopes.

The Sierra Nevada receives the bulk of its precipitation as winter
snowfall, when the polar front shifts southward resulting in the

A. P. Potito AND G. M. MacDoNALD / 129

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 25 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



% ||
e B y
& \
San Fra .
- s
@CL. o 0
H"". 0\
o i »
O A
O L‘j
% 5
- -
e S
Los An%élek -
O \
s 4
FIGURE 1.

movement of cyclonic storms into California (Raphael and Mills,
1996). A major organizing force on winter snowpack variability in
the Sierra Nevada and the western United States during the last 200+
years has been the Pacific Decadal Oscillation (PDO) (Biondi et al.,
2001; Gedalof and Smith, 2001; Millar et al., 2004; MacDonald and
Case, 2005), with El Nifo-Southern Oscillation (ENSO) also
exhibiting an influence on precipitation at the annual to multi-
annual time scales (Latif and Barnett, 1994). It is the influence of
these annual to multi-decadal variations in the winter precipitation
regime, driven by PDO and ENSO among other factors, and their
effects on forest dynamics that were investigated in this study.

Methodology

Field data were collected in three phases. First, two cores
were extracted from 30 of the oldest trees of each conifer species:
P. jeffreyi, P. contorta, and J. occidentalis. Second, to assess the
local forest structure presently surrounding the lakes, a sampling
of all-aged trees within each catchment were systematically cored
along transects radiating away from each lake at every 45° angle
from north (total of 8 transects per catchment) using the point-
centered quarter method (Bonham, 1989; Mitchell, 2001). Finally,
there was a ring of drowned snags lining the shores of at least four
lakes in the region: Hidden Lake, Roosevelt Lake, Red Top Lake,
and Lane Lake (Fig. 1). The least rotted of the dead trees were
cored or cross-sectioned, and 30 cross-datable series were obtained
to accurately date the occurrence of this recent lake level rise.
Several fire scars were obtained from dead trees around the four
lakes to aid in reconstructing fire events.

Tree cores were collected using a standard increment borer, and
cross sections were obtained using handsaws. Standard procedures
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were used in preparing tree ring cores and disks for analysis (Stokes
and Smiley, 1968; Fritts, 1976). Ring widths were measured to
a 0.001-mm accuracy using a Velmex Unislide traversing table and
an AcuRite III digital counter and computer. Cross-dating of dead
and living trees was performed using the skeleton plot method
(Stokes and Smiley, 1968). A computer-assisted program, COFE-
CHA (Holmes, 1986), was used in support of cross-dating.

TREE RING-WIDTH CLIMATE RECONSTRUCTION

Tree cores for climate reconstruction were taken at breast
height, with replicate cores extracted from opposite sides of trees.
These trees were mainly located along ridges surrounding the
catchments and rock outcrops within the catchments. Identifica-
tion of old trees relied on branch width, needle loss in the upper
portion of the trees, and tree size. Cross-dating for long
chronologies was completed using a 32-year cubic smoothing
spline with a 50% wavelength cutoft for filtering. To maximize the
common signal within each chronology, only the most highly
inter-correlated radii were retained, and complacent tree ring
records (showing benign growth sites or an invariable limiting
growth factor) were discarded (Biondi, 2001). Detrending of
growth variations associated with age was accomplished using
ARSTAN software (Holmes, 1992). Each series was detrended
using a negative exponential curve, a linear regression line of
negative slope, or a horizontal line through the mean. This
detrending method is relatively conservative and was used to
preserve low frequency, climate-related trends in the chronology
(Cook et al., 1995).

The standard chronologies were correlated with monthly
values of mean temperature, total precipitation, and the mean
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Palmer Drought Severity Index (PDSI; Palmer, 1965) for
California Climate Division 3 (Great Basin; http://www.ncdc.
noaa.gov). Pearson correlation coefficients were calculated for the
interval of overlap (1895-2002) between the standardized chro-
nologies and the monthly instrumental data for the 16-month
interval beginning June of the previous year and ending September
of each growth year (Blasing et al., 1981).

After it was determined that California Climate Division 3
winter PDSI was the best predictor of annual changes in the ring-
width series (see Results section), the monthly PDSI indices were
used to run a principal components analysis (PCA) and stepwise
regression to form a transfer function to predict ring-width
measurements. For a thorough review of the PCA and stepwise
regression techniques used for this study see Hidalgo et al. (2000).
The resulting best-fit model was applied to tree ring-width
variations that predate station records, establishing a long-term
winter PDSI reconstruction.

The reconstruction was run through a Morlet wavelet
analysis to determine the dominant modes of variability within
the time series and how those modes vary through time (Torrence
and Compo, 1998). This analysis offered information on the
dominant periodicities within the record, and can indicate the
underlying causal mechanisms by highlighting patterns of
variation (Gray et al., 2003). Finally, tree ring chronologies were
correlated to a 400-year record of reconstructed North Pacific
PDO (Biondi et al., 2001) to assess if the reconstructions are
capturing regional PDO patterns.

TRANSECT DATA

Each transect was begun 5 m from the lakeside, so as not to
leave empty quadrants at the first sampling point. Along each 100-
m transect, there were six sampling points spaced 20 m apart
(from Bonham, 1989). At each point, the area around the point
was divided into four 90° quadrants, the tree closest to the point in
each quadrant was identified and cored, and distance from node
was measured. In addition, the nearest stand-dominant tree, as
determined by species, tree height in relation to canopy, and
surrounding trees, was identified and cored to ensure that
a representative sample of dominant trees was studied. Trees were
cored or cross-sectioned as close to the ground as possible, usually
within 20 to 30 cm of ground level for larger trees and at ground
level for seedlings and small saplings. If coring missed the pith, the
number of rings to the pith was estimated geometrically (Baker,
1992). Ring-width series were cross-dated with the master
chronologies where possible. A correction was made for time to
coring height by determining the age of a representative 20- to 30-
cm seedling at each site. There were 5 years added to P. contorta
and P. jeffreyi ages, and 9 years added to J. occidentalis ages.

Age structure data were aggregated into 5-year age classes,
and histograms were constructed for each of the three dominant
species. Age structure histograms were further separated by lake
catchment and proximity to lakeside (mostly to account for recent
lakeside recruitment). The resulting histograms were compared to
two models that have commonly been used to depict the age
structure of tree populations: the exponential function (constant
natality and mortality) and the power function (constant natality)
(Hett and Loucks, 1976; Légére and Payette, 1981). As the
exponential function consistently displayed a higher significance
level when compared with the histograms, this model was used for
the remainder of the study.

Deviations of the actual age structures from the modeled
exponential curves were used to reflect deviations from the

expected constant rates in recruitment over time (Agren and
Zackrisson, 1990; Szeicz and MacDonald, 1995). When construct-
ing the age structure models, the oldest 2% of the individuals in
each histogram were eliminated to avoid the disproportional
influence of outliers on the age model. Furthermore, a value of 1
was added to each age class to permit inclusion of empty age
classes in the model (Szeicz and MacDonald, 1995).

Statistical relationships between recruitment and winter PDSI
were tested by calculating Pearson correlation coefficients between
the above residuals and the aforementioned reconstruction of
winter PDSI (averaged over 5-year intervals to correspond with
age classes). The local reconstruction was used over regional
climate indicators as it represents a local manifestation of regional
climate signals. Since age class patterns are partially determined by
post-establishment mortality, particularly when young (Kozlowski
et al., 1991), recruitment residuals may show a significant
relationship with PDSI for a period following establishment. To
test this, aggregated PDSI data were averaged forward in time (10-,
15-, 20-, and 25-year aggregates). Pearson correlation coefficients
were then calculated between recruitment residuals and each of
these forward mean classes.

LAKESIDE MORTALITY EVENT

Cross-dating of lakeside snags, mostly P. contorta, with a tree
ring chronology from living trees proved problematic, as dry years
might not result in narrow rings along the lakeside. Four steps
were taken to overcome these cross-dating difficulties. First, the
general timing of the mortality event was determined by
comparing the decay state of the lakeside snags with an existing
snag decay model for P. contorta in the eastern Sierra Nevada
(Raphael and Morrison, 1987; Morrison and Raphael, 1993).
Second, living lakeside species were grouped into S-year age
classes and a histogram was constructed to determine when the
bulk of young, shade-intolerant P. contorta (Bartolome, 1983)
seedlings and saplings established themselves along the lakeside.
Third, lakeside ring-width series were cross-dated with each other
using the skeleton plot method and COFECHA (non-splined) to
obtain a fully cross-dated floating dead tree chronology (Holmes,
1986). Finally, this chronology was matched with several old living
trees using fire scars and marker rings to determine exact dates of
the mortality event.

Results
TREE RING-WIDTH CHRONOLOGIES

After eliminating complacent records, rotted cores, and those
cores that were not cross-datable, there were 25 trees and 49 ring-
width series from P. contorta, 26 trees and 44 ring-width series
from P. jeffreyi, and 20 trees and 33 ring-width series from J.
occidentalis (Table 1). Although the oldest trees date back further,
only the statistically viable portions of the tree ring chronologies
(those with a subsample signal strength [SSS] of =0.75; Wigley et
al. 1984) were used for analysis in this study. Series intercorrela-
tion is at similar levels for all three species, although intercorre-
lation was highest for J. occidentalis.

Although all three standardized chronologies tend to follow
each other closely over the past 200 years, the J. occidentalis and
P. jeffreyi chronologies follow less closely prior to 1750 (Fig. 2a).
During this time, the J. occidentalis chronology becomes unstable,
as seen by the increasing sample-size-adjusted (Osborn et al., 1997)
30-year standard deviation (Fig. 2b). The P. jeffreyi chronology
regularly exhibited higher correlations with monthly indicators
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TABLE 1

(A) ARSTAN chronology statistics. SSS = subsample signal strength. (B) Statistics for best fit regression for the winter Palmer Drought
Severity Index (PDSI) reconstruction using the standardized P. jeffi-eyi ring-width chronology. CVSE = cross-validation standard error.

A.

Chronology statistic P. contorta P. jeffreyi J. occidentalis
Total # of trees 25 26 20
Total # of series 49 44 33
Oldest sampled tree (yrs) 328 579 712
Full chronology interval 1674-2002 1423-2002 1290-2002
Chronology interval (SSS = 0.75) 18002002 1482-2002 1450-2002

# of trees/radii to reach SSS threshold 4/5 516 3/4

Series intercorrelation 0.246 0.227 0.288
Mean sensitivity 0.108 0.141 0.204
Standard deviation 0.131 0.164 0.252
First order autocorrelation 0.452 0.422 0.511

B.
Best Fit Regression:

(Oct-Feb PDSI) = 0.0037031(PJ-std) + 0.0028885(PJ-std),_, — 9.9588

Where Oct-Feb PDSI = averaged monthly PDSI from winter prior to growing season and PJ-std = standardized P. jeffreyi chronology

R?,4j = 0.3360%*
CVSE = 0.1733

** p = 0.01.

than the J. occidentalis chronology (monthly correlations not
shown here). The P. jeffreyi chronology also showed higher
monthly correlations with PDSI than with temperature or
precipitation. Furthermore, PDSI records from the winter prior
to the growth season exhibited the highest correlation with P.
Jjeffreyi ring width. Therefore, the standardized P. jeffreyi
chronology was used to reconstruct winter (October to February)
PDSI for California Climate Division 3 from 1482 to 2002.

The observed and estimated PDSI data follow each other
closely, as the model captured year-to-year changes and general
trends in the instrumental data (Fig. 3). Through Morlet wavelet
analysis, the reconstructed winter PDSI chronology shows vari-
ability similar to ENSO frequencies, exhibited both by the
significant contour lines between 4 and 8 years periodicity in the
wavelet power spectrum (Fig. 4a) and the small but significant spike
in the global wavelet centered at ~7 years periodicity (Fig. 4¢) (Diaz
and Markgraf, 2000). There is also a 60-80 year periodicity from the
mid-1700s to the end of the record that is marked by darker colors
in the wavelet power spectrum (Fig. 4b) and a peak in the global
wavelet centered at ~70 years (Fig. 4c). The 10% significance
contour line (as used by Gray et al., 2003) shows that this signal was
strongest from the mid-1800s to the mid-1900s.

The standardized P. jeffreyi chronology is significantly
correlated with a 400-year reconstructed North Pacific PDO
record (Fig. 5; Biondi et al., 2001; Pearson correlation coefficient
= 0.208, p = 0.001), and even more highly correlated with the
PDO record after 1750 (0.223, p = 0.001). Radial growth trends in
J. occidentalis are also significantly correlated to the PDO through
the entire record (0.142, p = 0.01) and after 1750 (0.139, p = 0.01).
Growth trends for P. contorta are not significantly correlated to
the PDO. None of the chronologies exhibited a direct correlation
with ENSO through time.

RECRUITMENT PATTERNS

Recruitment of the living P. contorta trees showed an increase
in successful establishment from 1840, and a peak in establishment
from 1970 to 2000 (Fig. 6a). The residuals from the entire

132 / ArcTic, ANTARCTIC, AND ALPINE RESEARCH

catchment exhibit a greater dip in recruitment during the early
20th century, and a spike in recruitment during the 1990s (Fig. 6b).
The residuals from the entire catchment model generally have
a negative correlation with reconstructed winter PDSI, with
a significant correlation for the 20- and 25-year forwarded averages
(Table 2). The relationship between P. contorta recruitment
patterns and winter PDSI was weak away from the lakeside.

Recruitment of living J. occidentalis showed an increase in
successful establishment starting ca. 1850, with a subsequent
increase in recruitment beginning ca. 1940 (Fig. 6a). The residuals
for each model exhibit decreased recruitment during the mid-1800s
and the 1930s and increased recruitment during the 1940s and
1970s (Fig. 6b). Residuals for the entire catchment also show
a spike in recruitment during the late 20th century. The residuals
from the models show a positive correlation with reconstructed
winter PDSI, with a significant correlation for the 15-, 20-, and 25-
year forwarded averages for both models (Table 2).

The P. jeffreyi histograms were subdivided by lake catchment,
as the lake catchments exhibited differing age structure patterns.
Recruitment patterns of living P. jeffreyi showed an increase in
successful establishment at 1900 for both lake catchments
(Fig. 6a). The Hidden Lake catchment also exhibited a secondary
recruitment spike during the 1960s and 1970s. Hidden Lake
residuals showed a depression in recruitment from the 1930s to the
1950s, while the Roosevelt Lake residuals showed an increased
recruitment during this time (Fig. 6b). Recruitment patterns in the
Hidden Lake catchment displayed a significant positive correla-
tion with reconstructed winter PDSI for the 10-, 15-, 20-, and 25-
year forwarded climate averages away from the lakeside, and for
the 10- and 15-year forwarded averages away for the entire
catchment (Table 2). There were no significant correlations within
the Roosevelt Lake catchment.

LAKESIDE MORTALITY EVENT

On average the dead snags along the shoreline of area lakes
exhibit mostly decay stage 4 and stage 5 characteristics (absent
needles, absent twigs, 1-19 limbs) within the snag decay model
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FIGURE 3. Reconstructed Oc-
tober to February Palmer Drought
Severity Index (PDSI) using stan-
dardized P. jeffreyi chronology.
(A) Reconstructed versus observed
PDSI (1895-2002). (B) Recon-
structed winter PDSI with an 11-
year moving average.
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designed by Raphael and Morrison (1987). As these trees were likely
killed by water immersion and are mostly 20 to 50 cm diameter, it is
likely that the snags decayed to stage 4 within 10-20 years and to
stage 5 by 20-30 years. After they reach these decay stages, they can
remain standing for 20-30 years (Raphael and Morrison, 1987;
Morrison and Raphael, 1993), placing the mortality event at some
point in the latter half of the 20th century. Living tree recruitment at
the lakeside nodes offers a clearer picture of when this event likely
occurred. Successful recruitment began in the 1950s (Fig. 7).
Recruitment increased by ca. 1970, especially for shade-intolerant
P. contorta seedlings (Bartolome, 1983). Recruitment of P. contorta
again increased by 1980.

The series intercorrelation for the cross-dated dead tree
COFECHA chronology was 0.354 (p = 0.01), and mean sensitivity
was 0.234 using 31 of the most well-preserved series. Using marker
rings and fire scars, this floating chronology was matched with
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several living trees to place the mortality event between 1952 and
1978 (Fig. 7). The snags do not show a clear pattern in recruitment
date.

Discussion
RING-WIDTH CHRONOLOGY

The P. jeffreyi ring-width chronology was favored over the J.
occidentalis chronology for climate reconstruction for a number of
reasons. The P. jeffreyi chronology regularly exhibited higher
correlations with all climate variables. Furthermore, the J.
occidentalis chronology became unstable toward the beginning
of the record (Fig. 2b). As the record becomes older, sample-size-
adjusted 30-year running standard deviation creeps upward and
the chronology becomes less stable. Finally, J. occidentalis ring-
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FIGURE 6. Recruitment patterns compared to the winter PDSI reconstruction. Figure shows 5-year age groups for the entire catchment, as
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predict age structure given constant mortality and recruitment. (B) Standardized residuals from the exponential model. ** p < 0.01, *** p

= 0.001.

width series are known to be a poor predictor of climate patterns,
as their annual growth can be heavily influenced by other factors
(Grissino-Mayer et al., 1997).

The P. jeffreyi ring-width chronology proved to be a good
predictor of PDSI values for the previous winter (October to
February). However, annual ring growth patterns only accounted
for 33.6% of the variance in the winter PDSI reconstruction,
meaning that other factors also influence radial growth, and the
reconstruction is prone to some uncertainty. These confounding
influences include other climatic factors, fire, pathogens, compet-
ition while in the understory, and possible human impacts
(McBride, 1988). Furthermore, typical of many dendroclimatic
reconstructions, the tree-ring model does not capture the full
amplitude of annual variations (Loaiciga et al., 1993).

Although the P. jeffreyi ring-width series only explains a third
of the variation in winter PDSI, the reconstruction can be used to

ascertain intervals of large or persistent droughts over the past 520
years. There were substantial droughts in the record centered at ca.
1490, ca. 1580, ca. 1620, ca. 1645, ca. 1700, mid 1800s, and the
1930s, with lesser droughts from 1510 to 1545, the late 1750s, and
1780-1800. The drought in the late 16th century generally
coincides with a mega-drought that has been recorded in tree ring
records over much of North America (Stahle et al., 2000). Other
major droughts in the record coincide with the lowest flows in
a tree ring-based Sacramento River flow reconstruction (e.g.
1580s, 1650s, 1840s, and 1930s) (Meko et al., 2001). Correlation
with this record is 0.225 (Pearson correlation coefficient; p = 0.01).
The reconstruction also matches some general trends of the
bristlecone pine precipitation reconstruction from the White
Mountains in eastern California and western Nevada: a prolonged
drought during the first half of the 16th century, a more intense
drought centered at ca. 1580, a highly fluctuating record through
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TABLE 2

Pearson correlation coefficients between recruitment residuals from
exponential modeling and reconstructed PDSI.

Pearson Correlations

Climate averaging Entire catchment Away from lakeside

P. contorta (both lakes)

most of the 18th century, and a dry interval during the 1930s
(Pearson correlation coefficient = 0.100, p = 0.05; Hughes and
Graumlich, 1996). Finally, the reconstruction correlates (Pearson
correlation coefficient = 0.247, p < 0.001) with the nearest grid-
point (37.5°N, 120°W) of a 2000-yr tree ring reconstructed
summer PDSI record (Cook et al., 2004) when the summer PDSI
record is lagged one year.

S-year 0.189 0.038 As the wavelet analysis has shown, the chronology has both
10-year -0.267 -0.028 a ~7 year periodicity throughout the record and a 60-80 year
15-year -0.245 0.121 periodicity after ca. 1750. This could be due to the influence of
20-year -0.290* 0.123 both ENSO and PDO on winter precipitation in the region. The
25-year -0.331* 0.071 PDO has been shown to have a frequency domain of 60 to 70 years
J. occidentalis (both lakes) starting at 1650 (Mann et al., 1995), with a stronger signal along
5-year 0.154 0.131 western North American beginning in the late 1700s (MacDonald
10-year 0.167 0.133 and Case, 2005; Benson et al., 2003; Gedalof et al., 2002; Gedalof
15-year 0.186 0.192 and Smith, 2001; Biondi et al., 2001). Although ENSO exerts an
20-year 0.253%* 0.264%* . . .
25-year 0.286%% 0.300% influence on winter PDSI through the reconstruction, the PDO
) ' has been shown to have an overarching influence on ENSO
P. jeffreyi (Hidden Lake) patterns for the multi-decadal to century time scales (McCabe and
S-year 0179 0.189 Dettinger, 1999). This is supported by the significant correlation of
10-year 0.334* 0.329% . . . . . .
I5-year 0315* 0.334% the P. jeffreyi and J. occidentalis chronologies with long-term
20-year 0.266 0.286* PDO values. The lack of correlation with ENSO could be due to
25-year 0273 0.295% the overriding influence of the PDO in the region, or to local stand
P jeffreyi (Roosevelt Lake) dynamics dampening the signal.
S-year 0.120 0.063
10-year 0.090 -0.020
5-year 0.176 0.054 RECRUITMENT PATTERNS
20-year 0.181 0.102 Although it has been shown that recruitment patterns in this
25-year 0.159 0.044 area are influenced by variations in winter PDSI, this is not the
*p = 0,05, p = 0.0L. only controlling Afactor in dete.rr.nmlflg establishment and survival
of the three conifers. Competition in the more dense stands can
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lower the variance of the recruitment/climate correlations. This is
especially true in the dense P. contorta and closed canopy P.
Jeffreyi stands, where shade-intolerant species recruitment can be
thwarted during times when climate is otherwise conducive to
survival (Bartolome, 1983). Insect outbreaks and fire can also have
a large influence on recruitment and survival of each species
(Laudenslayer, 1988; McBride, 1988; Bartolome, 1988). Finally,
other climate factors including summer heat and spring rains may
influence recruitment patterns (Laudenslayer, 1988). Given all of
this possible dampening of the recruitment residuals versus winter
PDSI correlation, many relationships still proved significant.

The recruitment patterns of P. comtorta have an inverse
correlation with winter PDSI, so that this species shows positive
pulses in recruitment during extended time intervals (15 to 25
years) with dry winters. This may be because P. contorta thrives
after fire, which can be promoted during extended dry climatic
interludes (Critchfield, 1980). It may also be because P. contorta is
mostly found on flat land and poorly drained soils within the
catchments, and would thus benefit from more favorable moisture
conditions during droughts than those species that are found on
more open slopes.

The recruitment patterns of J. occidentalis showed a strong
positive correlation with winter PDSI. Because J. occidentalis is
mostly found on dry open slopes within the lake catchments, water
is likely the limiting factor to their survival (Royce and Barbour,
2001). Thus, during persistently wetter conditions, this species
shows a pulse in hillside recruitment. Additionally, they do not
compete well when in close association with other conifers
(Grissino-Mayer et al., 1997). Therefore, young J. occidentalis
that are found within the P. contorta forest around Hidden Lake
may be out-competed during dry periods.

As with J. occidentalis, P. jeffreyi recruitment showed
a positive correlation with winter PDSI within the Hidden Lake
catchment. All but one of the P. jeffreyi in the Hidden Lake
catchment are on south-facing slopes, and may thus be under
more water stress than those that surround Roosevelt Lake.
However, when the Roosevelt Lake population was separated by
slope aspect, there was no discernable pattern for the south-facing
slope. Intraspecific competition may be dampening the signal in
this catchment, as most of the trees on the south-facing slope are
in a dense, closed-canopy P. jeffreyi stand. As with the closed-
canopy P. contorta stand at Hidden Lake, these trees may be
benefiting from poorly drained soil.

LAKESIDE MORTALITY EVENT

Timing of mortality was dependent upon the lake catchment.
Trees surrounding Red Top Lake died the earliest (1952-1964), as
this is a small, shallow lake that likely overflowed more easily than
the other lakes. Trees at Lane Lake died in the middle of this event
(1960-1973), and mortality occurred around Hidden Lake during
the later part of this event (1960-1978). No dead trees from
Roosevelt Lake were preserved well enough for accurate dating,
due to tree clearing for recreational users.

The mortality event that occurred along the shores of area
lakes between 1952 and 1978 may be related to early snowmelt
over much of the western United States and Canada during the
last 50 years. Wilby and Dettinger (2000) have shown that in the
Sierra Nevada, earlier rains on warmer snowpack could result in
more flooding events dependent on the shape of the water basin.
This earlier snowmelt could be due to global warming (Mote,
2003; Stewart et al., 2004) or natural climate variability, including
the PDO (Cayan et al., 2001, 2004). The mortality event could also

be due to generally wetter conditions in the Sierra Nevada after
the 1930s (Haston and Michaelsen, 1994; Graumlich, 1993). These
dead trees are likely still becoming inundated with water annually
or during wetter years, evidenced by watermarks on all of the
snags and hydrophytic vegetation around the snags’ bases. P.
contorta (the dominant lakeside snag species) can survive short
intervals in waterlogged conditions, but has been shown to suffer
in a more consistently waterlogged environment (Coutts and
Philipson, 1978). Finally, since snags do not exhibit any discern-
able pattern in recruitment date, the sites were likely conducive to
tree establishment for many years (from at least the mid-19th
century) until the 1950-1978 mortality event.

Conclusions

The P. jeffreyi reconstruction has proven to be a good
measure of winter PDSI, and has succeeded in showing known
drought events, as well as other drought events, through the last
520 years. The periodicity of the drought events and correlation
with a 400-year North Pacific PDO reconstruction show that
winter PDSI is influenced by both PDO and ENSO through most
of the reconstruction. J. occidentalis did not prove to be a good
measure of climate phenomena (Grissino-Mayer et al., 1997), and
P. contorta did not possess a long enough record for a useful
climate reconstruction. Therefore, it is recommended that P.
Jeffreyi be used for climate reconstructions in low-elevation sites
along the eastern Sierra Nevada where possible. Although there
are other longer climate reconstructions in the region, this model
succeeds in teasing out species-specific responses to moisture stress
through time. In addition, most longer reconstructions are from
high-altitude regions where the impacts of temperature and
moisture can confound interpretation (Scuderi, 1993; Graumlich,
1993; Lloyd and Graumlich, 1997).

Given all of the possible confounding factors that could
weaken the climate signal in recruitment patterns, all three tree
species showed some correlation with multi-decadal winter PDSI
patterns. This is likely due to the moisture-stressed location of the
study site—lower elevation, on the eastern slope of the Sierra
Nevada near the Great Basin boundary. J. occidentalis from both
catchments and P. jeffreyi from one of the lake catchments showed
positive pulses in recruitment with persistently high winter
moisture. Conversely, P. contorta showed positive pulses in
recruitment during prolonged multi-decadal droughts. The differ-
ing responses of each species to winter PDSI patterns could
provide range managers with the data needed to predict long-term
ecosystem response to global climate change. However, more
work needs to be done to determine the effects of other factors on
species-specific recruitment.

Finally, area lakes seem to have undergone a fundamental
shift to higher maximum levels beginning ca. 1950. The lake level
rise, as evidenced by a ring of dead standing trees around area
lakes, could be from warmer winters and earlier snowmelt due to
global warming. This mortality event may be an early impact of
global warming and changing hydrological conditions in the Sierra
Nevada. The results of all three aspects of this study suggest that
moisture availability has been a critical and relatively variable
factor that has exerted a strong influence on Sierra Nevada forest
pattern and process through time.
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