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Abstract

Forests in the western United States are being subject to more frequent and severe drought events as the climate warms. The
2012-2015 California drought is a recent example, whereby drought stress was exacerbated by a landscape-scale outbreak of
western pine beetle (Dendroctonus brevicomis) and resulted in widespread mortality of dominant canopy species including
ponderosa pine (Pinus ponderosa). In this study, we compared pairs of large surviving and beetle-killed ponderosa pines
following the California drought in the southern Sierra Nevadas to evaluate physiological characteristics related to survival.
Inter-annual growth rates and tree-ring stable isotopes (A'*C and 8'30) were utilized to compare severity of drought stress
and climate sensitivity in ponderosa pines that survived and those that were killed by western pine beetle. Compared to
beetle-killed trees, surviving trees had higher growth rates and grew in plots with lower ponderosa pine basal area. However,
there were no detectable differences in tree-ring A'>C, 8'%0, or stable isotope sensitivity to drought-related meteorological
variables. These results indicate that differences in severity of drought stress had little influence on local, inter-tree differ-
ences in growth rate and survival of large ponderosa pines during this drought event. Many previous studies have shown
that large trees are more likely to be attacked and killed by bark beetles compared to small trees. Our results further suggest
that among large ponderosa pines, those that were more resistant to drought stress and bark beetle attacks were in the upper
echelon of growth rates among trees within a stand and across the landscape.
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Introduction

Between 2010 and 2017, over 100 million trees died in Cali-

Communicated by Jim Ehleringer. fornia (CA) due to drought and bark beetle outbreaks. A
Electronic supplementary material The online version of this large portion of this mortality (~96%) occurred during a
article (https://doi.org/10.1007/s00442-020-04771-0) contains severe drought event from 2012 to 2015 (hereafter referred
supplementary material, which is available to authorized users. to as the “CA Drought”) and these numbers were particu-
larly severe for the central and southern portions of the
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(~ 1100 m), with many sites experiencing 100% ponderosa
pine mortality (Fettig et al. 2019). Large-scale mortality of
a dominant canopy tree species like ponderosa pine could
have substantial and widespread effects on forest structure,
species composition, biodiversity, and ecosystem function in
California and across the western United States (van Mant-
gem 2009; Adams et al. 2010; Anderegg et al. 2015).

Increasing hydroclimate variability and drought sever-
ity across much of the western United States is projected
to continue (Yoon et al. 2015; Cook et al. 2020) and will
likely result in more large-scale forest mortality events that
threaten the long-term viability of ponderosa pine and other
ecologically and economically important tree species across
warmer and drier parts of their species distributional ranges
(Allen et al. 2010; Williams et al. 2020). As the climate
warms, ponderosa pines are also affected by increasing
frequency and severity of disturbance, including outbreaks
of western pine beetle (Dendroctonus brevicomis; WPB)
(Kolb et al. 2016a) like the one that occurred during the
CA Drought (Fettig et al. 2019). In California, WPBs are
capable of producing two, or sometimes three, generations
per year depending on the length and temperature of the
growing season (DeMars and Roettgering 1982). In other
bark beetle species, higher minimum winter temperatures
can also result in less over-winter death (Bentz et al. 2010),
and warm spring and summer temperatures can result in
earlier WPB adult emergence, increasing the potential for a
successful third generation (Miller and Keen 1960). In these
ways, climate warming can directly and positively influence
WPB population sizes.

Climate warming may also indirectly affect WPB suc-
cess by influencing ponderosa pine vigor and defensive
capacity. While mild or moderate drought stress may
increase the allocation of carbon resources to defense,
severe drought stress often results in stomatal closure and
reduced photosynthesis, and/or failures in the phloem sys-
tem, all of which can lead to carbon starvation and insuf-
ficient resources for defense (Kolb et al. 2016a; McDowell
et al. 2011; Sevanto et al. 2014). Severe drought stress in
trees is thought to increase susceptibility to bark beetle
attacks (Raffa et al. 2008; Gaylord et al. 2013; Kolb et al.
2016b). Kolb et al. (2019) recently found experimental
evidence of drought stress increasing ponderosa pine sus-
ceptibility to WPB-induced mortality, whereby mortality
was highest in trees that experienced concurrent water
stress and bark beetle attack. Stephenson et al. (2019)
also found that larger ponderosa pines generally experi-
ence higher mortality rates during bark beetle outbreaks,
indicating that beetle-induced mortality in ponderosa pines
is strongly driven by host selection. Additionally, aspects
of stand structure and competition that can affect a tree’s
vigor and ability to mobilize carbon defenses are known
to impact survival during large beetle outbreaks (Waring
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and Pitmann 1985; Coops et al. 2009; Fettig et al. 2019).
A better understanding of these relationships could inform
future management practices—such as prescribed burning
and variable density thinning (Churchill et al. 2013; Hess-
burg et al. 2016)—aimed at improving forest resistance
and resilience in the face of future disturbance.

Responses to drought using tree ring widths and sta-
ble isotope analyses of tree-ring cellulose have been used
extensively to gain insight into past climate conditions and
ponderosa pine response to climate variability (McDowell
et al. 2003; Roden and Ehleringer, 2007; Williams et al.
2010, 2012; Leavitt et al. 2011; Szejner et al. 2016; Voe-
lker et al. 2019; Ulrich et al. 2019). Tree-ring carbon iso-
tope discrimination (A'*C) is largely determined by the
ratio of photosynthetic assimilation to stomatal conduct-
ance (Farquhar et al. 1989; Ehleringer et al. 1993). There-
fore, A'3C of the latewood component of tree-rings can be
used to infer severity of inter-annual drought stress when
leaf gas exchange is primarily limited by stomatal con-
ductance during dry summer conditions—conditions that
are prevalent across much of the western US (McDowell
et al. 2003; Voelker et al. 2019). In ponderosa pine, tree-
ring 8'80 signals can be strongly affected by differences
in source water 8'%0 due to how rooting depth is modi-
fied by tree age or competition among dead and surviving
trees (Kerhoulas et al. 2013), and also by regional climate
across the western United States (Roden and Ehleringer
2007; Szejner et al. 2016; Belmecheri et al. 2018). Recent
efforts have also linked increasing aridity to increasing
tree-ring 8'®0 and inferred reduced stomatal conductance
at these sites (Guerreri et al. 2019). Therefore, tree-ring
8!80 can potentially yield insights on whether there are
relevant physiological differences in drought stress or root-
ing depth among groups of trees that is independent from
tree-ring A'3C and growth.

To seek a stronger understanding of what ecophysi-
ological responses to drought stress, if any, determined
susceptibility to beetle attack during the recent California
drought and associated WPB outbreak, we employed annu-
ally resolved ring widths and stable isotope data from six
pairs of ponderosa pines that died vs. survived. The specific
objectives of this study were to determine whether surviv-
ing vs. dead trees differed in (1) growth rates, (2) absolute
level of A3C or 820, or (3) sensitivity of A3C or 830
to drought-related climate variables, and (4) whether stand
density affected growth rates or stable isotope sensitivity to
climate. Overall, this study sought to determine whether any
differences in ecophysiology over time could help explain
the ability of a certain few overstory ponderosa pines to
survive severe drought conditions and a concurrent WPB
outbreak while a much larger proportion of ponderosa pines
died in association with the CA Drought (Fettig et al. 2019;
Pile et al. 2019).
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Materials and methods
Study area

Sampling for this project was conducted in the spring of
2017 at Soaproot Saddle, a Southern Sierra Critical Zone
Observatory (SSCZO) site northeast of Fresno, CA (Fig. 1).
In this area, ponderosa pine-dominated mixed conifer forests
occur between ~900- and 2,000-m elevation. Other common
species in this region include incense cedar (C. decurrens),
California black oak (Quercus kelloggii), sugar pine (Pinus
lambertiana), Douglas fir (Pseudotsuga menziesii), and
manzanita (Arctostaphylos spp.). Soaproot Saddle is located
at 1160 m elevation and receives ~ 800 mm of precipitation
each year. Mean minimum temperature in this region is
5.5 °C and mean maximum temperature is 18 °C (Goulden
et al. 2012). A large portion of annual precipitation occurs in
the winter and spring, followed by a summer drought period.
Historically, this ecosystem experienced frequent, low-inten-
sity fires every 10-20 years that kept ponderosa pine-domi-
nated forests “open and parklike” (Parsons and DeBenedetti
1979; North et al. 2005; Van de Water and Safford 2011;
Hood et al. 2016). Since widespread fire suppression efforts
have been in place over the past century, many forests in
this region have transitioned to dense, mixed-conifer for-
ests with higher populations of fire-intolerant and shade-
tolerant understory species (Stephens et al. 2015). However,
fire-scars on tree stumps cut in 2016 from a stand centrally
located among the trees sampled for this study showed at
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Fig.1 Left Panel: Location of the Soaproot Saddle field site (black
star) in central California (37.03 N, 119.25 W) (Source: Conservation
Biology Institute). Right Panel: Plot locations at Soaproot Saddle.
Blue triangles represent plots with surviving focus trees, red triangles
represent plots with dead focus trees. Surviving and dead focus tree

least two surface fires had burned in this area approximately
38 and 53 years prior to our 2017 sampling, indicating that
surface fires during the second half of the twentieth century
likely contributed to the patchy distribution of basal area
characterizing this area (S. Voelker, Pers Obs).

Field Data Collection

Pairs of surviving and dead ponderosa pines were selected
based on their similar stature, estimated age, and proxim-
ity to one another; average distance between paired trees
was ~ 75 m. Individuals selected as focus trees were visually
estimated to be > 100 years old and then this was confirmed
upon ring counts when cores were extracted. Pairs of trees
were also chosen for similarity of growing conditions (i.e.
slope, geomorphic position, and density of understory veg-
etation). Six pairs of surviving and dead trees were sampled
(12 total focus trees) and three 12 mm-diameter increment
cores were extracted from each focus tree at breast height
(between 1.0 and 1.5 m from ground level). Focus tree DBH,
height, age, and basal area measurements for each plot can
be found in Table S1.

A 15 m-radius fixed-area circular plot was established
with each focus tree at the center. Information recorded for
trees >20 cm DBH (diameter at breast height) within each
plot included DBH, species, and status (surviving/dead and
evidence of WPB attack when applicable). Basal area was
calculated for each fixed-area plot (15-m radius) using the
following equation:

0 025 0.5 1
Ly ver |79 | Kilometers

plots in close proximity are paired trees. White crosses represent trees
randomly sampled in 2015 by Ferrell (2017) (Sources: Esri, Digital-
Globe, Earthstar Geographics, CNES/Airbus DS, GeoEye, USDA
FSA, USGS, Aerogrid, IGN, IGP, and the GIS User Community).
This figure is available in color in the online version of the journal
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pa — 2 DBH” + 000007854 (1)  PrediciedBAI = 0.8751 x Age?*™ 2)
Area
Total basal area, including all species present in the — BAI, = Observed BAI — Predicted BAI % 100 3)
Predicted BAI

plot, was calculated as well as basal area of ponderosa
pine at each plot.

Additional increment cores from ponderosa pines sam-
pled by Ferrell (2017) were also utilized in order to com-
pare the focus trees in this study to a random sample of
ponderosa pines that also grew at Soaproot Saddle. Of all
cores sampled by Ferrell (2017) we only used cores from
trees > 100 year of age. Locations of these randomly sam-
pled trees relative to our focus trees are shown in Fig. 1
(mean size and age of these trees are listed in table S2).

Increment core preparation and measurements

Each increment core was mounted on a wooden stave
and sanded using increasingly higher-grit sand paper
(120-400) to prepare cores for visual cross-dating and
measurement of annual growth rings. Whole ring widths
as well as separate early- and latewood widths were meas-
ured using Measure]J2X software (Voortech Consulting).
Visual cross-dating was then conducted to assign calen-
dar years to the rings in each core (Stokes and Smiley
1968). Visual cross-dating between trees was confirmed
using COFECHA, a statistical program that assesses cross-
dating quality and accuracy (Holmes 1983). Ring width
chronologies for each focus tree were detrended separately
using a negative exponential spline first to remove the bio-
logical growth signal, then with a cubic smoothing spline
set to a 50% frequency-response cutoff of 100 years to
isolate inter-annual to decadal climate variation from age-
related changes in growth (Bunn 2008). All detrending was
conducted in ARSTAN (Cook and Krusik 2014).

DBH and ring widths were used to calculate basal area
increment (BAI) for focus trees and randomly sampled
trees to determine annual growth rates. BAI was employed
because it has been shown to be strongly related to bio-
mass increment across forest types, climates, and manage-
ment regimes (Babst et al. 2014). BAI was calculated from
the outside-in, assuming circularity of the growing cam-
bium and employed estimates of bark thickness (McDon-
ald 1983; Larsen and Hann 1985) to adjust for differences
in radial measurements inside and outside of the bark for
each tree. To minimize the potential for bias in assessing
growth rates for trees that differed among groups in DBH,
the age-related trend in BAI for randomly sampled trees
was calculated using Eq. (2) (R*=0.90, p < 0.01; data not
shown). Thereafter, BAI deviations (BAI,) were calcu-
lated for each tree using Eq. (3).

@ Springer

This approach to removing age-related trends from
growth data, often termed regional chronology standardiza-
tion (RCS), has often been employed in the field of dendro-
climatology (Briffa and Melvin 2011), and more relevant
to this study, has also been used to determine differences
in growth rate among sites or sampling conditions within
the same tree species while accounting for tree age (Voel-
ker 2011; Voelker et al. 2014). As noted from Eq. (2), BAI
increased strongly with age in the ponderosa pines we sam-
pled randomly, prior to mortality from the WPB outbreak.
These trees were used to determine a baseline for the trend
in age-related BAI in Eq. (2) because we explicitly wanted
to test whether surviving or dead trees, selected after beetle-
induced mortality, may differ in growth rates compared to
a random sampling scheme. In Eq. (3) we divided the BAI
residuals (i.e., Observed BAI—Predicted BAI) by Predicted
BAI to avoid the problem of unstable variance that is pro-
duced when removing the effect of growth rate due to cam-
bial age via this type of regional chronology standardization
(Helama et al. 2004).

Stable isotope analysis

For each core from the 12 focus trees (three cores per
tree), latewood for the years 1950-2016 was separated
using a scalpel under a dissecting microscope. For each
individual tree, latewood from the three cores was com-
bined for each year, creating one set of latewood sam-
ples per focus tree that spanned the years 1950-2016.
Samples were then ground to a fine powder and sealed
in a mesh filter bag (mesh size 25 um; ANKOM Tech-
nology, Macedon, NY). Samples were bleached using
sodium chlorite and glacial acetic acid to remove extrac-
tives from the wood, leaving only holocellulose (Leavitt
and Danzer 1993). Next, sodium hydroxide and glacial
acetic acid were used to remove hemicellulose and yield
a-cellulose, which faithfully records the 8'%0 signature
recorded in the wood each year without exchanging with
atmospheric water (Rinne et al. 2005). After isolating
a-cellulose, each sample was homogenized in deionized
water using an ultrasonic probe and subsequently freeze-
dried (Laumer et al. 2009). Samples were then packed in
tin (A'3C) or silver (8'%0) capsules before being analyzed
at the Center for Isotope Biogeochemistry (CSIB) at the
University of California, Berkeley. The carbon isotope
ratio of each sample was obtained using standard high-
temperature combustion in a vario-Pyrocube elemental
analyzer interfaced with an IsoPrime/Elementar IsoPrime
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100 gas phase isotope ratio mass spectrometer (IsoPrime
Ltd., Manchester, UK). The oxygen isotope ratios were
determined by pyrolyzing a-cellulose in an elemental ana-
lyzer (TC/EA, IsoPrime/Elementar vario-Pyrocube) and
analyzing the resulting gas with an isotope ratio mass
spectrometer (IsoPrime 100). The long-term precision
does not exceed + 0.1 %o for 8'3C and 0.2 %o for 8'%0 for
the mass spectrometer employed at CSIB.

All §'3C values were converted to carbon isotope
discrimination values (A'*C) following Farquhar et al.
(1982):

13 13
_ 6 Cair -6 Cplant

A13C —
1+62C_,. /1000

“

plant

In this equation, 8 'C,;, was estimated annually from
the values given by McCarroll and Loader (2004) and
merged seamlessly with more recent 8 '3C,;. records
from Mauna Loa, Hawaii. A'*C and §'%0 isotope series
that were intended for comparison to climate variabil-
ity were detrended with ARSTAN software (Cook and
Krusik 2014) using a cubic smoothing spline set to a 50%
frequency—response cutoff of 100 years to isolate inter-
annual to decadal climate trends from low-frequency vari-
ation that could arise due to changes in competition, tree
height, or rooting depth. “Residual” isotope series were
then multiplied by the mean isotopic value for each core
to obtain a pre-whitened isotope series in permil (%o)
units and without autocorrelation for each focus tree. Due
to poor statistical cross-dating of two isotope time series
(Roden 2008), these data were removed from subsequent
statistical analyses, resulting in a sample size of ten trees.

Climate data

The climate data employed were obtained through PRISM
(https://prism.oregonstate.edu/) and ClimateWNA (https
:/Iwww.climatewna.com/). Palmer Drought Severity
Index (PDSI) data for California’s 5th climate division
was obtained through the National Oceanic and Atmos-
pheric Association (NOAA). Climate variables, including
PDSI, vapor pressure deficit (VPD), climatic moisture
deficit (CMD), and precipitation were seasonally aver-
aged for winter (previous December, current January and
February), spring (March, April, May), summer (June,
July, August), and fall (September, October, November).
Seasonal climate data from 1950 to 2016 were pre-whit-
ened using the same procedure employed for tree-ring
data, which removed autocorrelation and long-term trends
and highlighted inter-annual variation.

Statistical analyses

Pre-whitened climate series were compared to similarly pre-
whitened isotope chronologies for the years 1950-2016 and
Pearson’s correlation coefficients were calculated. Correla-
tions were calculated separately for surviving and dead focus
trees. 20-year moving window correlations were conducted
for each climate variable with the A'3C record using the
tidyquant package in R (Dancho and Vaughan 2018). To
determine whether significant isotopic differences (A'*C or
& 180) exist between surviving and dead trees, we employed
repeated measures mixed effects modeling using the package
nlme in R (Pinheiro et al. 2015). Focus tree pair (1-6) was
included as a random variable with year, status (surviving
or dead), and their interaction as predictors. To test for dif-
ferences in growth rates, a repeated measures mixed effects
model was conducted for BAI, with the same random and
predictor variables. Trees sampled by Ferrell (2017) and
exceeding 100 years of age were included in this model.
Similarly, a linear mixed effects model was used to com-
pare basal area and percent dead ponderosa pine between
plots with surviving and dead focus trees. Focus tree pair
was included as a random variable and focus tree status
(surviving or dead) as the predictor variable. Additionally,
F-tests were used on pre-whitened isotope series to deter-
mine whether inter-annual variance in A*C or §'%0 differed
among surviving and dead focus trees.

Results

All dead focus trees had evidence of WPB attack, including
pitch tubes, entrance holes, and gallery excavations, but we
found no evidence of WPB attack on any of the surviving
focus trees. This indicates that WPB attacks and subsequent
effects of mycangial blue stain fungal associates (Entomo-
corticium sp. B and Ceratocystiopsis brevicomis; Bracewell
and Six 2014) on xylem and phloem functionality were the
ultimate causes of mortality, even though essentially all trees
underwent moderate to severe drought stress. DBH was
greater in surviving trees than in dead trees (p =0.03), but
tree age was not different between the two groups (p =0.20).

Across the entire 1900-2016 period, ponderosa pines
that survived the CA Drought and WPB outbreak had
significantly higher BAI}, than trees that died (p <0.01)
(Fig. 2). Although both groups of trees show a steep
decline in growth rate during the drought, surviving trees
displayed a slight uptick in growth during 2016 after this
region received substantial precipitation during the pre-
vious winter. Other notable periods of low growth rates
include severe multi-year droughts during 1987-1992
and 1929-1934, the latter being associated with the dust
bowl droughts that affected much of North America (Jones
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Fig.2 BAI deviations (BAIp) (%) for surviving (blue), dead (red),
and randomly sampled (green) ponderosa pines from 1900 to 2016.
This figure is available in color in the online version of the journal
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Fig.3 Basal area of all species present and ponderosa pine only in
plots with a dead vs. surviving focus tree. Stars indicate significant
differences between groups. Error bars represent standard error. This
figure is available in color in the online version of the journal

2015). Compared to tree core data collected at random
locations across the same watershed by Ferrell (2017),
both live and dead focus trees sampled in this study grew
consistently faster since 1900. These randomly sampled
trees also experienced a steep decline in growth during
the CA Drought (Fig. 2). The randomly sampled trees
had a mean DBH of 47.2 cm (+ 16 SD) and mean age of
115.3 years (£ 38 SD) (Table S1). In contrast, pairs of
ponderosa pines selected for this study were substantially
larger (85.2 cm+20.4 SD) and older (162.1 years +40.7
SD) on average.

Plot-scale basal area, including all species present within
each plot, was compared between plots with a surviving
focus tree and plots with a WPB-killed focus tree. There
was no significant difference in total plot basal area between
the two groups of plots when all tree species were included
(p=0.55). However, there was significantly greater pon-
derosa pine basal area at plots associated with a dead focus
tree (p=0.01) and higher percent ponderosa pine mortality
in plots with a dead focus tree (p <0.01) (Fig. 3). Addi-
tionally, plots with a dead focus tree had 100% mortality of
ponderosa pines > 30 cm DBH.
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Fig.4 Pre-whitened latewood (a) A'C and (b) 8'%0 data for the
years 1950-2016 separated by focus tree status (surviving or dead).
Error ribbons for each record represent standard error. This figure is
available in color in the online version of the journal
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Fig.5 Latewood A*C values compared to summer PDSI for the
years 1950-2015. Drought years (2012-2015) are represented by tri-
angles and all other years (1950-2011) are represented by blue cir-
cles. This figure is available in color in the online version of the jour-
nal

Interestingly, there were no significant differences in late-
wood A'3C or latewood 8'80 between trees that survived and
trees that were killed by WPB during the drought (p=0.99
and p=0.16, respectively) from 1950 to 2016 (Fig. 4a-b).
Dead focus tree A'*C showed elevated inter-annual vari-
ance compared to surviving focus trees (dead =0.22 %o;
surviving=0.17 %o) but the difference was not significant
(p=0.33). Variance in dead focus tree 8180 (1.52 %o0) was
significantly higher than in surviving focus trees (0.65 %o)
(» <0.01). When compared to spring and summer PDSI
from 1950 to 2016, A'3C values were near their lower
extreme during the CA Drought, particularly during 2014
which had the lowest PDSI and A'3C values for this time
period (Fig. 5).

Of the four drought-related climate variables we report
upon here (PDSI, VPD, CMD, and precipitation), only PDSI
had significant correlations with & 130, and only with dead
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focus trees during the spring and summer (Table 1a). Over-
all, 8'80 was poorly correlated with drought-related climate
variables during this time period. A'3C was positively corre-
lated with PDSI and precipitation and negatively correlated
with VPD and CMD (Table 1b). The highest correlations
between A'*C and VPD, CMD, and precipitation were asso-
ciated with the spring season, but A'>C was more closely
related to PDSI during the summer season. This pattern of
response was consistent in both surviving and dead pon-
derosa pines. A'*C correlation strengths were similar for
both groups of trees, although live focus trees had slightly
stronger spring correlations for most climate variables.

Discussion

As temperatures have continued to warm across the west-
ern United States over the past several decades, aridity and
drought events have become more frequent and severe (Allen
et al. 2010). Warmer, drier conditions have resulted in longer
growing seasons and earlier snowmelt in California (Gleick
1987; Stewart et al. 2004; Mote et al. 2005), and drought
sensitivity of ponderosa pines in the Sierra Nevada has
increased over the past century (Keen 2019). PDSI and A'*C
values were both near low extremes during the CA Drought
compared to the rest of the 1950-2016 period, particularly
during 2014 (Fig. 5), indicating that stomatal constraints
on canopy-integrated leaf gas exchange in these ponderosa
pines closely tracked the severity of the California drought.

The strongest differences between surviving and WPB-
killed ponderosa pines found in this study was in growth
rate. Relatively old and large trees that managed to survive

the CA Drought and concurrent WPB outbreak in this area
grew significantly faster than those that were killed (Fig. 2),
even though pairs were located in close proximity. The influ-
ence of growth rate on susceptibility to attack by a variety
of bark beetle species can depend upon elevation, climate
conditions, and stand age (Cooper et al. 2018). The few stud-
ies that have specifically investigated how growth rates of
ponderosa pine may influence attacks and/or mortality by
WPB have found that large, slower-growing trees are pref-
erentially attacked under endemic beetle conditions and at
the beginning of an epidemic-scale outbreak (Craighead
1925; Person 1928; Miller and Keen 1960) like that which
afflicted the Sierra Nevadas during the CA Drought. Moun-
tain pine beetle (Dendroctonus ponderosae; MPB), another
bark beetle species that attacks ponderosa pine in the west-
ern United States, has been studied more extensively, and
yet the relationship between tree growth rate and mountain
pine beetle attack success is still not clear. Multiple studies
have shown that MPB preferentially attacks faster growing
trees (Yanchuk et al. 2008; Margoles 2011; de la Mata et al.
2017) while others have shown the opposite trend (Waring
and Pitman 1985; Coops et al. 2009; Knapp et al. 2013;
Cooper et al. 2018).

In this study, pairs of large, old ponderosa pines were
selected for sampling, so these trees do not necessarily rep-
resent the larger population of ponderosa pines in this area.
Growth rates from our focus trees were compared to a more
extensive sampling of tree cores from this watershed, which
was undertaken in 2015 (Ferrell 2017) before most trees had
died. BAI data were calculated for a sub-set of these trees
exceeding 100 years of age so that the results would be com-
parable to the trees sampled in this study. These randomly

Table 1 Pearson’s correlation coefficients for (A) A'*C and (B) 6'%0 records compared to multiple climate variables

(A) ABC Surviving focus trees Dead focus trees

Winter Spring Summer Fall Winter Spring Summer Fall
PDSI 0.49* 0.68* 0.73* 0.58* 0.56* 0.68* 0.73* 0.61*
VPD -0.19 — 0.68* - 0.41% -0.15 - 0.33* - 0.52% — 0.46* -0.18
CMD -0.03 - 0.65% - 0.35% -0.21° -0.15 — 0.49% — 0.44% —0.10
Precip 0.26* 0.59% 0.21° 0.04 0.40* 0.52% 0.28* - 0.04
(B)8"0

Winter Spring Summer Fall Winter Spring Summer Fall
PDSI 0.02 0.01 0.03 -0.12 0.21° 0.27* 0.32% 0.19
VPD - 0.07 0.04 -0.09 0.06 -0.13 -0.17 0.04 0.09
CMD -0.22° 0.04 —0.05 0.15 -0.14 -0.14 0.05 0.22°
Precip - 0.07 -0.07 -0.02 - 0.08 -0.02 - 0.16 —-0.05 -0.21°

Data used for correlations include pre-whitened isotope data and residual climate data (detrended to remove long-term directional trends).
Monthly climate data were averaged by season (Winter—DIJF, Spring—MAM, Summer—IJJA, Fall—SON) and compared to long-term isotope
data for the same years (1950-2016). Significant correlations with p-values <0.05 (>0.24 or<— 0.24) and are denoted by (**). Correlations
with p-values <0.1 (>0.20 or <— 0.20) are denoted by (e). P-vales for all correlations are shown in Table A-2
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sampled trees had substantially lower growth rates compared
to both surviving and dead focus trees sampled for this study.
Hence, our dead focus trees exhibited growth rates that were
faster than average for trees of a comparable age distribu-
tion, and our surviving trees grew faster yet than both of
the previous groups. Since dead focus trees were growing
in close proximity to surviving focus trees, it is clear that
soil and stand conditions that promoted higher productiv-
ity also tended to favor the survival of faster growing trees
on such plots. Overall, the CA Drought and concurrent
WPB outbreak was so severe across our study area that only
the fastest of the fast-growing large, overstory ponderosa
pines survived. Note that many more small ponderosa pines
(i.e.<30 cm DBH) survived compared to large ones, but
only in plots with a surviving focus tree (Fig. 3) and presum-
ably favorable growing conditions. However, this is likely
not a consequence of tree size per se, but of the success
of beetle brood production in trees with greater phloem
thickness (Amman 1972; Graf et al. 2012), a trait which
is strongly correlated with tree size as small trees tend to
grow slower due to their subordinate status in closed canopy
stands. Indeed, our findings from intensive growth and stable
isotope measurements on a small number of trees are sup-
ported by more extensive forest inventory efforts that overlap
with our Soaproot Saddle sampling location. In particular,
Pile et al. (2019) also found that larger size in ponderosa
pines was consistently associated with increased survival
following the CA Drought and WPB outbreak.

During a less severe drought and/or bark beetle outbreak,
it is possible that the threshold growth rate for overstory
tree survival would have been lessened where drought
stress and associated beetle pressure were lower (Craighead
1925; Person 1928; Miller and Keen 1960). Although the
randomly sampled trees (Ferrell 2017) were alive during
sampling in summer of 2015, and we do not have data on
their post-drought status, ~50% of these trees had missing
rings in 2014 and 2015, suggesting that growth had slowed
or ceased for half of all sampled trees during the drought.
Given that Fettig et al. (2019) found that~89% of pon-
derosa pines > 30 cm DBH died during the drought, it is
likely that the majority of the trees that were alive and sam-
pled randomly during the summer of 2015 (Ferrell 2017)
died shortly thereafter. Further insights on this particular
sequence of mortality was provided by Pile et al. (2019),
who showed that the probability of a ponderosa pine surviv-
ing the drought through 2015 varied between ~60 and 90%
depending on DBH, whereas the same trees sampled in 2017
varied in survival between ~ 10 and 30%.

Although we expected to see faster growth rates in surviv-
ing large ponderosa pines, we anticipated that it would be
accompanied by lower severity of drought stress relative to
trees that were killed by WPB during the drought. However,
we found no evidence of differences in absolute A'*C and
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8'80 values or in the sensitivity to drought-related climate
variables that may have suggested that stomatal constraints
on leaf gas exchange differed between surviving and dead
focus trees. According to theory underlying stable carbon
isotopes (Farquhar et al. 1989; Dawson et al. 2002; McCa-
rroll and Loader 2004), and stable oxygen isotopes (Edward
and Fritz 1986; Farquhar and Lloyd 1993; Roden et al. 2000;
Barbour et al. 2004), higher sensitivity to drought stress
would have presented as lower A'*C values, higher 5'%0
values, and stronger climate correlations in the dead focus
trees relative to surviving focus trees. Instead, our results
show that both groups of trees have had very similar A'*C
and 8'80 records for the past ~ 65 years (Fig. 4) and appear
to be responding to climate in a similar way based on simi-
lar correlation strengths with drought-related climate vari-
ables (Table 1). Moreover, Keen (2019) investigated ABC
and 8'80 across three sub-annual divisions within each ring
spanning 1997 to 2016 and found no detectable differences
in isotopic variability or sensitivity to climate between sur-
viving and dead trees in the decades leading up to the CA
Drought (R. Keen, unpublished analyses).

The relatively weak correlations between 8'®0 and these
variables is likely due to winter precipitation typically serv-
ing as the primary water source for many tree species, and
increasingly so in dry habitats (Allen et al. 2019). This
water-use strategy could result in a tree-ring 8'%0 record
that primarily reflects the values of source water winter
precipitation 8'30 instead of evaporative enrichment dur-
ing the growing season. As recent and past hydroclimatic
variability across the US West Coast has shown, the location
of dominant storm tracks can greatly modify the geography
and intensity of winter precipitation from year to year (Wise
and Dannenberg 2017; Eldardiry et al. 2019). These shifts
in atmospheric circulation can induce changes in precipita-
tion 8'®0 of individual storms on the order of 5 %o (Smith
et al. 1979). These major storms could increase the influence
of source water 8'%0 variability and dampen the expected
influence of drought stress and stomatal closure on tree-ring
5'%0 compared to what would be expected if source water
8'%0 were constant.

Among the pairs of surviving and dead trees, meteoro-
logical conditions would have been more or less constant,
but it is possible that belowground conditions not easily
recognized as hydrologic refugia (sensu McLaughlin et al.
2017) could have still differentiated these groups since we
found that dead trees had greater tree-ring 8'*0 variability.
It is difficult to ascertain the importance of this potential
influence with the retrospective data available. However, had
this belowground microsite-effect been important for deter-
mining tree ecophysiology to the extent that it shifted sus-
ceptibility to bark beetles, it should also have been reflected
in differences among groups in the absolute value of tree-
ring A'3C and 8'®0 and/or the strength of correlations with
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drought related climate variables. Therefore, differences
between surviving and dead trees seem likely to have been
linked to genes that influenced growth rates and defensive
traits without having modified leaf gas exchange. This is a
somewhat puzzling, but potentially important, conclusion,
as factoring out differences in leaf gas exchange severely
constrains the list of potential genetic influences on growth
processes that may also be linked to defense. Overall, due to
the severity of the CA Drought and the very low A'3C values
we demonstrated, it is likely that ponderosa pines under-
went widespread and significant drought stress. Whether
that drought stress was strong enough to make most trees
more susceptible to WPB attack (Raffa and Berryman 1983;
Anderegg et al. 2015; Kolb et al. 2019) is not firmly estab-
lished, but a scenario of widespread increases of host sus-
ceptibility in response to drought stress would be consistent
with the extreme nature of the meteorological drought sever-
ity (Griffin and Anchukaitis 2014) as well as the most severe
WPB outbreak in recorded history (Fettig et al. 2019).

A possible explanation for the observed discrepancy in
growth rates between surviving and dead focus trees is dif-
ferences in growth-defense strategies. Carbon fixation is
hypothesized to be greater in faster growing trees, thereby
providing a surplus of carbon for secondary metabolites
including physical and chemical defenses (Waring and Pit-
mann 1985; McDowell et al. 2007). Another hypothesis
suggests that resource limitations (e.g., water and nutrients)
that reduce growth more than photosynthesis will increase
carbon allocation to defenses with little or no tradeoffs in
growth, while higher allocation of resources to relative
growth rate when resource availability is high will result
in a tradeoff and lower allocation of resources to defenses
(Herms and Mattson 1992; Stamp 2003). There are examples
providing support for both hypotheses in pines (Kane and
Kolb 2010; Ferrenberg et al. 2014; Hood and Sala 2015;
Hood et al 2015; Gaylord et al. 2015; Moreira et al. 2014),
highlighting how genetic variation among individuals and a
complex suite of climatic and environmental conditions can
influence carbon allocation to growth and defense (Rigling
et al. 2003; Kichas et al. 2020). Although we did not directly
measure defense traits, we observed no signs of WPB attack
on our surviving focus trees, which were also the individuals
that were growing the fastest. Without any signs of attack
on surviving trees, increased resin defenses associated with
high growth rates (Kane and Kolb 2010; Hood and Sala
2015) do not seem to have been an important deterrent.
Rather, these results support Kichas et al. (2020) who sug-
gested a potential role of growth-related defense traits in host
identification and selection by bark beetles.

In combination with Kichas et al. (2020), our findings that
fast growth rates in trees conferred resistance to a drought-
and beetle attack-induced demographic bottleneck may be
important for understanding the evolution of pines and other

conifer hosts of bark beetles. The increasingly common
refrain of large trees being more susceptible to drought and/
or bark beetles (Bennett et al., 2015; Stephenson et al. 2019;
Stovall et al. 2019) could, at first glance, suggest that suites
of growth and defensive traits associated with smaller stature
or slower growth may be overwhelmingly passed on to trees
regenerating after such large bottleneck events. However,
because large, dominant, and fast-growing ponderosa pines
tend to produce vastly more cones and on a more consistent
basis than small and mid-canopy or suppressed ponderosa
pines (Krannitz and Duralia 2004), their survival will also
influence the next generation. Ponderosa pine regeneration
in areas within the footprint of the CA Drought will certainly
derive from some admixture of currently small and slow-
growing vs. large and fast-growing trees. Understanding the
balance of what suites of growth and defensive traits are
preferentially passed on following these bottleneck events
needs further investigation.

In addition to having faster growth rates, surviving trees
in this study also grew in plots that contained significantly
less ponderosa pine basal area compared to plots with a
dead focus tree (p=0.01). Again, wider forest inventory
efforts following the CA Drought support our finding that
the probability of survival for ponderosa pines was tied to
the amount of ponderosa pine basal area at a given plot (Pile
et al. 2019). However, we also found that total plot basal
area did not significantly impact survival (Fig. 3). Similarly,
Pile et al. (2019) showed that ponderosa pine survival was
actually bolstered by higher overall forest basal area. These
results collectively suggest that total competition was not
a strong factor in mortality of ponderosa pines during the
outbreak phase of beetle attacks, but that host availability
and/or the degree of local clustering of ponderosa pines did
impact survival during and following the CA Drought and
WPB outbreak.

Conclusion

In this study, located near the epicenter of drought severity
during the CA Drought, we compared inter-annual varia-
tion in growth rates and tree-ring A'>C and 8'30 between
ponderosa pines that survived and those that were killed
by WPB. Comparisons among surviving and dead trees
for ~65 years preceding the drought revealed no evidence
for differences in the degree of stomatal constraints on leaf
gas exchange (i.e., absolute A'3C, one dimension of drought
stress), or differences in depth of root water uptake. Because
A"3C did not differ, 8'80 could only have been influenced
by depth of root water uptake, and there were no differences
in 8'80. We also found no differences between surviving
and dead trees in sensitivity of tree-ring A'*C and 8'%0 to
drought-related climate variables. Collectively, these results
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indicate that factors outside of soil water availability had a
stronger influence on tree survival during a historic drought
and beetle outbreak. Surviving trees had higher growth rates
and grew in plots with lower ponderosa pine basal area than
trees that were killed by WPB, and these findings are sup-
ported by wider forest monitoring efforts in the southern
Sierra Nevadas (Pile et al. 2019). Altogether, the small num-
ber of large ponderosa pines that did survive such a severe
drought and WPB outbreak were the fastest growing trees
on productive sites that were relatively isolated from conspe-
cific host species, which likely provided a buffer from WPB
population sources.
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