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• Recent drought and bark beetles caused
extensive tree mortality in California,
USA.

• A three-proxy approach is used to eluci-
date risk factors for tree-level mortality.

• Living and dead trees exhibit some
differences in growth, isotopes (Δ13C)
and defenses.

• Differences between living and dead
trees are not consistent across species.

• Effects of drought with beetles mask
generalizable risk factors of mortality.
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Identified within-species risk factors for tree-level mortality due to the combination of severe drought and con-
current bark beetle outbreaks associated with the 2012–2016 California, USA drought. Risk factors are catego-
rized by species and category of metric measured. While we do not attempt to disentangle the effects of
drought and bark beetles, host-specific beetles were identified as contributing to mortality for ponderosa pine,
pinyon pine, and white fir, while incense cedar showed no clear evidence of bark beetle attacks. BAI refers to
basal area increment (i.e. radial tree growth), Δ13C refers to discrimination of the heavier (13C) carbon isotope
measured from tree rings, and PDSI refers to the Palmer Drought Severity Index.
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Treemortality associatedwith drought and concurrent bark beetle outbreaks is expected to increasewith further
climate change.When these two types of disturbance occur in concert it complicates our ability to accurately pre-
dict future forest mortality. The recent extreme California USA drought and bark beetle outbreaks resulted in ex-
tensive tree mortality and provides a unique opportunity to examine questions of why some trees die while
others survive these co-occurring disturbances. We use plot-level data combined with a three-proxy tree-level
approach using radial growth, carbon isotopes, and resin duct metrics to evaluate 1) whether variability in
stand structure, tree growth or size, carbon isotope discrimination, or defenses precede mortality, 2) how rela-
tionships between these proxies differ for surviving and now-dead trees, and 3) whether generalizable risk fac-
tors for treemortality exist across pinyon pine (Pinusmonophylla), ponderosa pine (P. ponderosa),whitefir (Abies
concolor), and incense cedar (Calocedrus decurrens) affected by the combination of drought and beetle outbreaks.
We find that risk factors associated with mortality differ between species, and that few generalizable patterns
exist when bark beetle outbreaks occur in concert with a particularly long, hot drought. We see evidence that
both long-termdifferences in physiology and shorter-term beetle-related selection and variability in defenses in-
fluencemortality susceptibility for ponderosa pine, whereas beetle dynamicsmay play amore prominent role in
mortality patterns for white fir and pinyon pine. In contrast, incense cedar mortality appears to be attributable to
long-term effects of growth suppression. Risk factors that predispose some trees to drought and beetle-related
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mortality likely reflect species-specific strategies for dealing with these particular disturbance types. The com-
bined influence of beetles and drought necessitates the consideration of multiple, species-specific risk factors
tomore accuratelymodel forestmortality in the face of similar extreme eventsmore likely under future climates.

Published by Elsevier B.V.
1. Introduction

Droughts have been linked to an increase in forest mortality events
(Allen et al., 2010), with further drought-related impacts on forests pre-
dicted with continuing climate change (IPCC, 2014; Allen et al., 2015).
Longer duration, higher frequency, and/or hotter droughts are expected
to alter forests globally via changes in primary production (Zhao and
Running, 2010), species composition (Lloret et al., 2009; Martínez-
Vilalta and Lloret, 2016), species dominance (Cavin et al., 2013), and inter-
actions with other disturbances (Dale et al., 2001). Often, biotic agents
interact with drought to further exacerbate these changes by amplifying
mortality (Anderegg et al., 2015). Bark beetles (Coleoptera: Curculionidae,
Scolytinae) are one example of a biotic agent that interacts with drought,
and are expected to experience changes in population dynamics and
range expansion due to increasing temperatures associated with further
climate change, leading to increased treemortality particularly during ex-
tended drought periods (Bentz et al., 2010; Kolb et al., 2016).

The combined impacts of drought and insect outbreaks on treemor-
tality have important implications for predicting forest dynamics under
climate change, yet forecasting tree mortality is one of the most uncer-
tain processes in dynamic vegetationmodels (Bugmann et al., 2019). To
more accurately predict ways in which global change will alter forest
dynamics, models must be informed by a better understanding of how
tree-level factors influence mortality probability when multiple distur-
bance agents co-occur (Anderegg et al., 2015). Some tree-level early
warning signals for drought-related mortality have been identified,
but few patterns have emerged across species, and most studies do
not consider drought interactions with insects (Camarero et al., 2015;
Cailleret et al., 2017; Cailleret et al., 2019; Liu et al., 2019). Similarly, de-
spite recent advances in the understanding of physiological mecha-
nisms underlying drought-related tree mortality (Sevanto et al., 2014;
Adams et al., 2017), much remains unclear. This is especially true
when insects are involved (Anderegg et al., 2015; Hartmann et al.,
2018), as they can affect both tree carbon andwater balance, important
links to drought-related mortality (McDowell et al., 2008). A handful of
studies have examined why some trees die and others survive in the
face of drought combined with insect outbreaks (McDowell et al.,
2010; Meddens et al., 2015; Csank et al., 2016), but there remains a
lack of understanding of whether generalizable tree-level mortality
risk factors or early warning signals exist across species in the face of
these interacting disturbances.

The 2012–2016 extreme drought in California, USA provides a
valuable opportunity to better understand mortality dynamics asso-
ciated with a particularly hot, multi-year drought (Diffenbaugh et al.,
2015) and concurrent bark beetle outbreaks affecting multiple tree
species. The record-breaking drought and associated outbreaks
killed an estimated 147 million trees, with the peak of mortality oc-
curring in 2015–16 and forests in central and southern California
being most impacted (Goulden and Bales, 2019; USDA Forest
Service, 2019). As bark beetles are better able to overcome tree de-
fenses during drought, both themagnitude and length of the drought
enabled multiple species of bark beetles to reach outbreak levels,
amplifying mortality for several, co-occurring tree species (Fettig
et al., 2019). This type of extreme disturbance is expected to become
more common under future climates (Allen et al., 2015; Kolb et al.,
2016), making it important to understand to more accurately
model future forest mortality.

Tree ring analyses are a valuable way to quantify multiple factors
that affect susceptibility to drought-related mortality over climate
change-relevant timeframes. Quantification of radial stem growth is
common in studies that compare trees that die and those that survive
drought (Cailleret et al., 2017). Radial growth is a useful metric for
assessing changes in tree-level carbon balance, as it is generally a lesser
priority for carbon investment than, for example, foliage and root devel-
opment (Dobbertin, 2005). Lower radial growth has been shown to pre-
cede drought-relatedmortality inmost instances (Cailleret et al., 2017),
but not necessarily when bark beetle outbreaks co-occur (de la Mata
et al., 2017; Cooper et al., 2018). Relationships between radial growth
and climate seem to additionally vary between trees that die and
those that survive droughtwith orwithout concurrent beetle outbreaks,
with generally greater sensitivity of growth to a variety of climate vari-
ables for trees that die (Suarez et al., 2004; McDowell et al., 2010; Hereş
et al., 2012; Csank et al., 2016).

When examined in concert with radial growth, stable isotope ratios in
tree rings can further elucidate population-level differences in tree phys-
iological vulnerability to drought and beetle-relatedmortality (McDowell
et al., 2010), as isotopes can serve as a whole-tree, annually-resolved
index of gas exchange (Farquhar et al., 1989; McCarroll and Loader,
2004). Stable carbon isotope ratios (δ13C) relate to the ratio of intercellu-
lar (ci) to ambient (ca) CO2 concentrations, and are thus related to both
stomatal conductance and photosynthetic demand (see ‘Materials and
methods’ for further explanation). A few tree ring studies have used a
two-pronged approach utilizing stable isotope analysis in concert
with growth analyses to examine differences in carbon isotope ratios
between surviving and dying trees in the face of drought (Hereş
et al., 2014; Gessler et al., 2018) or drought combined with beetle
outbreaks (McDowell et al., 2010; Csank et al., 2016), but have
found inconsistencies across species and sites.

When drought occurs in combinationwith bark beetle outbreaks, in-
traspecific differences in tree defenses against beetle attack may influ-
ence mortality probability (Gaylord et al., 2013; Huang et al., 2020).
Resin duct characteristics in the secondary xylem of Pinus spp. relate
to resin flow and thus serve as a useful indicator of tree defense against
bark beetles (Hood and Sala, 2015). Previous studies have found differ-
ences in various tree-ring derived resin duct metrics for trees that die
versus those that survive beetle outbreaks, with greater investment in
defenses for trees that survive (Kane and Kolb, 2010; Gaylord et al.,
2013; Hood et al., 2015; Zhao and Erbilgin, 2019), sometimes at the ap-
parent cost of lower growth (Ferrenberg et al., 2014; Kichas et al., 2020).
However, bark beetle outbreaks of previous studies that examine resin
ducts have not been associated with extreme drought periods as long
and hot as the 2012–2016 California drought.

We use plot-level data combined with a three-proxy tree-level ap-
proach using radial growth, carbon isotopes, and resin duct metrics to
evaluate 1) whether variability in stand structure, tree growth or size,
carbon isotope discrimination, or defenses precede mortality, 2) how
relationships between these proxies and climate differ for surviving
and now-dead trees, and 3) whether generalizable risk factors for tree
mortality exist across four species affected by the combination of
drought and bark beetle outbreaks. We expected the likelihood of mor-
tality to be higher for trees in stands with higher density of the same
species due to the influence of host availability and competition on
both beetles and drought-susceptibility of trees. We anticipated that
trees that died would have lower radial growth, but not necessarily if
the effects of beetles overshadowed those of the drought (Cailleret
et al., 2017), and be more sensitive to climatic stress (McDowell et al.,
2010). Similarly, we expected carbon isotope discrimination to be
lower, indicating chronic water stress (Warren et al., 2001), and for
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trees that died to have fewer resin duct defenses (Kane and Kolb, 2010).
To our knowledge no study has investigated drought impacts using this
three-proxy approach for multiple species to shed light on how forests
respond to extreme drought and bark beetle outbreaks that are increas-
ingly likely to occur under future climate conditions.

2. Materials and methods

2.1. Study species and site selection

Sampling areas were established in two separate geographical areas
affected by the 2012–2016 California drought and concurrent beetle
outbreaks. Plots were established in southern California on the Los
Padres National Forest (LP) to assess singleleaf pinyon pine (Pinus
monophylla Torr. & Frém) mortality, and in central California on the
Sierra National Forest (SNF) to assess ponderosa pine (Pinus ponderosa
Lawson & C. Lawson), white fir (Abies concolor (Gord. & Glend.) Lindl.
Ex Hildebr.), and incense cedar (Calocedrus decurrens (Torr.) Florin)
mortality (Fig. 1). Pinyon pine occurs at relatively low elevations in
comparison to other conifers in the region, growing close to its physio-
logical limits near the southwestern extent of its range (Cole et al.,
2008) and is a primary host to pinyon ips (Ips confuses LeConte). Soils
in the LP area are primarily mollisols and are well-drained (NRCS,
2019). Ponderosa pine, white fir and incense cedar co-occur on the
western slopes of the southern Sierra Nevada at mid-low elevations
and serve as primary hosts to western pine beetle (Dendroctonus
brevicomis LeConte), fir engraver beetle (Scolytus ventralis LeConte),
and cedar bark beetles (Phloeosinus spp.), respectively. Soils in the SNF
area are primarily inceptisols, with some occurrence of entisols at
higher elevations and alfisols at lower elevations, and are well to exces-
sively drained (NRCS, 2019).

Plots in the SNF sampling area utilized an extensive existing network
where plots were initially installed on a randomly placed grid within
areas of specific forest type, mortality level, and excluding areas of re-
cent forest management (Pile et al., 2019). A subset of fifty plots in the
network were selected for sampling in 2016 based on mortality level
determined from 2015 Aerial Detection Survey (ADS) data and species
composition. In order to capture a range of mortality levels across
stands, approximately half of the plotswere selected based on lowmor-
tality (<5%), and the other half based on relatively high mortality
(>40%). Plotswere primarily concentrated below 2134mas drought ef-
fectswere less pronounced at higher elevations. Plots in the LP sampling
area were selected based on pinyon pine presence and mortality levels
similarly determined from ADS data. Individual plot selection was ran-
dom within areas of high and low mortality with pinyon pine domi-
nance. Plots in both areas were required to have greater than 10.3 m2

basal area and tended to be grouped in distinct clusters across the
study areas due to the initial targeting of areas of high and low mortal-
ity. Distance between plots ranged from approximately 50–320mwhile
distances between distinct plot cluster centers ranged from 1 to 7 km.

2.2. Field measurements

We installed fixed area 0.04 ha circular plots in 2016 and assessed
tree status annually through 2019 to monitor changes in mortality.
Twenty-seven plots were installed in the LP sampling area, and 49 in
the SNF area. One plot in the SNF area burned in 2017 and therefore
was excluded from analyses. Plot-level measurements included eleva-
tion, slope, and aspect. For mortality monitoring, all trees >12.7 cm in
diameter at breast height (DBH; 1.37 m) were tagged and measured
for diameter and height during plot establishment. DBH was used as
the measure of diameter for all species except pinyon pine. Diameter
is more appropriately assessed at root collar (DRC) for these low-
statured, forked trees.We recorded tree status (live or dead) and beetle
attack status (unattacked, current successful attack, prior successful at-
tack) for all trees. Mortality agent was assessed for dead trees based on
presence and pattern of insect-specific galleries (Wood, 1982) in order
to determine the degree of mortality for each tree species attributable
to host-specific bark beetles. We additionally calculated the proportion
of trees of each species for which mortality was attributable to the
drought and/or bark beetles. Trees that died during the drought and
beetle outbreak are henceforth referred to as either dead or dying
trees. It was impossible to discern if mortalitywas due to either drought
or mass attack by a primary bark beetle species, as nearly all dead trees,
with the exception of incense cedar, had evidence of beetle attack
(western pine beetle for ponderosa pine, pinyon ips for pinyon pine,
and fir engraver for white fir) and all trees experienced the drought.
We collected tree-level data for all species within a plot, but subsequent
analysis was limited to the best-represented species (i.e. pinyon pine,
ponderosa pine, white fir, incense cedar). We later calculated measure-
ments of stand density (e.g. trees per hectare, basal area) based on tree
information at the plot level for use in mortality models.

2.3. Tree-ring sampling and processing

In 2016 at each plot we collected two, 4.5mm-wide increment cores
at DBH/DRC from two live and two dead trees of each species present
(> 12.7 cm DBH/DRC), if available. While we did not target trees with
specific canopy positions, trees with a clearly suppressed canopy posi-
tion were largely excluded (< 4% of all cored trees). High mortality re-
sulted in a number of plots having only dead trees to core and a few of
the live trees cored in 2016 subsequently died between 2016 and
2018. These cores were moved to the dead category for analyses. As
drought and beetle-related mortality typically occurs over several
years, it is important to include trees that died over the course of this
mortality event, but whichmay not have died immediately, in analyses.
A lack of dead incense cedar and live ponderosa pine necessitated
coring of additional trees within plots in 2017 and 2018 formore robust
species-specific chronology development. For growth analyses and
species-specific chronology building, we prepared cores using stan-
dard techniques (mounted and sanded until cellular structure was
visible through a binocular microscope) and scanned whole cores
using an Epson platform scanner at 1200 dpi. We assigned the calen-
dar year to each tree ring (i.e. crossdated; Stokes and Smiley, 1968,
Schweingruber, 1996, Cook and Kairiukstis, 2013) and measured
ring widths to the nearest 0.001 mm using CooRecorder v7.8
(Cybis Elekronik & Data AB, Saltsjöbaden, Sweden). Crossdating
was checked with COFECHA (Holmes, 1983). Series intercorrela-
tions of chronologies ranged from a low of 0.48 for incense cedar
to a high of 0.72 for pinyon pine (Table S1). We used 2018 data for
all tree-level analyses as this was the final year of tree core collec-
tion, and mortality levels did not change much between 2018 and
2019 (53% and 54%, respectively). We originally cored 84 pinyon
pine in the LP area and 69 ponderosa pine, 89 white fir and 93 in-
cense cedar in the SNF area. Cores that could not be confidently
crossdated or for which a pith distance could not be reasonably esti-
mated (LP= 23%; SNF= 45% of cores) were eliminated from further
analyses. For assessment of radial growth, ring widths were con-
verted to basal area increment (BAI), which accounts for decreasing
ring widths with increasing tree size (Biondi and Qeadan, 2008). An-
nual BAI values were calculated for each core and averaged by tree
using the ‘dplR’ package in R (Bunn, 2008). Mean chronology length
ranged from 118 (±4.2; S.E.) years for pinyon pine to 78 (±1.9) years
for white fir, but chronologies were truncated to 1949-present for all
trees, as this limited chronologies to years with sample sizes of at
least 10 and years for which climate data consistently exist.

We randomly selected a subset of 6 live and 6 dead trees per species
from the pool of datable cores for stable carbon isotope analysis, as is rec-
ommended by Leavitt (2010), with the requirement of tree dominance or
co-dominance within the canopy. Because we selected these trees for
similarity in canopy position, differences in diameter and height between
live and dead individuals were not significant (p > 0.1). Cores used for



Fig. 1. Circles indicate general locations of study plots on the Los Padres National Forest (LP) and Sierra National Forest (SNF) overlaid on density of dead trees (trees per ha) due to the
2012–2016 drought and bark beetle outbreaks. Image of tree mortality extent on the SNF (below). Tree mortality determined from 2012 to 2016 Arial Detection Surveys (ADS) with data
available: https://egis.fire.ca.gov/TreeMortalityViewer/.
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isotope analysis were planed using a core microtome (Gärtner and
Nievergelt, 2010), crossdated to determine year of ring development,
and cut apart with a scalpel at each ring boundary for years 1956-
present. The 1956 cutoff ensured that the first roughly 25 years of growth
were excluded in order to eliminate a possible “juvenile effect” (McCarroll
and Loader, 2004; Duffy et al., 2017). For each year, we pooled samples by
species and status, with the exception of every 5th year, for which sam-
pleswere separated by individual tree in order to preserve somemeasure
of between-tree variability in isotope signal (Leavitt, 2010). Sampleswere
homogenized and coarsely ground with a Wiley Mill (Thomas Scientific,

https://egis.fire.ca.gov/TreeMortalityViewer/
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Swedesboro, NJ, USA), heat-sealed in commercial digestion pouches
(ANKOM Technology, Macedon, NY, USA), and processed to remove ex-
tractives such aswaxes, oils, and resins, whichmay be translocated across
rings (Leavitt and Danzer, 1993; Harlow et al., 2006). Samples were then
ground to a fine powder and weighed into tin capsules prior to analysis
at Washington State University's Stable Isotope Core Laboratory (Pull-
man, WA, USA). Carbon isotope composition is expressed as the ratio
of heavy (13C) to light (12C) carbon isotopes, relative to a standard, in
“delta” notation (δ13C). In order to account for changes in δ13C due to in-
creasing atmospheric CO2 concentrations (ca),we converted δ13C to car-
bon isotope discrimination (Δ13C) following (Farquhar et al., 1982;
Farquhar and Richards, 1984):

Δ13C ‰ð Þ ¼
δ13Cair−δ13Cplant

� �

1þ δ13Cplant

1000

 ! ð1Þ

Where δ13Cplant is the carbon isotope signature of the wood, and δ13Cair
was determined from McCarroll and Loader (2004) and White et al.
(2015). Δ13C can also be related to the ratio of intercellular CO2 (ci) to
ca via:

Δ13C ‰ð Þ ≈ 4:4‰þ 27‰−4:4‰ð Þ ci
ca

ð2Þ

Where 4.4‰ and 27‰ are the fractionation constants due to diffusion
through the stomata and fractionation due to Rubisco, respectively
(Farquhar and Richards, 1984). Since Δ13C is driven by the ratio of ci
to ca, it is reflective of differences in stomatal conductance (gs) and pho-
tosynthetic assimilation (A). For example, when gs increases relative to
A, the ci/ca ratio increases, which concurrently allows for greater “dis-
crimination” against the heavier isotope (13C) andhigherΔ13C. This sce-
nario is typical of periods ofminimal drought stress, whereasΔ13C tends
to decrease during periods of higher stress (Farquhar et al., 1989). Al-
though it is generally assumed that variability in carbon isotope compo-
sition in wood is primarily driven by differences in discrimination
against 13C during diffusion through the stomata and photosynthesis,
post-photosynthetic discrimination against 13C may play a role in driv-
ing carbon isotope ratios, although the effect of these fractionating
processes on carbon isotope ratios in extractive-free wood is not well
understood (Gessler et al., 2014).

A subset of pinyon and ponderosa pines was additionally randomly
selected from the group of successfully dated trees to assess resin
ducts such that a total of 10 live and 10 dead trees were assessed for
each pine species. Full methods of resin duct sampling are described
in Hood et al., in review. We measured resin ducts from 1949-present
in ImageJ (v. 1.46r, National Institutes of Health, Bethesda, MD, USA)
and assigned the calendar year inwhich each duct formed.We followed
the methods of Hood and Sala (2015) to calculate both unstandardized
(mean resin duct size, number, total duct area) and standardized met-
rics (relative duct area, duct density) which utilize annual ring widths
combined with the core width (4.5 mm) to determine ring area.

2.4. Analyses of surviving versus dying trees

2.4.1. Tree-level differences
Differences in tree diameter and height, aswell as annual BAI (i.e. ra-

dial growth) and Δ13C for live and dead trees were assessed via
Student's t-test for each species. Time series of radial growth and Δ13C
were not detrended for these analyses to preserve any differences in
long-term trends between live and dead trees. In order to understand
the relationship ofΔ13C and radial growth,mean annual values of radial
growth were regressed with mean Δ13C across the study period. Both
BAI and Δ13C were detrended for this analysis using a spline method
to remove any influence of age-related trends.Whilewe assessed differ-
ences in resin duct metrics between live and dead trees over the entire
study period, differences were most apparent within the 5-years prior
(2007–2011) to the drought. Therefore, we calculated the mean
2007–2011 values of each resin ductmetric by tree and assessed for dif-
ferences between live and dead trees using t-tests. A significance level of
p < 0.05 was used for all analyses.

2.4.2. Mortality models
We examined site, stand, and tree-level factors that affected the

probability of tree mortality via species-specific mixed-effects logistic
regression models. We did not intend the models to predict individual
tree death, but rather to detect the factors that may predispose trees
to death in the event of drought and bark beetle outbreaks. Individual
tree status was modeled for all cored trees (> 12.7 cm DBH/DRC)
and predictor variables included site, stand, and tree-level variables.
Site-level variables included plot slope, plot elevation, and linearly-
transformed plot aspect (Beers et al., 1966). Stand-level variables
included plot conspecific basal area and trees per hectare and were cal-
culated from plot-level tree data. Tree-level variables included DBH or
DRC, height, radial growth (mean 1949–2016 BAI), and/or an approxi-
mation of tree age (innermost ring year).Wedid not include both inner-
most ring year and mean 1949–2016 BAI in the same model as these
two variables were highly collinear. While we did preliminary model
runs that included BAI over different time periods (e.g. 5, 10, 20 years
pre-drought), we found BAI over the entire study period to consistently
perform best in models across species (data not shown). Diameter and
height were similarly not included in the same model as these predic-
tors were highly collinear. Instead, both predictors were assessed and
the one resulting in the better-fit model was chosen. Conspecific basal
area (BA) was used to approximate species-specific competition and
host availability for bark beetles, while trees per hectare (TPH) included
trees of all species and is ameasure of stand density.We chose this com-
bination of stand density variables as they continually performed better
in models than conspecific TPH and BA of all trees. BAI was normalized
by tree BA prior to inclusion in models to address collinearity with di-
ameter and height. Sincemodels included only cored trees, we required
models to include at least one of the tree ring variables (BAI or inner ring
year). We did not include interactions in models to avoid issues with
overfitting, given the low sample sizes for some tree species. In order
to account for the spatial distribution of the data and avoid spatial auto-
correlation, models included plot-cluster as a random effect on the in-
tercept. Since plot locations were clustered across the landscape, we
chose to include plot-cluster rather than plot as the random effect as
there was often only one tree per plot included in a model. Predictors
were scaled and centered for ease of effect size comparison prior to
inclusion in models.

We assessed all combinations of predictor variables and selected
the model for which the combination of predictor variables yielded
the lowest AIC as the “best-fit” model (Table S2). Collinearity,
assessed via variance inflation factors, was not observed in any of
the best-fit models. Spatial autocorrelation of tree status for the re-
siduals of the best-fit models was assessed via spline correlograms
for distances up to 8000 m. Correlograms indicated no unexplained
spatial autocorrelation, and, importantly, spatial autocorrelation
did not decrease with distance for any model. Model adequacy was
tested and confirmed via fitted vs simulated quantile-quantile plots
and classification rates were determined by training the best-fit
model on 50% of the data and using it to predict the other 50%. All
analyses were performed in R 3.6.1 (R Core Team, 2019). The pack-
age GLMMadaptive (Rizopoulos, 2019) was used for logistic model
fitting and model selection, and ncf (Bjornstad, 2019) was used for
assessing spatial autocorrelation.

2.4.3. Growth, Δ13C and resin duct-climate relationships
We used regional Palmer Drought Severity Index (PDSI) data, an es-

timate of relative dryness calculated from temperature and precipita-
tion data where negative values indicate higher aridity, in conjunction
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with more local station-level temperature, precipitation, and relative
humidity data for radial growth, Δ13C, and resin duct-climate analyses.
Relative humidity data were used to calculate leaf to air vapor pres-
sure deficit (VPD) for additional assessment of potential water stress.
We chose PDSI as an assessment of regional drought stress as it is has
effectively captured past multi-year regional droughts well in our
study area and because it is a widely used and understood drought
index in many tree ring studies. Regional PDSI data were obtained
from California Division 5 climate dataset (https://www.ncdc.noaa.
gov/cag/divisional/mapping) which uses station data from across a
geographic region to calculate monthly values. Since more local sta-
tion data were available for temperature, precipitation and VPD, we
used data from the meteorological station closest to the sampling
areas with records dating to 1949 (LP=Sandberg, CA; SNF=Fresno
Yosemite International Airport, CA; https://www.ncdc.noaa.gov/
cdo-web/datatools/findstation).

Relationships of monthly, summer (Jun-Sept), previous summer,
and hydrological year (Oct of previous year-Sept of current year)
climate variables with tree-ring variables (detrended radial growth,
Δ13C, and resin duct metrics) were assessed via Pearson's correlations
(Table S3; Table S4; Table S5). Since hydrological year PDSI was most
consistently significantly related to tree ring variables, only this variable
was used for subsequent analyses. In order to assess differences in sen-
sitivity to climate between live and dead trees we conducted 20-year
moving window analyses of correlations between hydrological year
PDSI and tree-ring variables for individual species over the study period.
Moving window analyses were conducted using the R package treeclim
(Zang and Biondi, 2015).

3. Results

3.1. Overall mortality

Over the course of sampling (2016–19), mortality remained fairly
constant within the LP area (27–30%), but changed substantially within
the SNF area (43–54%), particularly for ponderosa pine (78–92%).
Mortality levels determined from 2015 ADS data that contributed to
site selection increased considerably over subsequent years with very
few plots having <5% mortality by the end of the sampling period.
Mean plot-level mortality for individual species ranged from 30% for
pinyon pine to 91% for ponderosa pine but varied considerably by plot
(Table 1). Mortality attributed to host-specific beetles was high for pin-
yon pine (97%; pinyon ips), ponderosa pine (93%; western pine beetle),
andwhite fir (91%;fir engraver beetle), and all cored trees had evidence
of successful attack by primary bark beetles. There were a very small
number of trees for each of these species for which mortality agent
could not be identified, although it is possible that these trees were
attacked, but with beetle galleries present higher on trees boles than
could be feasibly searched from the ground. Mortality agents for all in-
cense cedar were unknown or attributed to suppression.
Table 1
Tree counts (≥ 12.7 cm), mean diameters (DBH/DRC; cm), mean height (m) and percent dead b
diameter and height include 1 S.E. in parentheses. Differences were assessed via t-test with bo

Pinyon pine Ponderosa pine

Live Dead Live Dead

All trees/all plots
Count 310 132 18 181
DBH/DRC 26.3 (0.6) 30.9 (0.9) 41.1 (6.9) 40.4 (1.7
Height 8.5 (0.4) 9.1 (0.5) 19.5 (3.2) 20.9 (0.8
Dead (%) 30 (0–81) 91 (0−100)

Cored trees
Count 42 21 11 38
DBH/DRC 28.2 (1.6) 30.2 (1.9) 57.5 (8.1) 58.2 (4.0
Height 8.5 (0.4) 9.1 (0.5) 26.6 (4.1) 30.4 (5.2
3.2. Site and stand characteristics

Mortality models indicated that while a more southwestern plot as-
pectwas a significant predictor ofmortality for incense cedar, other site-
level predictors were less important (Table 2). Plot slopewas present as
a predictor for three out of the four species, although not in consistent
directions. Plot elevation was only included in the white fir model and
was not significant. Predictors related to stand characteristics (conspe-
cific BA) were included in both ponderosa pine and white fir best-fit
models, with trees from plots with higher conspecific BA having a
higher probability of mortality. Conspecific BA was not included in
models for any other species, and TPH was not included in any of the
mortality models (Table 2).

3.3. Radial growth and tree size

When all trees, both cored and non-cored, were considered, few
differences in diameter (DRC or DBH) or height between live and dead
trees were observed (Table 1). Diameter was larger for pinyon pine
that died, while height was shorter for incense cedar that died. No
differences in size existed for either white fir or ponderosa pine
(Table 1).When cored trees alonewere considered inmortalitymodels,
only height differences remained important for incense cedar mortality
probability (Table 2).

Differences in radial growth between surviving and dying trees were
only apparent for ponderosa pine and incense cedar (Table 2; Fig. 2A;
Fig. S1). Ponderosa pine that survived tended to have lower BAI than
trees that died until around the time of the late 1980s-early 1990s, a
timeperiod corresponding to amulti-year regional drought andbark bee-
tle outbreaks (Ferrell et al., 1994; Goulden and Bales, 2019), at which
point growth differences between dying and surviving trees decreased
(Fig. 2A). In contrast, BAI of incense cedar that survived tended to be
higher than for trees that died throughout the study period, and particu-
larly in recent decades. Although radial growthwas not a predictor in the
incense cedar mortality model, inner ring year (a proxy for tree age) was
(Table 2), which is highly related to mean radial growth over the study
period (r= 0.67). While radial growth of white fir that survived tended
to be lower than of those that died formuch of the study period, these dif-
ferences were not significant, and BAI was not a significant predictor in
the best-fit white fir logistic regression model (Table 2; Fig. 2A). Differ-
ences between surviving and dying pinyon pine were virtually nonexis-
tent throughout the entire study period (Fig. 2A).

3.4. Carbon isotopes and Δ13C-BAI relationships

Across species, differences in carbon isotope discrimination (Δ13C)
between live and dead trees were not consistent (Fig. 2B; Fig. S2).
Ponderosa pine that survived had higher Δ13C throughout most of
the study period than trees that died. Pinyon pine andwhite fir that sur-
vived also tended to have higher Δ13C, but those differences were weak
y species based on 2018 data across all plots. Percent dead includes plot-level ranges, and
ld type indicative of significance (p < 0.05).

White fir Incense cedar

Live Dead Live Dead

151 118 118 66
) 39.2 (1.9) 40.7 (2.5) 31.9 (2.4) 31.1 (2.2)
) 20.3 (0.9) 20.2 (1.1) 14.0 (0.8) 11.0 (0.8)

45 (0–100) 36 (0–74)

36 31 30 18
) 49.4 (3.8) 63.8 (11.2) 39.9 (4.2) 33.9 (4.4)
) 28.3 (2.8) 27.3 (3.0) 17.5 (1.6) 13.4 (1.8)

https://www.ncdc.noaa.gov/cag/divisional/mapping
https://www.ncdc.noaa.gov/cag/divisional/mapping
https://www.ncdc.noaa.gov/cdo-web/datatools/findstation
https://www.ncdc.noaa.gov/cdo-web/datatools/findstation


Table 2
Model coefficients and classification rates for best-fit logistic regression models of mortality by speciesa.

Species Intercept DBH/DRC Height BAI Inner ring year Plot slope Plot elevation Plot aspect Plot consp. BA Plot TPH Class. rate

Pinyon pine −0.84 – −0.62 – 0.23 – – – – 0.72
Ponderosa pine 2.43 – 1.8 – −0.89 – – 2.79 – 0.88
White fir −0.33 – 0.32 – 0.53 −0.64 – 0.94 – 0.61
Incense cedar −0.82 −1.63 – −1.94 – – −1.19 – – 0.75

a Predictors were scaled and centered prior to model fitting for ease of effect size comparison. BAI was additionally normalized by BA to eliminate possible collinearity issues. Rows
correspond to individual models. Bold indicates significance of a predictor (p < 0.05), and dashed lines indicate predictor was included in model selection, but did not appear in best-fit
model. Classification rates were determined by training the model on 50% of the data and using that to predict the other 50%.

7C.C. Reed, S.M. Hood / Science of the Total Environment 750 (2021) 141306
and not significant. Incense cedar showed inconsistent differences be-
tween live and dead trees throughout the study period (Fig. 2B).

Relationships between radial growth and Δ13C were all positive and
significant but differed in strength across species and tree status (Fig. 3).
Pinyon pine had a strong, positive correlation between radial growth
and Δ13C for both surviving and now-dead trees. Similarly, ponderosa
pine that died had a relatively strong, positive correlation between
growth and Δ13C, while a weaker relationship existed between the
two variables for trees that survived. The BAI-Δ13C relationship for sur-
viving and dying white fir and incense cedar was weakly positive, yet
statistically significant (Fig. 3).

3.5. Defenses

In general, there were no clear differences in resin duct metrics be-
tween live and dead pinyon and ponderosa pines when the whole
Fig. 2. Differences in basal area increment (BAI) and isotopic discrimination against 13C
(Δ13C) between live and dead trees of each study species. Positive differences indicate
higher growth (A) or discrimination (B) of trees that survived the drought and bark
beetle outbreaks relative to trees that died. Open circles denote significant differences
(p < 0.05).
study period was considered (Fig. S4). However, in the 5 years leading
up to the 2012–2016 drought some differences emerged (Fig. 4). Sur-
viving ponderosa pines had higher relative duct area, and weakly
greater duct density (p < 0.1). Pinyon pines that survived had greater
duct production (i.e. number of ducts), and weakly higher total duct
area (p < 0.1; Fig. 4).

3.6. Relationships of tree-ring variables to climate

3.6.1. Radial growth and climate
Correlations of radial growth with hydrological year PDSI were

nearly always positive across the study period but varied in strength
by species and tree status (Fig. 5). Only ponderosa pine showed consis-
tent differences in growth sensitivity to PDSI for live and dead trees,
with those that died having a consistently higher correlation with
PDSI than those that survived. Correlations between incense cedar
growth and PDSI were typically not significant over the study period,
and varied minimally between live and dead trees, with the exception
of a more pronounced decline in sensitivity to PDSI around the 1980s-
early 1990s for trees that eventually died (Fig. 5).

3.6.2. Δ13C and climate
Similar to growth, correlations of Δ13C with hydrological year PDSI

were nearly always positive but varied in strength by species and tree
status (Fig. 6). With the exception of incense cedar, sensitivity of Δ13C
to PDSI seemed to decline over the study period. Incense cedar that
died had relatively invariable Δ13C-PDSI relationships, and trees that
survived seemed to become more sensitive to PDSI over the time
frame measured. Interestingly, although live and dead pinyon pine
had similar Δ13C-PDSI relationships over much of the study period,
Δ13C of dead trees appears to become less sensitive to PDSI in recent de-
cades while it remained relatively constant for trees that survived.
While differences in sensitivity of Δ13C to PDSI are less consistent for
ponderosa pine or white fir, ponderosa pine Δ13C-PDSI correlations of
dead trees seem to have declined faster in recent decades, and correla-
tions for dead white fir tended to be higher than for live individuals
(Fig. 6).

3.6.3. Defenses and sensitivity to climate
Correlations of resin duct metrics with PDSI were similar for both

live and dead pinyon pine, whereas ponderosa pine that died had gen-
erally stronger correlations between ductmetrics and PDSI than surviv-
ing trees (Fig. 7). Relationships between unstandardized resin duct
metrics of dead ponderosa pine and PDSI tended to become increasingly
positive over the study period. Conversely, sensitivity of all ductmetrics
to PDSI for live trees appears to have declined particularly in recent de-
cades (Fig. 7).

4. Discussion

We find a unique suite of risk factors for mortality for pinyon pine,
ponderosa pine, white fir, and incense cedar, with few risk factors
shared between species, and no generalizable predictors of mortality
across all four species (Fig. 8). We find that in the face of a particularly



Fig. 3. Detrended basal area increment (BAI) vs detrended discrimination (Δ13C) for live and dead trees with adjusted-R2 values. All correlations are significant (p < 0.05).

8 C.C. Reed, S.M. Hood / Science of the Total Environment 750 (2021) 141306
long, hot drought combined with bark beetle outbreaks, tree-level fac-
tors previously found to affect susceptibility to either drought alone or
beetle outbreaks combined with more moderate drought become less
clear. Our findings support the premise that species' responses to
drought stress, particularlywhen severe drought or beetles are involved
are highly plastic and may depend on species- or even site-specific risk
factors (Cailleret et al., 2017; Gessler et al., 2018; Zadworny et al., 2019).

4.1. Stand structure matters for some species

As anticipated, differences in stand structure influenced mortality
probability, but only for ponderosa pine and white fir, and tree density
alone was not important (Table 2). Ponderosa pine and white fir that
came from plots with higher conspecific BA had a higher probability of
mortality, which is generally consistent with studies that examined
mortality factors during both the 2012–2016 California drought
(Restaino et al., 2019) and a previous drought-related beetle outbreak
(Ferrell et al., 1994; Egan et al., 2010). This pattern is likely related to
the importance of host-tree abundance for beetle success and/or a com-
petition effect.

Surprisingly, site-level variables related to water availability like el-
evation or aspect did not appear to be of much importance in predicting
mortality in our models. Incense cedar that died were more likely to
come from plots on more southwestern aspects, and white fir was the
only species for which elevation showed up as a predictor in the best-
fit model, although it was non-significant (Table 2). Other studies that
have examined mortality factors associated with the recent California
drought have found elevation, which is strongly associated with water
availability in the Sierra Nevada, to play an important role in mortality
(Paz-Kagan et al., 2017; Fettig et al., 2019; Goulden and Bales, 2019;
Restaino et al., 2019). Our study design did not aim to stratify plots across
the elevational range of the study species and it is likely that our study
area did not have a sufficient distribution of plots across a large enough
elevational range to adequately capture this more landscape-level risk
factor.

4.2. Differences in radial growth and tree size

Radial growth and tree diameter are two commonly assessed tree-
level variables in studies that compare trees that die and those that sur-
vive drought and/or bark beetle outbreaks. A recent extensive synthesis
of radial growth patterns preceding drought-related mortality showed
that while trees that die during drought alone generally have lower
growth rates prior to death, this pattern does not necessarily hold true
for trees that die from bark beetles or from particularly severe drought
(Cailleret et al., 2017). Our findings support this, with incense cedar
being the only species of the four we examined where chronically
slower growth preceded death, and for which we did not observe
clear bark beetle-related mortality. In contrast to the other species we
studied, incense cedar mortality appears to be more attributable to
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Fig. 4.Resin duct variablesmeasured over thefive years prior to the drought (2007–2011)
for live and dead trees. * indicates significance (p < 0.05); + indicates p < 0.1.
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suppression, or perhaps a combination of cedar bark beetle selection of
smaller trees (Stephenson et al., 2019), with the competitive advantage
of taller and faster growing trees over shorter, slower growing individ-
uals. Consistentwith this observation, Fettig et al. (2019) also attributed
the majority of incense cedar mortality in the central and southern
Sierra during the recent drought to suppression rather than beetle-
related mortality.

Trees that die due to beetles alone or in combination with more
moderate drought often have chronically higher growth, possibly due
to growth-defense tradeoffs or beetle selection during extended out-
breaks for larger trees (Ferrenberg et al., 2014; de la Mata et al., 2017;
Cooper et al., 2018; Kichas et al., 2020). We similarly observe this
trend for ponderosa pine and weakly for white fir that died, suggesting
that the effects of bark beetles may have overridden the effects of the
drought for these species. However, our study design did not allow us
to examine the influence of drought and bark beetles separately because
nearly all dead trees showed signs of attack by a primary beetle. This is a
common challenge in mortality studies involving biotic agents because
drought also influences bark beetle populations (Anderegg et al., 2015).
Generally though, the lack of differences in growth in the years immedi-
ately preceding death for ponderosa pine and white fir, and the lack of
growth differences over the entire period for pinyon pine (Fig. 2A),
suggests that when beetles occur in concert with a particularly extreme
drought, growth differences alone are not sufficient predictors of
mortality.

Surprisingly, differences in diameter between surviving and dying
trees were only observed for pinyon pine, with trees that died tending
to be larger (Table 1). Consistent with our results, Meddens et al.
(2015) found the main factor to reliably differ between live and dead
two-needle pinyon pine (Pinus edulis Engelm.) affected by the combina-
tion of drought and pinyon ips outbreaks to be diameter, with larger
treesmore likely to die. This could be due to a preference of bark beetles
for larger trees, a tendency of larger trees to have greater metabolic de-
mands, or a prioritization of growth over investment in defenses
(Meddens et al., 2015). While diameter was important when consider-
ing both cored and non-cored trees, it was not included in the best-fit
model for pinyon pine (Table 2), and it is possible that this inconsistency
is attributable to sample size.

4.3. Long-term variability in carbon isotope patterns may play role in
ponderosa pine mortality susceptibility

Long-term variability in Δ13C between surviving and dying trees
is indicative of chronic differences in intrinsic water-use efficiency
(iWUE; A/gs; McCarroll and Loader, 2004), and possibly water stress
(Warren et al., 2001). Only ponderosa pine exhibited differences in
Δ13C, with trees that died having consistently lower Δ13C than those
that survived (Fig. 2B). LowerΔ13C typically results from either reduced
stomatal conductance, greater photosynthetic demand, or some combi-
nation of the two (i.e. higher iWUE). However, it is additionally possible
that post-photosynthesis fractionation processes, particularly due to the
utilization of stored assimilates, could contribute to some of the Δ13C
patterns we observe (Gessler et al., 2014). Consistently higher BAI of
now-dead ponderosa pine over much of the same time period suggests
that lowerΔ13Cmay be due in part to chronically higher photosynthetic
demand linked to higher growth, rather than chronic differences in sto-
matal conductance driven by long-term water stress.

Although chronic differences in BAI and Δ13C suggest long-term dif-
ferences in photosynthetic demand between surviving and dying
ponderosa pine, variability in the strength of the relationship between
BAI and Δ13C suggests that drivers may differ when examined on an in-
terannual basis. The strength of the relationship between intrinsic
water-use efficiency, which is inversely related to Δ13C, and radial
growth has been shown to differ between trees that survive and those
that die as a result of drought or drought-induced beetle-relatedmortal-
ity, with a tighter coupling observed for trees that eventually die
(McDowell et al., 2010; Voltas et al., 2013; but see Hereş et al., 2014).
This is consistent with our results for ponderosa pine (Fig. 3). This rela-
tionship when combined with the stronger relationship between BAI
and PDSI for now-dead ponderosa pine, indicates that at least inter-
annually, years in which Δ13C was lower and drought more intense,
trees that eventually died had less radial growth. This suggests that in-
terannual variability in Δ13C of now-dead trees may be more tightly
linked to differences in stomatal conductance rather than photosyn-
thetic demand. Although Δ13C differences between surviving and
dying trees were negligible for other species, we do observe that radial
growth of pinyon pine is particularly tightly related toΔ13C for both live
and dead trees. This is perhaps unsurprising as pinyon pine additionally
had chronically low growth and lowΔ13C (Fig. S1; Fig. S2), and is grow-
ing at the southern and lower elevational extent of its range (i.e. more
water-limited), consistent with the notion that these trees are living
under more chronically stressed conditions. These conditions could
make radial growth more sensitive to changes in Δ13C, particularly if



Fig. 5. Basal area increment (BAI) vs hydrological year Palmer Drought Severity Index (PDSI) 20-year moving window correlation coefficients for live and dead trees. BAI is detrended.
Open circles indicate significant correlation of BAI vs PDSI (p < 0.05). Years are midpoints of 20-year moving windows; moving windows are offset by two years.
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those changes are driven primarily by variability in stomatal conduc-
tance. The lack of variability ofΔ13C or the BAI-Δ13C relationships or be-
tween surviving and dying white fir and incense cedar suggests that
growth sensitivity to changes in stomatal conductance and/or photo-
synthetic demand was not a driving factor in mortality risk for either
of these species (Fig. 3).

4.4. Influence of beetle dynamics and role of defenses

Bark beetle dynamics may change over the course of an outbreak,
particularly when paired with an ongoing drought, thereby differen-
tially influencing the mortality probability of some trees over others
during the course of an outbreak (Boone et al., 2011; Egan et al., 2016;
de la Mata et al., 2017). Beetle dynamics likely influenced the higher
probability of mortality for larger pinyon pine (Negrón and Wilson,
2003), as well as the greater likelihood of mortality for ponderosa
pine and white fir growing in areas with higher conspecific basal area.
Forests with more and larger hosts can foster increases in beetle
populations by making it easier for beetles to find host trees through
pheromone-mediated communication and higher brood production
(Egan et al., 2010, Raffa, 2014). Although beetles may have initially
attacked smaller individuals, the length of thedrought and thus the con-
tinued and increased beetle pressure likely allowed for successful at-
tacks of larger individuals as well, as has been observed for other
pines (Boone et al., 2011; Egan et al., 2016; de la Mata et al., 2017;
Cooper et al., 2018).
Water stress can predispose ponderosa pine to attack from bark bee-
tles via decreases in defenses, particularly resin flow (Kolb et al., 2019)
and resin ducts (Gaylord et al., 2013). Although we do not assess resin
flow directly, resin duct metrics, particularly unstandardized metrics,
are highly related to resin flow (Hood and Sala, 2015). In our study,
only relative duct area for ponderosa pine and duct number for pinyon
pine were higher for surviving trees compared to trees that died
(Fig. 4). Studies that have examined differences in resin duct metrics in
two-needle pinyon pine have primarily found smaller ducts in the years
preceding drought and beetle induced mortality (Gaylord et al., 2013;
Gaylord et al., 2015), a trend we similarly observe, although non-
significantly (Fig. 4). Differences have likewise been found in resin duct
metrics between surviving and dying ponderosa pine (Kane and Kolb,
2010; Hood et al., 2015), although differences have typically been associ-
atedwith unstandardizedmetrics, rather than those standardized by ring
area asweobserved. It is possible that the drought and resulting bark bee-
tle outbreak were so severe that trees were greatly constrained from
producing both constitutive and induced resin and resin ducts. This con-
straint combinedwith high beetle pressuremay havemasked differences
in resin ducts between resistant and susceptible trees that exist under
milder climatic conditions. It is important to note that we only assess
one component of tree defense to bark beetles, and other factors, such
as chemical composition of resin and induced responses, are additionally
important for tree defense (Raffa, 2014; Huang et al., 2020).

The prolonged drought likely negatively impacted tree defenses,
which together with high host availability, supported conditions for



Fig. 6. Discrimination (Δ13C) vs hydrological year Palmer Drought Severity Index (PDSI) 20-year moving window correlation coefficients for live and dead trees. Δ13C is detrended. Open
circles indicate significant correlation of Δ13C vs PDSI (p < 0.05). Years are midpoints of 20-year moving windows; moving windows are offset by two years.

11C.C. Reed, S.M. Hood / Science of the Total Environment 750 (2021) 141306
extended, severe beetle outbreaks. The effectiveness of tree defenses
changes with beetle population dynamics, with bark beetles during an
outbreak preferentially attacking better defended trees (Boone et al.,
2011). While seemly counter-intuitive, it is likely due to higher beetle
fitness in larger trees that can support greater brood size and increase
reproductive output. Therefore, tree defensesmay become less effective
as beetle populations build and are capable of overwhelming defenses
(Raffa, 2014) because the conditions needed to support an outbreak
are different than the ones required to initiate it (Raffa et al., 2008).
While defenses still influence beetle attack success, forest structure
and host tree abundancemay become increasingly important as an out-
break progresses (Fettig et al., 2019; Fettig et al., 2007; Hood et al.,
2016).

4.5. Greater sensitivity to climate for dead trees of some species but not
others

Greater sensitivity of growth to climate has been found to be more
pronounced in trees that succumb to droughtwith or without a concur-
rent beetle outbreak (McDowell et al., 2010; Hereş et al., 2012; Cooper
et al., 2018), and in some cases this greater sensitivity also holds true
for carbon isotopes (Voltas et al., 2013; Csank et al., 2016). In contrast
to our expectations, ponderosa pine was the only species that showed
consistently greater growth sensitivity to PDSI throughout the study
period for trees that died (Fig. 5), suggesting a long-term greater sensi-
tivity to water stress which may have contributed to mortality for this
species.

Differences between live and dead trees were more apparent in the
sensitivity of Δ13C to PDSI, predominantly in the two decades prior to
the drought, with live pinyon pine in particular having relatively stron-
ger correlations than trees that died (Fig. 6). This result is consistent
with observations for ponderosa pine growing at water-limited sites
(McDowell et al., 2010). A weaker or more strongly declining relation-
ship of Δ13C to drought suggests that dying trees may have had less sto-
matal sensitivity to drought thereby inhibiting the adaptive response of
increasing their water-use efficiency as strongly during drought periods.
In contrast, the slightly stronger relationship between Δ13C-PDSI for
dying white fir is more consistent with observations for white spruce
(Csank et al., 2016), and suggests that trees that eventually died had a
greater stomatal sensitivity to drought in the years preceding death. For
incense cedar, the Δ13C-PDSI relationship remained weak over time for
trees that died, whereas it became stronger for surviving trees (Fig. 6).
If incense cedar that died are being outcompeted by faster growing, taller
trees, it follows that their stomatal sensitivity and/or photosynthetic
demand, both ofwhich determineΔ13C,may be less coupledwith climate
andmore linked to site-level resource dynamics (e.g. light, nutrient avail-
ability). Weaker growth-climate relationships have been previously ob-
served for suppressed individuals when compared to more dominant
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trees (Martín-Benito et al., 2008; Lebourgeois et al., 2014), which is gen-
erally consistent with our observations for incense cedar in recent de-
cades and appears to hold true for Δ13C-drought relationships as well
(Fig. 5; Fig. 6). We additionally note that many of the shifts in sensitivity
of both radial growth and Δ13C to PDSI that we observe appear to
correspond with the multi-year regional drought and bark beetle out-
breaks that occurred in the late 1980s-early 1990s. There is some evi-
dence that previous droughts may influence susceptibility of trees to
future droughts (Macalady and Bugmann, 2014), particularly if drought
stress is severe enough to cause long-term harm to photosynthetic
Fig. 7. Resin duct metrics vs hydrological year (Oct-Sept) Palmer Drought Severity Index (PD
indicate significant correlation of duct size vs PDSI (p < 0.05). Years are midpoints of 20-year m
machinery or hydraulic function. It is possible that this past drought cat-
alyzed changes in relationships of radial growth or Δ13C with PDSI and
may help to explain some of the shifts that we observe.

Relationships between resin duct metrics and drought indicate that
ponderosa pine that died had consistently greater sensitivity of resin
duct size, number and area to drought, whereas differences between
surviving and dying pinyon pine were inconsistent (Fig. 7). This sug-
gests that chronic sensitivity to water stress in dying ponderosa pine
may have impacted defenses during periods of drought, thereby in-
creasing susceptibility to bark beetle attack.
SI) 20-year moving window correlation coefficients for live and dead trees. Open circles
oving windows; moving windows are offset by two years.
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4.6. Considering mechanisms of mortality

Although we do not attempt to explicitly determine mortality
mechanisms, the variability we see across species in the physiological,
climatological and beetle-related factors influencingmortality probabil-
ity suggests that mechanisms may vary between species. Current
understanding of drought-related mortality mechanisms suggests the
combined importance of tree carbon budget and the hydraulic system
(Adams et al., 2017), both of which are impacted by bark beetles via
a depletion of carbon reserves for tree defenses and via beetle-
associated fungi blocking water transport in the xylem (Anderegg
et al., 2015). We expect that mortality mechanisms related to both the
hydraulic system and carbon budget interact in the face of such a severe
disturbance, as has been demonstrated in other systems (Sevanto et al.,
2014; Gaylord et al., 2015). For example, the steep decline in Δ13C sen-
sitivity to climate in the years preceding the drought we observe for
ponderosa pine that died may point to a lack of stomatal control
which could result in failure of the hydraulic system. In contrast, a
greater investment in growth for dead ponderosa pine over the study
period combined with less investment in defenses in the years preced-
ing the drought, suggests a riskier strategy of growth prioritization that
could lead to carbon starvation-related mortality in the face of a multi-
year drought and bark beetle outbreak (McDowell et al., 2008).

4.7. Other considerations

There are additional considerations we did not address that may
play equally important roles in influencing mortality susceptibility of
some trees over others. For example, we did not attempt to quantify
belowground processes thatmay influence access to resources. Changes
in root-to-shoot ratios, fine root abundance and distribution, and my-
corrhizal networks may alter a tree's ability to withstand drought
Fig. 8. Identified within-species risk factors for tree-level mortality due to severe drought and
metric measured.
(Mohan et al., 2014; Brunner et al., 2015). Similarly, differences in
rooting depth or soil water holding capacity due tomicrosite character-
isticsmay influence tree-level differences inwater availability and could
help to further explainwithin-species differences in ability towithstand
both drought and bark beetle outbreaks. A better understanding of how
belowground factors vary both among and within species in the face of
drought and concurrent bark beetle outbreaks is necessary to better
model tree-level mortality and is an area in which further research is
much needed (Phillips et al., 2016). Other physiological indicators of
tree stress and vulnerability to drought such as non-structural carbohy-
drates and water content (Martínez-Vilalta et al., 2016; Lehmann et al.,
2018; Sapes et al., 2019)were similarly outside the scope of this project.
Lastly, variability between trees that survive and those that die from the
combination of drought and concurrent beetle outbreaksmay in part be
due to genetic differences between trees (Sthultz et al., 2009; de laMata
et al., 2017), and should be considered whenmodeling future tree mor-
tality in the face of extreme disturbance events.

5. Conclusions

The predicted increase in the intensity and/or length of droughts
globally (IPCC, 2014; Trenberth et al., 2014), combined with changes
in bark beetle dynamics associated with climate change (Bentz et al.,
2010), requires a better understanding of how severe disturbance
events influence mortality at the tree-level if we are to effectively pre-
dict future forest mortality. We find that risk factors associated with
tree-level mortality differ between species, and that generalizable pat-
terns become less clear when bark beetle outbreaks occur in concert
with a particularly long, hot drought, likely a reflection of unique strat-
egies for dealing with these specific types of disturbance (Fig. 8). For
ponderosa pine, we see evidence that both long-term differences in
chronic demand of carbon for growth and sensitivity to water stress
concurrent bark beetle outbreaks. Risk factors are categorized by species and category of
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combine with shorter term beetle-related selection and variability in
defenses to influence susceptibility to the combination of drought and
beetle attacks. Whereas for pinyon pine and white fir, long-term vari-
ability between trees that survived and those that died is less clear
and beetle dynamics may play a more prominent role in mortality pat-
terns. Incense cedar, in contrast, for which we see limited evidence of
beetle-related mortality, appears to be primarily influenced by long-
term differences in growth rate and stand dominance which likely im-
pact resource availability and susceptibility to prolonged drought.
Models that aim to predict tree-levelmortality under future climate sce-
narios will need to account for these extreme events, and may need to
considermultiple species-specific risk factors tomore accurately predict
tree death. Further study of these types of droughts will be necessary
if we are to accurately forecast forest mortality in the face of future
droughts of similar magnitude.
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