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Abstract

Recent increases in Douglas-fir (Psuedotsuga menziesii var. menziesii) mortality in the Klamath Mountains ecoregion raise concerns about the
long-term resilience of Douglas-fir in the ecoregion and increased potential for uncharacteristic wildfire. We used data from the USDA Forest
Service Aerial Detection Survey and ninety-six field plots to explore the relationships between physiographic and climate variables and Douglas-
fir mortality. Our results provide strong evidence for a decline spiral in which Douglas-fir growing on hot, dry sites (predisposing factor) are
further stressed by drought (inciting factor) and are then exploited by the flatheaded fir borer (Phaenops drummond)) and other secondary biotic
agents (contributing factors), resulting in decline and mortality. At the landscape scale, Douglas-fir mortality increased as average annual precip-
itation declined and average climatic water deficit increased. We developed a risk score integrating several environmental variables associated
with drought and heat stress to predict the likelihood and intensity of mortality at the stand scale.

Study Implications: Douglas-fir mortality in the Klamath Mountains ecoregion commonly occurs during and following drought on hot, dry sites
that are already climatically marginal for the species. Landowners and managers can use climatic water deficit to identify high mortality risk sites
at the landscape scale and our risk score integrating topographic and site factors for risk assessment at the stand scale. Steering management
toward oak-pine restoration may be warranted in high risk locations. Projections of future climatic water deficit suggest that the area of marginal,
high risk habitat for Douglas-fir will increase substantially by 2055.

Keywords: Douglas-fir, Psuedotsuga menziesii, forest health, tree mortality, flatheaded fir borer, Phaenops drummondi, Klamath Mountains ecoregion, decline
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Coastal Douglas-fir (Psuedotsuga menziesii var. menziesii)
is the dominant species in many low-to-mid-elevation dry
forests in the Klamath Mountains ecoregion of southwest-
ern Oregon and northern California (Franklin and Dyrness
1988). These forests provide essential ecosystem services
ranging from wildlife habitat and carbon sequestration to
timber production. However, recent increases in Douglas-fir
(DF) mortality (Buhl et al 2017; Schaupp 2017, figure 1) raise
concerns about the long-term resilience of this species in the
ecoregion, the loss of key ecosystem services, and the poten-
tial for increased fuel loading and uncharacteristic wildfire
(Hessburg et al. 2019). At the same time, DF mortality on
some sites, such as former oak woodlands, presents opportu-
nities for restoration. The Klamath ecoregion is well known
for its high topographic and edaphic variability (Vander
Schaaf et al. 2004) and such variability can influence both
tree growth (Hoylman et al. 2018) and mortality (Bost et al.
2019; Paz-Kagan et al. 2017). A better understanding of the
physiographic and climatic factors influencing DF mortality
would help land managers predict when and where DF is

most vulnerable and prioritize stands for preventative thin-
ning and restoration treatments.

Since the mid-1970s, the USDA Forest Service (Forest Service)
Aerial Detection Survey (ADS) has attributed observed DF mor-
tality in the Klamath ecoregion primarily to the flatheaded fir
borer (FB) (Phaenops drummondi) (Coleoptera: Buprestidae),
a wood borer, rather than the Douglas-fir beetle (DFB)
(Dendroctonus pseudotsugae) (Coleoptera: Curculionidae).
The FB is unusual in that unlike most native Buprestid beetles,
it infests and often kills its live conifer host (Furniss and Carolin
1977; Schaupp and Strawn 2016). Although the FB is little stud-
ied, ADS data and field observations suggest that FB-related DF
mortality typically occurs during and immediately after drought
and in locations where Douglas-fir is near its lower threshold
of water availability such as valley margins and the fringes of
Oregon white oak stands (Goheen and Wilhite 2021; Oregon
Department of Forestry 2016). Conversely, trees in lower slope
positions, in stand interiors, and on deeper soils may be buff-
ered from moisture stress and experience lower mortality rates
from the FB and related agents.
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Figure 1. Recent Douglas-fir mortality in the Klamath ecoregion. Top: Typical Douglas-fir mortality pattern, 2016 USDA Forest Service (USFS) and
Oregon Department of Forestry (ODF) Aerial Detection Survey (B. Schroeder, USFS). Middle: Douglas-fir mortality, 2016, Applegate valley (B. Schaupp,
USFS). Bottom: Douglas-fir mortality, 2022, Applegate valley (C. Adlam, Oregon State University). Note Proximity of Oregon white oak woodlands to

dead Douglas-fir in middle and bottom images.

The FB is found throughout the western United States
and Canada and colonizes true firs (Abies), western hem-
lock (Tsuga heterophylla), spruce (Picea), and larch (Larix)
in addition to DF (Furniss and Carolin 1977; Gibson 2010).
As landscapes become increasingly droughty with climate

change, the impacts of this insect on DF and perhaps other
species will likely increase (Agne et al. 2018; Halofsky et al.
2022). Therefore, recent DF mortality patterns in the Klamath
ecoregion may have implications for management of DF for-
ests in a broader geographic area.

202 J9quianoN |0 uo 1senB Aq 2GS 1L 20./9%Z/E/1L 2 L/9191E/§0l/00"dNO"oILSPEO.)/:SARY WO} PAPEOUMOQ



248

A landscape vegetation change context is important for
understanding recent DF mortality in the Klamath ecoregion.
Studies of fire history in the ecoregion suggest that prior to
Euro-American settlement in the mid-19" century, fires were
predominantly of low and mixed severity (Metlen et al. 2018
and references therein), supporting relatively open, spatially
heterogeneous forests. Fire suppression since the early 1900s
has resulted in fuels accumulation, increases in stand density,
and a shift to higher proportions of more shade tolerant, less
fire-resistant trees (Knight et al. 2020; Leonzo and Keyes
2010). Data on changes in species composition in the ecore-
gion are limited, but it is reasonable to infer that Douglas-
fir has increased in abundance and has encroached on some
sites, such as white oak woodlands, following fire exclusion
(Hosten et al. 2007).

We use Mannion’s “decline disease spiral” as a framework
for hypothesizing the interaction of environmental variables
that contribute to DF mortality in the Klamath ecoregion.
This framework describes a process whereby predisposing,
inciting, and contributing factors lead to progressive loss of
tree vigor and eventual death (Mannion 1991). Specifically,
DF trees growing on marginal, water-stressed sites (predis-
posing factors) are more vulnerable to episodic drought stress
(inciting factors) that impairs their physiological functioning,
making them more susceptible to FB and other biotic agents
(contributing factors), resulting in tree decline and death
(figure 2). Carbon starvation and hydraulic failure may occur
as a precursor to these biotic agents or may be amplified by
them (McDowell et al. 2008). Although most DF mortality
in the ecoregion has been attributed to the FB in ADSs, the
actual causes of mortality, as well as site factors, may be more
complex and need validation by systematic field investigation.

Study Objectives

Our objectives were to (1) assess the relationships between
environmental variables, including physiographic, edaphic,
and stand characteristics, and the spatial and temporal pat-
terns of recent (2000-2019) DF mortality in the Oregon por-
tion of the Klamath ecoregion; (2) determine the likely causes
of DF mortality in the study area and evaluate the relative
contributions of the FB, other insect and disease agents, and
abiotic damage, to the extent feasible; and (3) develop a risk
score based on stand and environmental variables to predict
the likelihood and intensity of mortality at the stand scale.
Understanding the underlying patterns of tree mortality in the
region will greatly improve future forest management.

Methods
Study Area

The study area encompassed the Oregon portion of the
Klamath ecoregion and a part of the western Cascades ecore-
gion (figure 3) which, with the exception of a small area in
the southern coast range, comprises the entire area in Oregon
where the FB has been detected by the ADS. This mountain-
ous region (elevation range 3-2,288 m) has a Mediterranean
climate with cool, moist winters and hot, dry summers
(Franklin and Dyrness 1988). Precipitation varies consider-
ably and generally increases with elevation and proximity to
the ocean (PRISM Climate Group, Oregon State University,
2022). Natural vegetation includes mixed conifer and mixed
evergreen forests, oak woodlands, chaparral and other
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non-conifer types (Franklin and Dyrness 1988). Douglas-fir
is the most abundant tree species and a major constituent of
most forest types. Other common tree species include ponder-
osa pine (Pinus ponderosa), sugar pine (Pinus lambertiana),
white fir (Abies concolor), Oregon white oak (Quercus gar-
ryana), California black oak (Quercus kelloggii), and Pacific
madrone (Arbutus menziesii).

Analysis of ADS Data in Relation to Climate and
Historic Vegetation

We used mortality data from the ADS administered by the
Forest Service and cooperating state partners to explore the
relationships between Douglas-fir mortality, climate, and veg-
etation in the study area. The ADS program provides the most
comprehensive, long-term dataset of forest mortality trends
associated with insects and disease across the United States
and can be used to describe the relative scope and scale of
large-scale mortality events (Coleman et al. 2018). However,
the accuracy of ADS estimates of trees per acre damaged or
killed tends to decline in larger damage polygons (Coleman et
al. 2018) and can also be affected by survey timing, surveyor
experience, visibility, and other factors (Malesky et al. 2019).

Despite these limitations, the ADS is useful for assessing
trends and comparing the relative magnitude of mortality
associated with damaging agents across space and time. For
this analysis we calculated the cumulative DF mortality (in
trees per acre) for the period 2000-2019 that was attributed
to the FB. Mortality was summed in 1 km grid cells to provide
a trees killed per square kilometer metric, recognizing that
this metric was likely inaccurate in an absolute sense but was
valuable for relative comparisons across space (i.e., as a heat
map of the intensity of mortality). To facilitate comparisons
of areas with higher and lower levels of mortality, we classi-
fied the number of FB-killed trees per each 1-km grid cell as
follows: no mortality, <2 trees killed/km?, 2-20 trees killed/
km?, 20-100 trees killed/km?, 100-500 trees killed/km?, and
>500 trees killed/km?.

We used gridded climate data (800 m) from PRISM (PRISM
Climate Group, Oregon State University, 2022) for mean
annual precipitation, June-August maximum monthly tem-
perature, and June—August maximum monthly vapor pressure
deficit for the period 1990-2020 (i.e., climate “normals™). We
obtained gridded (90 m) climate water deficit (CWD) data, an
integrated measure of moisture stress that is calculated from
the difference between actual evapotranspiration and poten-
tial evapotranspiration, based on precipitation, water storage
in soils and snow, and solar radiation for 1980-2010 (Cansler
et al. 2022). These gridded climate data were intersected with
and averaged for each 1-km grid cell, allowing for compari-
sons of cumulative DF mortality, average climate, and CWD
over a given time period. Mean elevation for each 1-km grid
cell was calculated from a 30 m digital elevation model. We
used gradient nearest neighbor (GNN) cover data (Landscape
Ecology Modeling Mapping and Analysis 2014) to mask non-
forest areas, defined as grid cells in which >50% of the cell
had <10% forest cover. All spatial analyses were conducted
using ArcMap 10.8.

We also compared year-to-year FB mortality with weather
variables that might influence mortality levels using a time
series of FB mortality, the number of trees killed each year
across the entire study area from 1975-2019. We credited
each year’s mortality to the year prior to the year of detection
in the aerial survey, on the assumption that most trees detected

202 JoquianoN |0 Uo 1sanb Aq 2651 20./9+2/€/1Z 1 /2101Me/j0l/woddno-oiwspeoe//:sdyy wouj papeojumoq



Journal of Forestry, 2023, Vol. 121, No. 3

249

Water-stressed sites
High heat load, low precipitation
Limited soil water storage/availability
High climatic water deficit

N

Pre-disposing factors

Increased abundance
of Douglas-fir on marginal sites

Landscape change
Douglas-fir encroachment on pine/oak sites
Douglas-fir densification

Hotter drought

pressure deficit

Inciting factors

Precipitation drought with higher temps, higher vapor

Impaired physiological functioning of drought-stressed
DF trees resulting in reduced resistance to stressors

Contributing factors

Biotic agents
Flatheaded fir borer
Other secondary beetles
Canker diseases

Tree decline and death

Figure 2. Hypothesized causes of Douglas-fir decline in Klamath ecoregion of Oregon. Douglas-fir trees growing on already marginal, water-stressed
sites (predisposing factors) are vulnerable to episodic drought stress (inciting factors) that impairs their physiological functioning, making them more
susceptible the flatheaded fir borer and other biotic agents (contributing factors), resulting in tree decline and death. Carbon starvation and hydraulic
failure may occur as a precursor to these biotic agents or may be amplified by them.

during summer detection flights were likely killed in the year
previous (Lowrey 2022, personal observation). Drought indi-
ces used were the Standardized Precipitation Index (SPI) and
the Palmer Drought Severity Index (PDSI) (National Center
for Atmospheric Research 2022). The SPI is a measure of pre-
cipitation anomaly over a defined time frame, with negative
values representing drought. We compared mortality trends
with 1-, 2-, and S-year growing season SPI (April 1 through
October 30). The PDSI accounts for precipitation and tem-
perature, with negative values representing drought (National
Center for Atmospheric Research 2022). We used annual and
growing season PDSI. We also compared mortality to summer

maximum and minimum temperatures. Data for the weather
variable time series were obtained from Climate Toolbox
(https://climatetoolbox.org/) and averaged over all grid cells
in the study area for the year or growing season.

For the comparison of historic vegetation and FB mortal-
ity, we used a historic vegetation layer representing dominant
vegetation in the study area in 1938 that was created from
General Land Office survey data and other historic maps
(Tobalske 2002). Dominant vegetation in the historic map
was classified in terms of broad types such as “Douglas-fir,”
“Ponderosa pine” and “Oak savannah.” Although lacking in
spatial precision and subject to the limitations of historical
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Figure 3. Relationship of study area and study sites to Klamath ecoregion. Cumulative Aerial Detection Survey 2000-2019 Douglas-fir mortality
attributed to the flatheaded fir borer (FB) in the study area is shown, with mortality displayed in classes based on trees killed per square kilometer. Grid

cells with <20 trees killed/km? are not shown.

data (Schulte and Mlandenoff 2001), this dataset provides a
reasonable approximation of regional vegetation types before
the era of intensive logging and early in the era of fire exclu-
sion. We intersected FB polygons from the period 2000-2018
with the historic vegetation polygons and then calculated the
percentage of cumulative FB mortality for the period falling
within each historic vegetation type.

Field Sampling and Data Collection

To assess patterns of DF mortality in relation to stand-scale
topographic and site factors, we collected data from field
plots distributed systematically across four study sites that
were representative of low elevation forests in the study

area with past and on-going DF mortality associated with
the FB (figure 3). The study sites ranged from 64 to 272
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ha (158-672 ac) in size and were located in four different
5™ field watersheds. Each site was topographically complex
and contained substantial recent and past DF mortality.
Field plots consisted of two nested subplots, a 20 Basal
Area Factor variable radius plot, and a 0.4 ha circular fixed
area plot. The variable radius subplot (20 BAF) was used
to determine the basal area of live, dead, and dying trees
20 cm (8 in) diameter at breast height (DBH) and larger, by
species. We considered a DF tree to be dying if it had more
than 50% recent foliage loss or branch dieback or signs and
symptoms of FB or bark beetle attack (e.g., woodpecker
“shaved” bark). We measured DBH and, in forty-five of the
ninety-six total plots, estimated recent crown loss on every
other DF in the plot up to a maximum of three trees. Crown
loss ratings were categorized in 25% increments, with
ratings from 0 (no crown loss) to 4 (75%-100% crown
loss). Within the 0.4 ha fixed area subplot we determined
the presence or absence of one or more Oregon white oak
(Quercus garryana) trees of sapling size or larger and the
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presence or absence of recent DF mortality in trees 20 cm (8
in) DBH and larger. We then obtained plot data for several
environmental variables that we hypothesized were related
to heat or moisture stress or both, based on the literature
or on prior field observation, and would thus be potentially
associated with and predictive of stand-level DF mortality.
These included heat load index, climate water deficit, topo-
graphic position, and aspect. A description of all environ-
mental variables and variable categories used with the plot
data is included in Table 1.

Field plots were located along a systematic grid within
each site to effectively sample DF mortality in relation to
topographic variation. Of the ninety-seven grid plots ini-
tially installed across all four sites, seventy-three (75%) had
at least 4.6m*ha (20 ft*/ac) of Douglas-fir basal area, and
data from these plots were used for the subsequent analysis.
Because this sampling frame might not adequately sample the
typically patchy distribution of DF mortality across the sites,
we also mapped and sampled DF mortality patches on each

Table 1. Description of environmental variables used with field plot data and percent of plots with and without Douglas-fir (DF) mortality for each
variable. Continuous variables were binned based on breakpoints seen in the data to highlight differences in plot mortality status associated with higher

and lower levels of the variable.

Percent of plots

Variable Description/expected relationship with DF mortality Variable category With DF Without DF

mortality mortality

Quga Oregon white oak (Quercus garryana) presence/absence from 1-ac subplot. WO present 74% 26%
Oregon White oak (WO) is_ an indicator of droughty sqils (H0§ten et gl. WO absent 48% 529%
2007); prior field observation suggested WO presence is associated with
DF mortality.

HLI Heat load index at plot center. HLI is a measure of incident solar radiation ~ HLI>0.84 74% 26%
based on aspfect &leolie(%eriv'edkfroml azil)ilgét)alEelevation mgdel, Witlh Yal— HLI 0.61-0.84 62% 38%
ues ranging from 0 to uttrick et al. . Expect positive correlation
of HLI & mortality. HLI<0.61 29% 71%

CWD Climate water deficit (CWD, in mm) is an integrated measure of moisture CWD >375 87% 13%
str(eiss calcqlalted from the diff§rencl)e be(tiweer} actu:fll evapo.trvans.piration CWD 300-375 56% 449,
and potential evapotranspiration, based on input for precipitation, water
storage in soils & snow, & solar radiation, for 1980-2010 (Cansler et al. CWD <300 22% 78%
2022). Expect positive correlation of CWD & mortality.

Edge Distance from plot center to stand edge (EDGE, in m). Stand edges often Distance to 66% 34%
have higher temperatures and evaporative demand than stand interiors, edge<10m
leading to greater stress on trees. Prior field observatiog sgggested Fhat DF Distance to 53% 479
mortality was more common along stand edges than within stand interiors. edge>10m

TPI Topographic position index (TPI) compares the elevation of a cell with the ~ Ridges/upper slopes  74% 26%
elevation of adjacent cells and is used to clagsify landforms frorp a digital Other landforms 529% 489
elevation model (Jenness 2006). TPI was derived from a 10m digital eleva-
tion model based on a 500-meter neighborhood and classified into ridges/
upper slope positions (TPI > 70) and otherwise (TPI<71). Expect higher DF
mortality on upper slopes & ridges.

Aspect Aspect at plot center, derived from a 10m digital elevation model, then SW aspect 100% 0%
classiﬁlt.ed intosix\)/(/ aspect/lotherwiseNSE NE aspect/otherwise. Expect higher g aspect 18% 829%

talit t; t.
mortality on aspect; lower on aspec Other 58% 42%

Contagion Douglas-fir mortality presence/absence from 1-ac subplot, outside the vari-  Present 74% 26%
able raFlius plot. Ne'arby DF r'nortality' could serve as a contagion for any Absent 239% 77%
mortality observed in the variable radius plot.

Score Risk score (SCORE), based on QAGA, HLI, CWD, EDGE, RIDGE, SW, Low 0% 100%
1811;4, ISI(_)EITAI(G;OSNV(see }ﬁl.glilre‘4kf(ér7details). Low risk <0, Moderate risk Moderate 45% 559%

-1, High risk 2-5, Very high risk 6- High 7% 3%
Very high 88% 12%
Crown Plot mean crown loss rating, 0-4s. 0 = 0% recent crown loss, 1 = 0-25%

loss, 2 = 25-50% loss, 3 = 50-75% loss, 4 = 75-100% loss.
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site. These were defined as contiguous patches of dead tree
crowns and ranged in size from a few trees to more than an
acre in size. Mortality patches were mapped from high-reso-
lution 2018 aerial imagery and the locations field-verified to
ensure that the patches consisted primarily of DE. Within each
mortality patch we installed one to five plots along a tran-
sect aligned with the longest patch dimension. We averaged
or used the majority value for the plots within each patch, so
that there was one plot per mortality patch in the final data-
set. We removed six grid plots that fell within 50 m of mortal-
ity patch plots from further consideration. The final dataset
included ninety-six plots (seventy-three grid and twenty-three
mortality patch plots).

Prior field observation suggested that DF mortality
was common along stand edges, perhaps due to elevated
temperatures and moisture stress. We used a custom geo-
graphic information system tool in ArcMap to delineate
stand edges and then calculated the distance from edge to
plot center. The tool created a binary raster of stand edges
based on tree height data from lidar, using a tree height
break value of 22.9 m (75 feet). Mean values in a neigh-
borhood close to 0 indicated “not trees”, values close to 1
indicated trees, and intermediate values indicate a mixture
of trees and “not trees,” that is, edge. Field testing indicated
the tool worked well for delineating hard edges, for exam-
ple, taller trees next to an opening.

We calculated the initial stand density for each plot, defined
as the plot mean basal area of live, dead, and dying trees of
all species. This variable was used as an approximation of
stand density and competition prior to mortality to test the
hypothesis that higher levels of competition were associated
with greater mortality.

Data Analysis

To explore the relationships between stand-scale topographic,
site factors, and DF mortality, we used logistic regression
and general linear model approaches, which focused on two
dependent variables, plot mortality status and plot mortality
intensity. Plot mortality status was a measure of the likeli-
hood of mortality at a given point and used a binary variable
in which any plot with at least 20 ft*/ac of dead and dying DF
was assigned a value of 1, and all other plots were assigned a
value of 0. Plot mortality intensity was the proportion of DF
basal area in the plot that was dead or dying. All statistical
analyses were completed in the Statgraphics 19 (Statgraphics
Centurion 19 2020) statistical package. We initially compared
the percentage of plots with and without DF mortality for
each environmental and stand variable. Continuous variables
were binned based on breakpoints seen in the data to highlight
differences in plot mortality status associated with higher and
lower levels of the variable (Table 1). Next, each variable was
considered individually as a potential predictor of plot mor-
tality status and plot mortality intensity, using logistic regres-
sion for the former and a general linear models procedure
for the latter. Because a number of the variables were highly
correlated (e.g., heat load index and climatic water deficit),
we decided to integrate several of the individual categorical
and continuous variables into a single continuous variable,
risk score. This was done subjectively by including variables
that were statistically significant predictors in the univariate
analysis or that we suspected were associated with mortality
based on prior field observations, or both. Point values used
with the variables were assigned subjectively based on the
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strength of the statistical associations with mortality and field
observations (figure 4, Table 1).

We used forward stepwise logistic regression to examine
the relationship between the set of potential predictor vari-
ables and plot mortality status. Crown loss rating was not
included in this analysis because of the smaller sample size
obtained when using this variable (7 = 45 instead of n = 96)
and because it was only marginally important in the univar-
iate analysis. This analysis was first completed using all the
variables except risk score and then with the same variable
set plus risk score. We then used stepwise forward multiple
regression to assess the relationship between the predictor
variables and plot mortality intensity, first without crown loss
rating and then with this variable.

Investigation of Mortality Agents in Felled Trees

Our analysis relied heavily on ADS data and the assumption
that much of the recent mortality of DF in the study area
is caused by or associated with the FB. We were unable to
test this assumption in our field plots because it was difficult
to determine the causal agent in dead trees due to sapwood
decay or extensive gallery development and wood boring
by secondary beetles. However, we were able to fell and
closely examine eighteen dying and declining DF in areas of
recent and ongoing DF mortality in close proximity to three
of our study sites. Each site had one or more FB-killed or
attacked tree within 100 m based on the reliable diagnostic
of woodpecker bark “shaving”. Dying and declining DF in
this investigation had one or more of the following signs and
symptoms: severe crown thinning or dieback, severe chlo-
rosis, branchlet flagging, major branch dieback, dead tops,
and woodpecker activity. The DBH ranged from 6 inches to
27 inches. Each of the felled trees was closely examined by a
team of experienced forest entomologists and pathologists for
signs, symptoms, and direct observations of insects and dis-
eases suspected to have caused or contributed to the observed
declines. Although limited and qualitative in scope, this inves-
tigation helps contextualize the observed DF mortality that
has been attributed to the FB.

Results

ADS Data, Climate, and Vegetation

For the 1975-2019 period, ADS estimated cumulative mor-
tality associated with the FB was nearly a half million trees,
with more trees dying in the 4-year period from 2015 to 2019
than in the previous four decades. During this same time
period, mortality associated with the DFB was comparatively
minor, according to ADS data (figure 5).

The intensity of mortality as measured by the number
of FB-killed trees per km? was strongly associated with
1990-2020 average climate (figure 6). Higher mortality
levels were associated with lower annual precipitation,
higher mean annual climatic water deficit, higher maximum
summer temperature, and higher summer maximum vapor
pressure deficit. Grid cells with more than 100 trees killed/
km? accounted for only 4% of the total area but 67% of
the total trees killed, and these cells had lower annual pre-
cipitation, higher mean climatic water deficit, and higher
maximum summer vapor pressure deficit (VPD) than cells
with lower mortality levels. Conversely, grid cells with no
recorded FB mortality had the highest precipitation, lowest
climatic water deficit, and lowest summer maximum VPD.
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Heat/moisture stress index (-2 to +2)

Heat load index (HLI) >0.84
Climatic water deficit (CWD)>375
Ridge/upper slope position (RIDGE)
SW aspect (SW)

+ 0 Moderate -
HLI 0.61-0.84
CWD 300-375
Any slope position not upper/ridge
Any aspect not SW or NE

CONTAGION (-2 to 2)

- 2 Recent Douglas-fir mortality absent

+ 2 High - one or more of the following four factors:

- 2 Low - one of more of the following three factors:

HLI <0.61
Scale 0-10 pts
CWD <300 L Low risk (<4)
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Figure 4. Calculation of site-scale Douglas-fir mortality risk based on key risk factors identified in the Oregon study site data. Risk levels refer to the
likelihood of encountering Douglas-fir mortality and of mortality intensification at a given point. Bar chart shows classification of study site data into each
risk score category based on this scoring rubric and percent of all study site plots falling into each category.

Mean elevation per grid cell was similar across mortality
levels.

We observed that FB mortality generally occurred when
2-year growing season SPI and growing season PDSI were
negative, that is, during periods of drought (figure 7). The
FB mortality increased substantially in 2015, a year when
these drought indices were negative but not unusually so
compared with the recent past. However, in 20135, the 2-year
running average of minimum summer temperatures was
elevated.

In the analysis comparing locations of recent FB mortality
(2000-2019) with historic vegetation, we found that 50% of
the mapped mortality acreage and 47% of the trees killed

were in locations mapped as ponderosa pine or oak types in
the 1936 map. This suggests that about half of contemporary
DF mortality has occurred in areas where it was not the dom-
inant species historically but has encroached on or increased
in abundance due to fire exclusion.

Field Data

The study sites were broadly similar in elevation, climatic
water deficit, and the percentage of plots with DF mortal-
ity (Table 2) but differed in their amount of live and dead
and dying basal area. Across all sites, DF was the dominant
species, accounting for 65% of the live basal area and 97%
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of the basal area of dead and dying trees, with dead trees
accounting for >90% of this total (Table 2). Virtually all of
dead trees were decay class 1 snags and most appeared to
have died within the past 10 or fewer years based on fine
branch and bark retention and the extent of sapwood decay.

300,000

250,000

200,000

150,000

100,000

- I I
R B B | B

1975-1984 1985-1994 1995-2004 2005-2014 2015-2020

Number of trees killed by decade

o Douglas-fir beetle  ® Flatheaded fir borer

Figure 5. Number of trees killed by Douglas-fir beetle (DF) and
flatheaded fir borer (FB) between 1975 and 2020, based on Aerial
Detection Survey data. More trees were killed by the FB in 2015-2019
than in the previous four decades. Mortality associated with the DF
beetle was comparatively minor.
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The DF mortality was widespread, with nearly half the grid
plots containing at least one dead or dying DF 20 c¢m (8 in)
DBH or larger, and it represented a substantial portion, 37%,
of the total DF basal area when all plots were considered.
Among individual plots, the basal area of dead or dying DF
ranged from 0 to 45.9m?ha (0-200ft*/ac). Trees of low vigor
were also commonly encountered but were not necessarily
counted as dying trees.

Variables that were statistically significant (P < 0.05) pre-
dictors of plot mortality status in the univariate analyses were
climatic water deficit, heat load index, crown loss rating, pres-
ence of nearby DF mortality, proximity to edge, southwest
aspect, northeast aspect, white oak presence, and risk score
(Table 3). However, of these variables, the only predictors
that explained more than 10% of the deviance in plot mor-
tality status were risk score (28%) and presence of nearby
DF mortality (15%). These nine variables were also the sig-
nificant predictors of plot mortality intensity in the univar-
iate analyses, with risk score, crown loss rating, and white
oak presence each explaining more than 10% of the varia-
tion in that response variable (Table 3). In the initial logistic
regression analysis of plot mortality status with all the poten-
tial predictor variables except risk score, the selected model
included heat load index, presence of nearby DF mortality,
and upper slope or ridge (data not shown). In the second anal-
ysis that included the risk score variable, only risk score was
included in the selected model (Table 4), suggesting that this

Annual precipitation Climatic Water Deficit
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Figure 6. Box plots for number of trees killed per square kilometer in relation to climate variables. Number of trees killed (TK)/km? (1 km square grid
cell) is derived from Aerial Detection Survey data, cumulative for 2000-2019, for Douglas-fir mortality in the study area attributed to the flatheaded fir
borer (FB). Climate variables are means for grid cells based on the 1990-2020 “normals” from PRISM for annual precipitation, climatic water deficit,
and maximum summer vapor pressure deficit. Higher levels of FB mortality are associated with lower mean precipitation, higher mean climatic water
deficit (CWD), and higher maximum vapor pressure deficit (VPD, mean of June-August). Mean elevation is similar across levels of mortality (not shown).
Bar graph compares percent of total cumulative trees killed with each damage class to percent of total area represented by damage class. About two-
thirds of the cumulative mortality occurred within the 4% of the grid cells that represent locations with the hottest, driest climate.
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Figure 7. Relationship of annual flatheaded fir borer (FB) mortality, 1981-2018 in Klamath Mountains ecoregion, Oregon, and A), 2-year growing season
Standardized Precipitation Index (SPI); B), growing season Palmer Drought Severity index (PDSI); and C), 2-year running average of summer minimum
temperatures, based on mean values of gridded data for each variable within the analysis area. Douglas-fir mapped by Aerial Detection Survey as FB
were attributed as killed the prior growing season. Years of higher FB mortality are associated negative SPl and PDSI. The 2015-2018 period did not
feature an unusually severe precipitation drought, but summer minimum temperatures were elevated compared to the recent past.

variable effectively integrated information from several of the =~ without risk score). There was a positive linear relationship
other variables, with slightly improved overall performance between risk and the percentage of plots with mortality
(explained deviance of 28% versus 25% for the initial model (figure 4, bar graph). The only significant predictor of plot
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Table 2. Characteristics of study sites and field plots. Study sites were similar in elevation, climatic water deficit and percentage of plots with mortality,
but differed in live and dead/dying basal area. Across all sites, DF mortality was widely distributed, with approximately half of the grid plots containing at
least one dead/dying DF. About one third of the total DF basal area across all plots was dead/dying.

Study site Acres Number Mean Climatic water Percent of plots Mean live BA, DF BA, DF BA, dead
of plots elev. (m) deficit (mm) with mortality all species live & dying
Canyon- 333 13 386 305 62 138 73 S5
ville
Ashland 196 20 777 359 60 97 56 19
Collins 157 24 621 346 67 81 35 42
Pilot Joe 673 39 561 335 49 111 81 35
Grid plots - 73 607 337 44 123 80 20
Mortality - 23 591 344 100 47 10 88
patch plots
All plots - 96 603 338 57 105 63 36

Table 3. Results of statistical analysis of field plot data. Univariate analysis of predictor variables for plot mortality status and percent mortality. The
analysis with plot mortality status used logistic regression; the analysis for percent mortality used a general linear models procedure. Significant

(P < 0.05) predictor variables were the same for both response variables.

Mean of plots Plot mortality status (1, 0) Percent mortality
(0-100%)
Predictor variable With mortality No mortality P-value % Deviance explained P-value R-squared
Climatic water deficit (CWD) 348.4 325.4 0.001 6% 0.008 10%
Crown loss rating (CROWN)! 1.16 0.64 0.030 1% 0.002 18%
Distance to edge (EDGE) 37.1 69.2 0.010 2% 0.010 6%
Heat load index (HLI) 0.78 0.65 0.001 6% 0.004 8%
Initial BA (BA) 140.3 142.9 0.830 0% 0.620 0%
Risk score (SCORE) 7.25 3.66 0.000 28% 0.000 37%
Slope (SLOPE) 36.6 42.2 0.140 0% 0.167 1%
Topographic position index (TPI) 1.1 -24.1 0.230 0% 0.190 0%
Nearby DF mortality (CONTAGION) 0.001 15% 0.000 22%
NE aspect (NE) 0.005 3% 0.002 9%
SW aspect (SW) 0.002 4% 0.008 6%
Ridge/upper slope position (RIDGE) 0.060 0% 0.220 0%
White oak present (QUGA) 0.001 2% 0.001 11%

! Based on n = 45 observations; all others based on 96 observations. Adjusted R-squared = 46.6%.

Table 4. Results of logistic regression, forward stepwise procedure for predictor variables and plot mortality status. Risk score was the only selected

variable.
Estimated regression model (maximum likelihood) Analysis of deviance
Parameter Estimate Standard error Estimated odds ratio Source Deviance DF P-value
Constant -3.14 0.76 Model 41.7 1 0.00
Risk 0.61 0.12 1.83 Residual 89.3 94 0.62
score
Total (corr.) 131.0 95

Adjusted percentage of deviance explained by model = 28.8

mortality intensity in the stepwise forward regression model
without crown loss (7 = 96) was risk score, which explained
37% of the variation (data not shown). When crown loss was
added (7 = 45), the selected model included risk score, crown
loss, and SW aspect (Table 5), which explained about half of
the variation in plot mortality intensity.

Mortality Agents in Felled Trees

Flatheaded fir borer galleries or larvae were found on 43% of
the sampled trees (figure 8). We also noted pitch pockets in the
growth rings on stumps of several of the felled trees, suggest-
ing that the trees may have overcome previous FB attacks. We
observed galleries and larvae of several species of secondary
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Table 5. Results of multiple linear regression for predictor variables and percent mortality. Risk score, crown loss rating, and SW aspect were selected.
This analysis used the forty-five observations for which crown loss data were available.

Parameter Estimate  Std Error T Statistic  P-value Analysis of variance

Constant -0.10 0.05 -2.12 0.039 Source Sum of squares DF  Mean Square F-Ratio  P-value
Crown loss rating ~ 0.09 0.03 2.87 0.065 Model 1.03 3 034 13.79 0.000
Risk score 0.03 0.01 3.27 0.002 Residual 1.02 41 0.02

Aspect-SW 0.28 0.01 2.85 0.007 Total (corr)  2.05 44

Adjusted R-squared = 46.6%

No agent detected [N
Secondary beetles only

T
Secondary beetles, Douglas-fir canker fungi [N
————

Phaenops drummondi only

Ph i, D
fungi

Phaenops d di dary beetles |INEEEEGEG—G————

glas-fir canker

0% S% 10% 15% 20% 25% 30% 35%
Percent of sample trees

Figure 8. Results of investigation of nineteen declining and dying
Douglas-fir trees conducted spring and fall 2021 for signs, symptoms,
and direct observations of insects and diseases suspected to have
caused or contributed to the observed decline. Chart shows percent of
sample trees hosting agent types. Multiple agents were present in most
declining trees, suggesting that a complex is responsible for the decline
rather than Phaenops drummondi acting alone.

wood boring beetles in the Buprestidae and Cerambycidae
families, as well as the bark beetles Scolytus unispinosus
(Coleoptera: Curculionidae) and Pseudohylesinus nebulosus
(Coleoptera: Curculionidae) in most of the trees. The DF can-
ker fungi Diaporthe lokoyae or Dermea boyceil were encoun-
tered in the branches or the upper boles of several trees.
We found no evidence of root disease or Douglas-fir beetle
(Dendroctonus pseudotsugae) on any of the sample trees.

Discussion

This study leveraged data from the ADS and field plots to
examine the relationship between DF mortality and climate
and environmental variables at the landscape and stand scales.
Our results provide strong evidence for the hypothesized DF
decline spiral (figure 2) in which DF trees growing on already
water-stressed, marginal sites are further stressed by drought
and are then exploited by the FB and other secondary biotic
agents, resulting in decline and mortality. We did not explore
the possible role of cavitation in DF decline, but we think
this is likely to be an important factor given the relationships
between drought and hydraulic failure that has been found in
forest declines involving a wide range of species (Adams et al.
2017; McDowell et al. 2008).

At the landscape scale, FB mortality was observed across
wide precipitation and elevation gradients, but the majority
of the mortality was detected on the hottest, driest sites in
and around the interior valleys (figure 3) at low to moderate
elevations (400-1400 m). The number of DF trees killed per
1-km grid cell was associated with long-term (1990-2020)

averages for annual precipitation, annual CWD, and maxi-
mum summer VPD (figure 6), and these variables could be
used to identify locations with higher and lower relative mor-
tality risk. However, there was considerable noise in these
data, making it difficult to determine absolute mortality risk
in any given location.

At the stand scale, our results suggest that DF mortality is
more likely to be encountered and to be more severe in loca-
tions with a high heat load index (e.g., southwest aspects),
a high climatic water deficit, and in proximity to recent DF
mortality related to the FB. They also suggest that DF mortal-
ity may be reduced in more topographically favorable loca-
tions where heat load and water deficit are lower, such as
northeast aspects. This is consistent with the landscape-scale
data showing higher DF mortality levels on hotter, drier sites
and lower mortality on more mesic sites. Other studies in a
range of western forest types have found similar relationships
between topo-edaphic variability and tree mortality (e.g.,
Bost et al. 2019; Powers et al. 2009; Worrall et al. 2008).
Our results also provided some evidence for an association
between DF mortality and white oak presence and proximity
to stand edges.

The ADS and weather data suggest that FB mortal-
ity increases sharply during and immediately after a major
drought. Until the last decade, these increases were gener-
ally short-lived, of 1 to 3 years. Since 2009, however, there
has been measurable FB mortality in the study area each
year, with a dramatic increase observed in and after 2015.
Precipitation drought (SPI) during the 2015-2018 period
was not unusually intense or long-lasting, but minimum and
maximum summer temperatures were elevated. This suggests
that hotter drought (Hammond et al. 2022), a combination of
higher temperatures and reduced precipitation, is associated
with the increased FB mortality.

Our data comparing recent DF mortality and dominant
vegetation circa 1936 suggest that much of the mortality
occurred on sites where DF was not the dominant species in
the past. Although we lacked data on changes within vege-
tation types since 1936, we suspect that fire exclusion has
also resulted in increased densities of DF in areas mapped as
“Douglas fir” in the historic vegetation map. These conclu-
sions are consistent with local and regional data showing that
fire was historically much more frequent in the interior por-
tions of the ecoregion and that stand densities have increased
as a result of fire exclusion. Changes in species composition
in the ecoregion following fire exclusion are less well doc-
umented but are indicative of increased proportions of DF
(Hosten et al. 2007; Knight et al. 2020; Leonzo and Keyes
2010) and DF encroachment in Oregon white oak woodlands
has been widely observed (Barnhart et al. 1996; Cocking et al.
2014; Schriver et al. 2018)
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As expected, plots were more likely to have DF mortal-
ity if there were dead and dying DF trees found outside the
variable radius plot but nearby. This relationship is consis-
tent with a contagion effect, in which the FB and other pests
spread from infested trees to trees growing in close proxim-
ity. However, it could also be accounted for by the similar
environments the plot trees and nearby infested trees were
growing in. Regardless, proximity to nearby mortality serves
as a useful predictor of the likelihood of DF mortality and
mortality intensification at a given point in sites similar to
those in this study.

Stand edges experience higher evaporative demand than
stand interiors due to greater exposure to solar radiation and
wind, which might then increase tree stress levels and subse-
quent vulnerability to pests or abiotic damage (Burras et al.
2018). Higher heat loads on stand edges might also increase
tree respiration rates and potentially reduce carbon storage,
contributing to higher vulnerability to mortality. In addition,
edges may reflect a transition to shallow or rocky soils where
moisture availability is reduced. Prior field observation in south-
western Oregon suggested that DF mortality was more com-
mon on stand edges and our plot data provided some support
for this observation, but the relationship between proximity to
edge and the response variables was not particularly strong.

There is a large body of research showing that high stand
densities are associated with reduced tree vigor and subse-
quent increases in tree mortality (e.g., Bradford and Bell
2017; Furniss et al. 2022; Gleason et al. 2017). However, we
did not see a clear relationship between stand density and
either the likelihood or intensity of DF mortality in our plot
data. This may suggest the DF decline and mortality in the
biophysical settings considered in this study is not strongly
influenced by inter-tree competition, or that any competitive
effects were masked by variation in site productivity and car-
rying capacity.

Our team of experienced forest entomologists and pathol-
ogists examined felled DF that were dying or declining and
in areas of ongoing DF mortality that had been attributed
to the FB. There was evidence of the FB in about half of the
sample trees, but nearly all of the trees hosted multiple agents
including some combination of wood borers, secondary bark
beetles, and canker diseases. This finding suggests that a com-
plex may be responsible for DF decline and mortality in the
ecoregion, rather than Phaenops drummondi acting alone. We
suspect that many of the declining and dying DF may also be
hydraulically compromised due to embolisms resulting from
cavitation, but an investigation of this possibility was beyond
the scope of this study.

An interesting observation was the relative lack of recently
mapped mortality associated with the DF beetle (DFB, fig-
ure 5), which is thought to be a major mortality agent of DF
regionally (Goheen and Wilhite 2021). In the Klamath ecore-
gion the ADS reports low mortality levels from the DF bee-
tle since 1975 when local experts decided to code FB in the
Klamath based on ground sampling of dead DF that yielded
no DFB, and we did not observe the DFB on our plots or felled
trees. In western Oregon, DFB-caused mortality is associated
with wind-throw, drought, root disease, and wildfire (Goheen
and Willhite 2021; Lowrey 2022 personal observation), but
Powers et al. (1999) also found that landscape-scale mortal-
ity from the DFB was associated with drier sites and more
mature and old-growth vegetation. The absence of recent
large-scale DFB outbreaks in the Klamath ecoregion could be
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explained by environmental conditions or poor host quality
(carbohydrate status) resulting from the type of stress-related
decline spiral seen in this study that is in some way inade-
quate for DFB development.

Management Implications

Our results inform assessments of DF mortality risk in
the Klamath Mountains ecoregion. At the landscape scale,
areas in the ecoregion with less than 1,000 mm (39 in.)
annual precipitation or with a CWD greater than 300 mm
(12 in.) have accounted for the great majority of mortality
in the last two decades and this is likely to hold true in the
near future. Although mortality has occurred along a large
elevational gradient, most of the mortality has occurred
in the 400 m to 1,000 m (1,312-4,593 ft) elevation band
where this band overlaps with zones of low precipitation
and high CWD. These higher risk zones account for only
about 10% of the forest area in the ecoregion and are con-
centrated on the forested fringes of the interior valleys,
often on private land.

Long term average CWD in particular seems promising
as a risk assessment tool. Our data show that it is linearly
associated with DF mortality levels in the ecoregion, con-
ceptually it integrates several variables associated with mois-
ture stress, and it correlates well with existing vegetation
(Stephenson 1990). Young et al. (2017) also found a strong
relationship between long-term average CWD and tree mor-
tality in the Sierra Nevada following the extreme drought of
2012-20135. Predictions of future CWD can be used to assess
future DF viability in the Klamath ecoregion. Although we
are not aware of studies evaluating DF presence and cover
in relation to CWD, local field observations suggest that DF
is seldom found when the average long-term CWD exceeds
about 400 mm (16 in.). Projected CWD in 2055 (Cansler et
al. 2022) under an Representative Concentration Pathway
(RCP) 8.5 scenario indicates that many areas that are cur-
rently below this threshold will exceed it, putting many DF at
greater risk (figure 9).

At the stand scale, our risk score can be used to predict the
likelihood and intensity of mortality based on topographic
and site factors in locations similar to our study sites where
there has already been significant but variable mortality.
However, there is considerable variability in mortality lev-
els within and across sites that is not explained or predicted
by the environmental variables that make up the risk score.
For example, some DF mortality is seen on north slopes, in
riparian zones, and in the interiors of stands. We expect these
trends to continue as hotter droughts continue and intensify.
Specifically, future mortality is likely on the most climatically
marginal sites for DF, regardless of topo-edaphic variation,
and sites may need to be recategorized for risk and hazard as
climates shift.

Although DF mortality is likely to increase, we caution
against concluding that all DF trees in high-risk locations will
die in the near future and should be “written off.” The DF
patches occupying steep northeast aspects, for example, are
somewhat buffered from moisture stress and may serve as
refugia. We have also observed, within patches of extensive
DF mortality, some individual DF trees that have persisted
and appear vigorous based on traditional crown metrics, for
example, crown ratio, color, and foliage density. The reasons
for this persistence and implications for future DF viability on
such sites merit further study.
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Figure 9. Recent (1980-2010) and projected (2055) climatic water deficit (CWD) for a portion of the Klamath ecoregion, Oregon. Projected CWD is
based on a conservative Representative Concentration Pathway 8.5 scenario. Data suggest than Douglas-fir mortality risk is significantly elevated
above a CWD of 350 and few DF are found above a CWD of 400. Under the projected CWD, most lower elevation sites in interior SW Oregon would be

inhospitable for Douglas-fir.

A key consideration in management of DF in the Klamath
ecoregion is the ability of a site to support DF now and in
the future. On more favorable sites, thinning to retain the
most vigorous DF may increase their resistance to the suite

of pests and abiotic damage associated with DF decline, at
least in the short to medium term. On harsher sites, thinning
might instead focus on aggressively removing declining DF
and moving the stand to a higher proportion of pines, oaks,
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and other more drought and fire-resistant species. This will
also help mitigate fuels buildups associated with DF mortality
in these areas. More research is needed to clarify the potential
of thinning to improve DF resistance and resilience on mar-
ginal sites.

Conclusions

Mortality of DF in the Klamath Mountains ecoregion is a
result of a complex interaction of biotic and abiotic factors
and is not caused solely by one specific biological agent or
environmental factor. The Manion decline spiral captures the
dynamics of these interactions as a causal chain of predispos-
ing (dry sites at low elevations where DF was historically rare
and where fire suppression has influenced forest structure and
composition), inciting (hot drought), and contributing (cav-
itation, FB, other bark beetles and canker diseases) factors
that work together to cause tree mortality. We developed a
risk assessment tool that allows managers to identify current
and future sites susceptible to mortality by integrating these
factors.
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