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Tree mortality is an important demographic process and primary driver of forest dynamics, yet there are
relatively few plot-based studies that explicitly quantify mortality and compare the relative contribution
of endogenous and exogenous disturbances at regional scales. We used repeated observations on 289,390
trees in 3673 1 ha plots on U.S. Forest Service lands in Oregon and Washington to compare distributions
of mortality rates among natural disturbances and vegetation zones from the mid-1990s to mid-2000s, a
period characterized by drought, insect outbreaks, and large wildfires. Endogenous disturbances
(e.g. pathogens, insects) were pervasive but operated at relatively low levels of mortality (<2.5%/yr) that
rarely exceeded 5%/yr. Exogenous disturbances (e.g. fire, wind, landslides, avalanches) were less common
and operated mostly at intermediate levels of mortality (5–25%/yr) indicative of partial-stand-
replacement events. Stand-replacing mortality rates (P25%/yr) comprised a third of all exogenous
disturbance events, occurring almost exclusively in fires. Fires were rare in wet vegetation zones and
most rates were <2.5%/yr and associated with endogenous processes. Mortality rates in dry vegetation
zones revealed a different set of dynamics including a more variable role of background mortality and
greater proportions of mortality associated with fire and insects at partial- and stand-replacing levels.
Mortality rates in early and middle stages of stand development were low compared to published rates,
but rates >1%/yr in over half of the plots in late and old-growth stages corroborate previous findings of
elevated mortality during the same period and indicate the potential for pervasive structural change
across all vegetation zones. Partial- and stand-replacing fire were associated with most mortality, but
affected a relatively small proportion of dry vegetation zones (3.1–7.1% and 2.1–5.1%, respectively).
These disturbances have likely affected regional biodiversity through the creation of early seral habitat,
increased within-stand heterogeneity, and restored some aspects of historical fire regimes, but there is a
need to better understand corresponding structural and compositional changes. We demonstrate the
variability in the drivers, magnitude, and extent of mortality across a biophysically diverse region and
highlight the need to incorporate and characterize the effects of mortality at intermediate levels to
develop a more comprehensive understanding of regional forest dynamics.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Tree mortality is an important demographic process
(Harcombe, 1987) and primary driver of the structure, composi-
tion, and function of forested ecosystems (Franklin et al., 1987).
Increasing ‘‘background” mortality rates (van Mantgem et al.,
2009; Peng et al., 2011; Luo and Chen, 2013), widespread mortality
events (e.g. Allen et al., 2010), and altered disturbance regimes
associated with a changing climate indicate an increasing role of
mortality in forests across the globe (Dale et al., 2001; Seidl et al.,
2014). Despite this, the relative contribution of endogenous biotic
disturbances (e.g. pathogens, insects) and exogenous physical dis-
turbances (e.g. fire, wind, landslides, floods, avalanches) (White,
1979) and how they vary at a regional scale are largely unknown.
Coarse-scale exogenous disturbances are hypothesized to drive as
much or more of forest dynamics as fine-scale endogenous pro-
cesses (Spies and Franklin, 1989), but there is little empirical data
that quantifies mortality as a demographic rate and compares
among disturbance agents and biophysical settings at a regional
scale. Such knowledge is needed to quantify the magnitude and
extent of mortality induced ecological change and to provide a
solid spatial and temporal context for future comparisons among
other regions.
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Most demographic studies of tree mortality focus on back-
ground mortality associated with endogenous processes
originating internally from within a stand. These include density-
dependent thinning (Lutz and Halpern, 2006), senescence of older
trees, crushing and physical damage (Clark and Clark, 1991; Larson
and Franklin, 2010), and biotic disturbances including endemic
pathogen and insect activity (e.g. van Mantgem et al., 2009)
(Fig. 1). Background mortality operates continuously at fine scales
and ultimately drives long-term patterns of development in many
forested ecosystems (Franklin et al., 2002). Insects and pathogens
are considered endogenous disturbances, but epidemic outbreaks
triggered by drought have affected large spatial extents across
the western United States (Logan et al., 2003; Raffa et al., 2008;
Williams et al., 2010) and are predicted to be exacerbated by future
climate change (Dale et al., 2001). Recent advances in remotely-
sensed applications have reduced uncertainties in aerial detection
survey data (ADS) and refined estimates of mortality (Meddens
et al., 2012; Meigs et al., 2015), but plot-based studies quantifying
mortality as a demographic rate are limited in the western United
States to a few studies based on observations on a few species
(Shaw et al., 2005) or single vegetation zone (Ganey and Vojta,
2011).

Background mortality is a valuable concept and provides a
baseline to compare with future changes, but does not account
for the variety of natural exogenous disturbances operating across
a regional extent. Traditional conceptual models of forest struc-
tural development (e.g. Oliver and Larson, 1990; Franklin et al.,
2002) and landscape dynamics (e.g. Turner et al., 1993) character-
ize exogenous disturbances such as fire, wind, landslides, and ava-
lanches as stand-replacing events that re-initiate dynamics.
However, exogenous disturbances have a range of effects on
ecosystems (see White, 1979) which are not necessarily catas-
trophic in an ecological sense (Keane et al., 2009). The local-scale
infrequency and unpredictability of exogenous disturbances make
plot-based studies quantifying tree mortality difficult and replica-
tion across multiple events with pre-disturbance data are rare
(Turner and Dale, 1998). Thus, the actual distributions of mortality
rates associated with exogenous disturbances are largely unknown
for any region. Remote sensing-based studies have identified wild-
fires as a major driver of regional forest change (e.g. Williams et al.,
2010; Cansler and McKenzie, 2014), but are generally limited to
Fig. 1. Cumulative percent of trees dying after eight years at corresponding stand morta
studies of tree mortality annualize mortality rates as study intervals often vary. Thus, a
approximately 50% of all trees while a rate of 25%/yr is essentially ‘‘stand-replacing” with
information.)
broad classes of severity and lack the ecological resolution capable
of capturing demographic measures of mortality provided by
repeated measure plot studies.

We used repeat observations from 3673 forest inventory plots
distributed in a systematic sampling design across 11 million ha
of US Forest Service lands in the Pacific Northwest to examine vari-
ation in short interval (4–10 years) stand-level rates of tree mortal-
ity from the mid-1990s to the mid-2000s. Our study period
coincides with the warmest decade the study region has experi-
enced since the start of the 20th century (Abatzoglou et al.,
2014) accompanied by increasing background mortality rates in
old-growth forests (van Mantgem et al., 2009), widespread insect
activity (Meigs et al., 2015), and an increase in area burned by
wildfire (Littell et al., 2009). We address three questions: (1) What
is the relative contribution of endogenous and exogenous distur-
bances to the regional scale distribution of mortality rates, (2)
how do distributions of mortality rates differ among endogenous
and exogenous disturbance agents, and (3) how do distributions
of mortality rates differ among vegetation zones?

2. Methods

2.1. Study region

Our study region is approximately 11 million ha and includes
all lands administered in Oregon and Washington by the US Forest
Service (Fig. 2). The region is highly diverse and includes a variety
of potential vegetation types due to strong climatic and topo-
graphic gradients (Franklin and Dyrness, 1973) (Fig. 2). We
acquired a map of potential vegetation zones created using existing
forest inventory data on species distributions in relation to domi-
nant climatic and topographic gradients (Henderson et al., 2011)
from the Ecoshare Interagency Clearinghouse of Ecological Infor-
mation (www.ecoshare.info/category/gis-data-vegzones). Vegetation
zones represent biophysical environments and geographic ranges
distinguished by the tree species that would dominate in later
developmental stages in the absence of stand replacing distur-
bance (Pfister and Arno, 1980). Wet vegetation zones include west-
ern hemlock (Tsuga heterophylla), silver fir, (Abies amabilis), and
mountain hemlock (Tsuga mertensiana). Dry vegetation zones
include ponderosa pine (Pinus ponderosa), Douglas-fir (Psuedotsuga
lity rates along with published mortality rates from selected studies. Demographic
mortality rate of 10%/yr over an eight year period corresponds with mortality of
approximately 75% of all trees dying. (See above-mentioned references for further

http://www.ecoshare.info/category/gis-data-vegzones


Fig. 2. Potential vegetation zones of the Pacific Northwest (Henderson et al., 2011) with boundaries of USFS lands and approximate locations of 3673 Current Vegetation
Survey plots.
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menziesii), grand fir/white fir (Abies grandis Abies concolor), and
subalpine which includes subalpine fir (Abies lasiocarpa) and park-
lands dominated by whitebark pine (Pinus albicaulis).

A variety of natural and anthropogenic disturbances influenced
the development of forest structure in all vegetation zones, most of
which are composed of forests in mature, late, and old-growth
stages of structural development (Reilly and Spies, 2015). Wildfire
played a major role across the entire study region during different
time periods (Weisberg and Swanson, 2003; Heyerdahl et al.,
2008). Historic fire regimes range from high frequency, low sever-
ity fire in warm, dry forests to low frequency, high severity fire on
cold and wet forests, but much of the vegetation in the region was
historically subject to large fires and a mixed severity fire regime
where the proportion of high severity fire varied spatially and tem-
porally (Agee, 1993). Long periods of fire exclusion are believed to
have altered forest composition and structure in dry forests of the
eastern and southern portions of the region (Perry et al., 2011), but
wildfires have increased in frequency and extent since the mid-
1950s (Littell et al., 2009). Windstorms and landslides associated
with storms off the Pacific Ocean also play a greater role closer
to the coast and on exposed landforms (Sinton et al., 2000).

2.2. Field data

We acquired field data from the Current Vegetation Survey
(CVS) inventory of USDA Forest Service Pacific Northwest Region
6 (Max et al., 1996). The CVS is a precursor to the Forest Inventory
and Analysis (FIA) program. Plots are located on a systematic
2.74 km by 2.74 km grid across all the national forest lands in
Oregon and Washington, with the exception of federally desig-
nated wilderness areas where plots are located every 5.74 km
(Fig. 2). Forest Service lands comprise over half of the forested por-
tion of the region and have good geographic coverage of most veg-
etation zones with the exception of western hemlock which is
primarily under private ownership. Our sample in this vegetation
zone is mostly limited to parts of the Coast Range and the southern
portion of the Western Cascades of Oregon. With the exception of
the Olympic Peninsula in the northwestern part of the region,
higher elevation silver fir and mountain hemlock vegetation zones
are well represented in our sample. Dry vegetation zones are well
represented geographically in our sample with the exception of
Douglas-fir in the southwestern portion of the region and pon-
derosa pine and Douglas-fir in the northeastern part of the region.

The CVS plot design includes five sets of nested fixed-radius
subplots located within a circular 1 ha plot with one set of subplots
located at plot center and the other four sets of subplot centers
located 40.8 m away in each of the four cardinal directions. Trees
in different size classes were sampled within each fixed-radius
subplot according to the following: 2.5–7.5 cm dbh (0.004 ha),
7.6–32.9 cm dbh (0.02 ha), and P33 cm (0.075 ha). In plots west
of the Cascade Crest all trees P122 cm dbh were measured across
the entire hectare. Trees in different size classes were expanded
based on subplot size to provide an estimate of the number of live
trees per hectare. East of the Cascade Crest, all trees P76 cm were



Fig. 3. Distribution of mortality rates by disturbance agent from the mid-1990s to
the mid-2000s on USFS lands in Oregon and Washington.
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measured across the entire hectare. All live trees were tagged at
breast height (1.37 m) and measured for diameter between 1992
and 1997. Plots were measured again between 1997 and 2007
and previously tagged trees were re-measured and recorded as live
or dead. We limited our sample to plots with P20 live trees, inter-
vals P4 years and <10 years between sampling (mean = 7.9 years),
and no evidence of logging or human related mortality during the
interval to limit potential sources of mortality to natural causes.
We used data from 3673 plots with 289,390 tagged trees.

We used narratives written at plot installation and
re-measurement on present conditions and past disturbance
(PCPD) to document the occurrence of specific disturbances during
the interval. Protocol explicitly included documenting the occur-
rence of disease/pathogens, insects, wind, and fire, but avalanches,
flooding, and landslides were also documented. Reference to dis-
turbance was recorded as a presence/absence indicator of distur-
bance occurrence with no interpretation of severity to avoid field
recorder bias. Our goal was not specifically attributing mortality
to any single disturbance agent or distinguishing between proxi-
mate and ultimate causes of mortality, but rather to document
the range of mortality levels across which individual and multiple
disturbances occur. In instances when multiple disturbances were
recorded, we used details in the field notes to attribute the domi-
nant disturbance. We are thus confident in attributing a dominant
disturbance when mortality was high, but there is likely some
misclassification at low levels of mortality where multiple
disturbances were recorded. We use plots with no recorded distur-
bance as a baseline distribution to compare to those of individual
disturbances, while plots with multiple disturbances (e.g. insects/
pathogens and fire/insects) may be compared to that of individual
agents to understand how the occurrence of multiple disturbances
may shift the distribution of mortality rates.

We used randomForest (R version 2.13.2) to classify plots into a
pre-existing classification of forest structure based live tree bio-
mass, density and tree size, abundance of dead wood, and under-
story cover (Reilly and Spies, 2015) with an overall error rate of
20.5%. Plots were then binned into stages of development (early,
mid, mature, or late/old-growth) based on live biomass, canopy
cover, maximum tree size, number of big trees, biomass of snags
and dead wood, age, and disturbance history. We chose to base
these stages on structure because age is a poor surrogate for forest
development in dry vegetation zones where disturbance regimes
include low-severity or partial stand-replacing disturbance and
age structure is far more complex (Muir, 1993; Taylor and
Skinner, 2003; Taylor, 2010).
2.3. Data analysis

We calculated annualized mortality rates using the following
equation:
m ¼ 1� ðNt2=Nt1Þð1=tÞ
where Nt1 = number of live trees at initial sampling, Nt2 = number of
trees that survived until the second sampling, and t = number of
years between first and second sampling (Sheil et al., 1995).

We tested for differences in the cumulative distribution func-
tion of mortality rates among disturbances and vegetation zones
based on an F-distribution version of the Wald statistic (Kincaid,
2000) using the cont.cdftest in the package spsurvey (R version
2.13.2). P-values were adjusted (Verhoeven et al., 2005) using the
package fdr.tools to account for false discovery rate (Benjamini
and Hochberg, 1995) and reduce the potential for Type II errors
associated with the large number of comparisons.
3. Results

Eighty-one percent of the plot-based mortality rates across the
region were <2.5%/yr, 11.6% were between 2.5 and <5%/yr, 5.1%
were between 5 and 25%/yr, and 2.3% were P25%/yr, and
(Fig. 3). Approximately 80% of all the tree mortality (i.e. the total
number of trees that died) in wet vegetation zones occurred in
plots with pathogens, insects, or no recorded disturbance agent.
Patterns in dry vegetation zones were more variable with the pro-
portions of trees dying in plots with evidence of insects and fires
ranging from 30 to 60% (Fig. 4).

We found significant differences in the distributions of mortal-
ity rates among disturbances (Fig. 5). Rates were lowest in plots
where no agent was identified and increased in a distinct order
with the occurrence of pathogens, insects, and fire. The
co-occurrence of pathogens and insects shifted distributions to
higher levels of mortality than with pathogens alone, but did not
differ from insects alone. The co-occurrence of insects and fire
shifted distributions to higher levels of mortality than with insects
alone, but did not differ from fire alone.

We also found significant differences in the distributions of
mortality rates among most vegetation zones (Fig. 6). Rates in
wet vegetation zones were mostly <2.5%/yr, but distributions in
dry vegetation zones were skewed right to higher levels of
mortality in plots with evidence of insects and fire. Distributions
of mortality rates <2.5%/yr also peaked towards higher levels in
wet vegetation zones than in most dry vegetation zones. Rates in
undisturbed plots in the subalpine and grand fir/white fir vegeta-
tion zones reached similar levels of mortality as those in wet veg-
etation zones but at lower proportions. Douglas-fir and especially
ponderosa pine had the highest proportion of plots with mortality
rates <0.5%/yr (Fig. 6). In all vegetation zones, mortality rates in
early and mid stages of structural development were primarily
<2.5%/yr (Fig. 7). Rates in mature and old-growth stages of struc-
tural development reached the highest levels and accounted for
most of the rates >2.5%/yr, with less than half of the rates <1%/yr.
4. Discussion

Regional-scale patterns of stand-level tree mortality during the
turn of the 21st century reveal tremendous variability in forest
dynamics related to natural disturbance and mortality across a
diverse region. Our results indicate that, cumulatively, coarse-
scale exogenous disturbances have the potential to drive as much



Fig. 4. Patterns of disturbance and tree mortality (total number of trees that died) from the mid-1990s to the mid-2000s in the dominant vegetation zones on USFS lands in
Oregon and Washington. The figure on the left depicts the proportion of the total number of trees that died in each vegetation zone. The figure on the right depicts the
proportion of the total trees killed at different mortality rates. Other disturbances include floods, landslides, and avalanches.
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or more of forest dynamics as fine-scale endogenous processes in
some vegetation zones (Spies and Franklin, 1989). The prevalence
of intermediate levels of mortality (5–25%/yr) indicative of
partial-stand-replacement in exogenous disturbances indicates
that most of these disturbances are not stand-replacing and poten-
tially leave considerable live legacies. Conceptualizing endogenous
and exogenous disturbances as endpoints of a continuum as
opposed to a dichotomy (White and Pickett, 1985) will provide a
more comprehensive characterization of the ecological effects of
tree mortality and how they vary across a diverse region.

4.1. Disturbance and mortality

Pathogens and insects were pervasive in almost all vegetation
zones. Consistent with their primary role in ‘‘background” mortal-
ity, most mortality rates (>80%) associated with pathogens and
insects were within the range (<2.5%/yr) of those found in plots
with no evidence of disturbance. Biotic disturbance agents may
not result in immediate mortality though their effects may be
manifest in decreased growth and vigor (Marias et al., 2014) that
initiate the long process of mortality (Manion, 1981) and predis-
pose trees to stem breakage or tip-up later in life (Larson and
Franklin, 2010). In some cases, slow rates of spread may require
longer periods to manifest mortality related effects, thus the dura-
tion of the episode may be at least as important as the mortality
rate, particularly when outbreaks are associated with extended
drought (Bigler et al., 2007; Carnicer et al., 2011). Biotic agents,
particularly insects in dry vegetation zones, did account for mortal-
ity rates shifted towards higher levels (1–5%/yr) than in plots with
no evidence of disturbance. This is likely related to temperature-
driven drought stress that has been linked with increases in back-
groundmortality in old-growth forests of the region (van Mantgem
et al., 2009) and forest decline which peaked during our study per-
iod (Cohen et al., 2016), the warmest decade the region has expe-
rienced since the start of the 20th century (Abatzoglou et al., 2014).

Recent studies have expressed concern regarding the occur-
rence of epidemic insect outbreaks triggered by exogenous stress
induced by drought (e.g. Raffa et al., 2008; Carnicer et al., 2011).
Despite the occurrence of extreme drought during our study per-
iod, mortality rates P5%/yr were rare and most mortality associ-
ated with insects was likely limited to localized patches smaller
than our 1 ha plots. Ganey and Vojta (2011) found stand-
replacing rates (28.5%/yr) associated with insects in a field study
with smaller plots (0.09 ha) during drought in the southwestern
US. However, rates P10%/yr comprised <1% of all plots with
insects, the highest of which occurred as delayed mortality in plots
that were subject to fire prior to the initial plot installation. The
prevalence of mixed-species stands in the region may increase
resistance to epidemic outbreaks since most insects are species-
specific. The occurrence of fire following insect outbreaks may also
mask higher levels of insect-related mortality, but it seems unli-
kely given the lack of a positive association between the two
within the region and elsewhere (Hart et al., 2015; Meigs et al.,
2015). Where the two disturbances did occur together, we found



Fig. 5. Distributions of mortality rates for natural disturbance agents on USFS lands
in Oregon andWashington from the mid-1990s to the mid-2000s. Disturbances that
share the same letter have cumulative empirical distributions that do not differ
significantly from each other (p < 0.05) based on a test comparing Wald F-statistics.
Other disturbances include floods, landslides, and avalanches.

Fig. 6. Distributions of mortality rates in the dominant vegetation zone from the
mid-1990s to the mid-2000s on USFS lands in Oregon and Washington. Vegetation
zones that share the same letter have cumulative empirical distributions that do not
differ significantly from each other (p < 0.05) based on a test comparing Wald
F-statistics.

M.J. Reilly, T.A. Spies / Forest Ecology and Management 374 (2016) 102–110 107
no evidence that the co-occurrence of insects and fire resulted in
higher levels of mortality than in fires alone, corroborating a grow-
ing number of post-fire studies from around the western United
States that pre-fire insect mortality does not necessarily make fires
more severe (Simard et al., 2011; Harvey et al., 2013; Agne et al.,
2016).

Mortality rates associated with exogenous disturbances were
more evenly distributed across higher levels than those associated
with endogenous disturbance agents. However, stand-replacing
mortality rates (P25%/yr) comprised only approximately a third
of all rates associated with exogenous disturbance and most rates
occurred across intermediate levels of mortality (5–25%/yr). These
results indicate a far more common role of exogenous disturbances
including floods, wind, and avalanches in altering pathways of
structural and successional development (Scott et al., 1985;
Greene et al., 1992; Veblen et al., 1994) as opposed to
re-initiating dynamics. Stand-replacement by synoptic wind
events (Sinton et al., 2000), volcanic eruptions (Turner and Dale,
1998), and landslides are part of the disturbance regimes in the
region, but are either too rare to be recorded even in our relatively
dense plot-based sampling or occur at intervals longer than our
sampling period. Aside from a single plot which fell in an avalanche
path, fire was the only natural disturbance that reached stand-
replacing mortality rates (P25%/yr) and served as the primary
source of early seral habitat. During the study period which
included several large wildfires (e.g. 200,000 ha Biscuit Fire),
stand-replacing mortality affected approximately 2.3% of the study
extent which is similar to the 3.8% estimated by Whittier and Gray
(2016) using the same data set, but with a different method and
plot selection (i.e. different intervals and minimum number of
trees).

4.2. Characterizing mortality and dynamics across the region

Most mortality in wet vegetation zones was likely related to
fine-scale endogenous processes that operate continuously



Fig. 7. Histograms of mortality rates by stage of structural development in the
major vegetation zone on USFS lands in Oregon and Washington from the mid-
1990s to the mid-2000s. Stages of structural development follow those in Reilly and
Spies (2015).
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throughout stand development (Franklin et al., 2002). Mortality
rates in these vegetation zones may be elevated above background
levels as a result of individual mortality events from wind or
insects (Harmon and Pabst, 2015), but most rates were primarily
<2.5%/yr. More complex dynamics associated with chronic wind
near the coast (Greene et al., 1992) or long-term decline from
pathogens in mountain hemlock (Hansen and Goheen, 2000) do
occur, but characterizing the most common forms of mortality as
‘‘background” is likely sufficient to describe most dynamics in
these vegetation zones. Although infrequent, stand-replacing fire
events played a historic role at centennial scales in wet vegetation
zones (Weisberg and Swanson, 2003), there is increasing evidence
that non-stand-replacing fire played a greater role in southern
parts of the western hemlock vegetation zone in central Oregon
where most of our sample was located (Agee, 1993; Morrison
and Swanson, 1990; Weisberg, 2004; Tepley et al., 2013). Our find-
ings support this and another recent studies that found that recent
fires in the western hemlock vegetation zone have been primarily
non-stand-replacing (Dunn and Bailey, 2016).

Distributions of mortality rates in dry vegetation zones reveal a
more complex set of dynamics with more variability in the role of
background mortality and a greater role of partial- and stand-
replacing disturbance than in wet vegetation zones. Density-
dependent background apparently played a role during our study
period in the cooler subalpine and grand fir/white fir vegetation
zones where rates in plots without evidence of disturbance
reached similar levels as in wet vegetation zones. In contrast, mor-
tality rates in the ponderosa pine and Douglas-fir vegetation zones
were extremely low in the absence of disturbance, suggesting a
limited role of endogenous processes in the driest vegetation zones
aside from pathogens and insects. As opposed to the continuous
role of mortality in wet vegetation zones (Franklin et al., 2002),
past studies suggest that the role of mortality in some dry forests
may be better characterized as an episodic process. Dynamics
may fluctuate with periods of little or no mortality followed by ele-
vated mortality during periods of drought such as ours when most
mortality is associated with insects or fire (Villalba and Veblen,
1998; Guarin and Taylor, 2005). Most plots that burned in dry veg-
etation zones (70–80%) experienced non-stand-replacing fire
across a wide range of mortality levels. The prevalence of low
and moderate severity fires is consistent with some aspects of
the historical role of fire in vegetation zones where fire regimes
are characterized as low (ponderosa pine) and mixed (grand
fir/white fir), but somewhat surprising in the subalpine vegetation
zone which is generally characterized as having a stand-replacing
fire regime (e.g. Agee, 1993).

4.3. Implications for regional forest change

Our results demonstrate the variability in the magnitude,
extent, and drivers of mortality across a regional extent during a
period characterized by drought (Abatzoglou et al., 2014), wide-
spread insect activity (Meigs et al., 2015), and wildfire (Littell
et al., 2009). Mortality rates in plots in early and mid stages of
structural development were relatively low (mostly <2.5%/yr) com-
pared to the 4.4–5%/yr reported in the few demographic studies of
mortality we are aware which are limited to wet vegetation zones
in the region (Lutz and Halpern, 2006; Larson et al., 2015). Studies
from the boreal forest in Canada suggest that younger forests are
more susceptible to drought (Peng et al., 2011; Luo and Chen,
2013), but the relatively low rates of mortality in our sample of
younger forests compared to published studies indicate the need
for a comprehensive analysis and comparison among a range of
environments and disturbance histories. Older stages of structural
development dominated our sample of Forest Service lands,
reflecting the relatively high amounts of older forest that still exist
on federal lands in the region (Davis et al., 2015). Mortality rates
>1%/yr in over half of the plots in late and old growth stages are
consistent with elevated mortality rates associated with cumula-
tive decreases in basal area and density in old-growth forests
across the western U.S. during the same time period (van
Mantgem et al., 2009).

Ecological change in dry vegetation zones was also driven by
partial- and stand-replacing insects and fire. Very large
(>1000 ha) patches of high-severity fire (Donato et al., 2009;
Cansler and McKenzie, 2014) have the potential for substantial
landscape scale change in some parts of the region, but stand-
replacing fire affected a relatively small proportion of individual
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dry vegetation zones (2.1–5.1%). These findings substantiate the
observation that structurally diverse, early seral habitats are rare
in the region compared to the extent in late and old-growth stages
of structural development (Reilly and Spies, 2015) where we
observed most fire activity during our study period. Mortality rates
(2.5–5%/yr) exceeding even the elevated background levels
reported by van Mantgem et al. (2009) and partial-stand-
replacing rates (5–25%/yr) were more common than stand-
replacing fire and affected from 10–15% and 3.1–7.7% of individual
dry vegetation zones, respectively. The ecological effects of mortal-
ity at these intermediate levels, however, are the most variable and
poorly understood (Frelich and Reich, 1998; Perry et al., 2011).
Partial-stand-replacing disturbances with annualized mortality
rates from 5% to 25%/yr may kill 25–75% of the trees, but still leave
a range of residual live structure and can have a variety of effects
including the acceleration of successional change (Abrams and
Scott, 1989; Veblen et al., 1994), increasing resistance to future dis-
turbance by insects (Waring and Pitman, 1985) and fire (Agne
et al., 2016), and even restoring some aspects of historical structure
by decreasing density and increasing the dominance of big trees
(Reilly and Spies, 2015).

5. Conclusions

Our results demonstrate the tremendous variability in the
magnitude, extent, and drivers of stand-level mortality across a
biophysically diverse region during a period characterized by
drought (Abatzoglou et al., 2014), widespread insect activity
(Meigs et al., 2015), and wildfire (Littell et al., 2009). Elevated mor-
tality rates associated with pathogens and insects in most of the
plots in the late and old-growth stages of development corroborate
previous findings and indicate the potential for pervasive changes
in the older forests that dominate all vegetation zones. Partial- and
stand-replacing fire was associated with most mortality in dry veg-
etation zones, but affected a relatively small proportion of each.
These disturbances have likely affected regional biodiversity
through the creation of early seral habitat, increased within-
stand heterogeneity, and restored of aspects of historical fire
regimes, but the ecological effects of intermediate levels of mortal-
ity and how they vary by vegetation zone and environment are
poorly understood. Our results highlight the need to elucidate
the role of disturbance at intermediate levels and recognize
endogenous and exogenous disturbances as endpoints of a contin-
uum to more comprehensively characterize regional forest
dynamics.
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