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The spruce beetle (Dendroctonus rufipennis) is known for extensive outbreaks resulting in high spruce
mortality, but several recent outbreaks in the western United States have been among the largest and
most severe in the documentary record. In the Pinaleño Mountains of southeast Arizona, U.S.A., an out-
break in the mid-1990s resulted in 85% mortality of Engelmann spruce >7 cm diameter. To put this out-
break into historical perspective, we used dendrochronology to examine the effects of host species’
distribution and growth rates on spruce beetle outbreak initiation, frequency and size over three centu-
ries. We used multiproxy records of understory spruce growth release, snag death dates, failed attack
scars, and historical records to identify 12 distinct outbreak events over a 319-year period of reconstruc-
tion. Outbreaks were defined by spatial criteria, affecting 25% or more of sites, instead of mortality-based
criteria that could not be assessed in older outbreak events. We also tested outbreak associations with
summer temperature and spring drought as they relate to thresholds associated with larval development
and host stress, respectively. In the decades following fire exclusion in adjacent mixed-conifer forest, the
area occupied by Engelmann spruce and corkbark fir doubled in size, coinciding with the first wide-
spread outbreaks in the reconstructed period and a doubling of outbreak duration. Outbreaks lagged
spruce establishment by 40–90 years depending on forest type and time since fire, and were correlated
significantly with several years of antecedent warm summer temperatures followed by up to a decade of
persistent spring drought. Mean annual growth increment, a factor associated with host susceptibility,
was significantly higher in recently colonized mixed-conifer forest than in historically spruce- and fir-
dominated sites. Increasing size and severity of outbreaks appears to have been influenced by host range
expansion due to fire exclusion, coupled with increasing incidence of warm summer temperatures asso-
ciated with persistent spring water stress. The combined effects of expansion of spruce into mixed-coni-
fer forest and climatic trend toward warmer, drier conditions have the potential to promote extensive
spruce beetle outbreaks across the host range of the western United States.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction rockslides, and blow-down events (Veblen et al., 1994; Bebi et al.,
Subalpine spruce-fir forests comprised primarily of Engelmann
spruce (Picea engelmannii Parry ex. Engelm.) and corkbark or
subalpine fir (Abies lasiocarpa vars. arizonica or bifolia (Hook.)
Nutt.), are the highest elevation forest type in the southwestern
United States and comprise approximately 8.4% of the evergreen
forests of Arizona, New Mexico, Colorado, Utah, and Nevada
(Prior-Magee et al., 2007; Vankat, 2013). Species dynamics in
spruce-fir forest are mediated by fire, insect outbreaks, avalanches,
2003; Kulakowski et al., 2003; Bigler et al., 2005). Infrequent
mixed- and high-severity canopy fires at 200–1000-year intervals
(Arno, 1980; Romme and Knight, 1981; Kipfmueller and Baker,
2000; Anderson et al., 2008; Morris et al., 2013; O’Connor et al.,
2014) are the typical stand-replacing disturbances in this forest
type because mature stands tend to form closed canopies with
low canopy base heights that retain abundant dead fuels in the
lower canopy (Burns and Honkala, 1990). Fires in spruce-fir forests
in the southwestern United States have been associated histori-
cally with extreme drought conditions that tend to occur during
combined negative phases of the El Niño Southern Oscillation
and Pacific Decadal Oscillation at centennial to millennial

http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2014.10.021&domain=pdf
http://dx.doi.org/10.1016/j.foreco.2014.10.021
mailto:oconnorc@email.arizona.edu
http://dx.doi.org/10.1016/j.foreco.2014.10.021
http://www.sciencedirect.com/science/journal/03781127
http://www.elsevier.com/locate/foreco


C.D. O’Connor et al. / Forest Ecology and Management 336 (2015) 148–162 149
timescales (Schoennagel et al., 2005; Sibold and Veblen, 2006;
Margolis and Swetnam, 2013). During extended periods between
fires, spruce beetle (Dendroctonus rufipennis Kirby) and western
balsam bark beetle (WBBB) (Dryocoetes confusus Swaine) are the
most important drivers of forest species composition, structure
and age distribution of upper elevation forests (Schmid and
Hinds, 1974; Aplet et al., 1988; Veblen et al., 1991a; Vankat, 2013).

Over the past two decades, the size and severity of spruce beetle
outbreaks have increased throughout the western states (Dymerski
et al., 2001; DeRose and Long, 2007, 2012; Raffa et al., 2008). A
variety of factors at local and regional scales have been identified
as potential contributors to recent outbreak extent and severity,
including large contiguous stands of mature spruce (Berg et al.,
2006; DeRose et al., 2009), warmer than average mean winter
and summer temperatures (Berg et al., 2006; Hebertson and
Jenkins, 2008; Raffa et al., 2008; Bentz et al., 2010; DeRose and
Long, 2012), persistent drought and increased vapor pressure
deficit (DeRose and Long, 2012; Williams et al., 2013; Hart et al.,
2014a), and decadal to multidecadal scale climate variability
(Sherriff et al., 2011; Hart et al., 2014a).

While regional climate and stand characteristics may act as pre-
cursors to spruce beetle outbreak (Hart et al., 2014b), an inciting
factor that allows the endemic beetle population to move into
incipient and outbreak modes is generally considered necessary
(Schmid and Frye, 1977). Conditions necessary for a spruce beetle
population to transition from simply being present in the system to
becoming a significant agent of spruce mortality may require syn-
chrony among a series of stand-level and regional climate condi-
tions (Raffa et al., 2008), a situation analogous to spreading fire
in which conditions appropriate for fire ignition and spread occur
more frequently than spreading fire itself.

Patterns of spruce beetle outbreak size and severity are poorly
understood, due mainly to the short length of the historical record
and the relatively long time intervals between repeated outbreaks
on the same landscapes. Several recent studies have examined
potential natural controls on outbreak size, severity, and inciting
factors (Berg et al., 2006; Hebertson and Jenkins, 2008; Sherriff
et al., 2011; DeRose and Long, 2012; Hart et al., 2014a); however,
no spatially explicit reconstructions of spruce beetle outbreak his-
tory have examined changes in outbreak size, frequency, and dura-
tion through time as a function of changes to stand conditions, host
range distributions, and regional climate patterns.

Here we employ a spatially explicit gridded sampling design to
reconstruct changes to the distribution, age structure, and stand
characteristics of a spruce-fir forest in relation to spruce beetle out-
breaks on an isolated mountain range in southeastern Arizona, USA.
We use demographic reconstructions of tree establishment, species
composition, spatial extent, and age structure to track changes to
spruce population characteristics over a 319-year period between
stand-replacing fires. We develop a multiproxy reconstruction of
spruce beetle outbreaks based on (1) growth release events in sur-
viving trees, (2) encapsulated scars from failed spruce beetle
attacks, (3) death dates from spruce beetle-killed trees, and (4) his-
torical documentation of outbreak events, to reconstruct the spatial
and temporal components of major spruce beetle outbreaks. We
then examine relationships between the size and severity of spruce
beetle outbreaks and changes to the distribution of host species.
Lastly we test associations between spruce beetle outbreak initia-
tion and seasonal temperature and moisture conditions.
2. Study area

The spruce-fir forest of the Pinaleño Mountains, located at 32�
410 N, 109� 530 W, represents the southernmost extent of the forest
type in North America (Stromberg and Patten, 1991) and is
situated at the top of a vertical gradient spanning approximately
2100 m (McLaughlin, 1993). The study area above 2835 m (9300
ft.) is located on gently sloping Typic Dystrochrepts with sandy
loam texture underlain with large gneissic material (NRCS, 2012).
Vegetation is dominated by Engelmann spruce (Picea engelmannii
Parry ex. Engelm.) and corkbark fir (Abies lasiocarpa var. arizonica
(Hook.) Nutt.), with occasional Douglas-fir (Pseudotsuga menziesii
var. glauca (Mirbel) Franco), southwestern white pine (Pinus strob-
iformus Engelm.), and aspen (Populus tremuloides Michx.) (Fig. 1).
Engelmann spruce in the Pinaleño Mountains exhibits little intro-
gression with white spruce (Picea glauca (Moench) Voss), which
is common further north (Haselhorst and Buerkle, 2013). The forest
surrounding the study area along the central plateau of the range is
primarily mixed-conifer forest dominated by Douglas-fir and
southwestern white pine with additional components of white fir
(Abies concolor (Gor. & Glend.) Lindl. ex Hildebr.) and ponderosa
pine (Pinus ponderosa var. scopulorum Engelmann). The mixed-
conifer forest transitions abruptly to pine and oak forest (Quercus
spp.) on the steep slopes below 2135 m (O’Connor, 2013).

The contemporary spruce-fir forest originated from a stand
replacing fire in 1685 that also burned parts of the surrounding
mesic mixed-conifer forest with high severity (O’Connor et al.,
2014). Small patches of surviving spruce and fir began to repopu-
late the upper elevation forest shortly after the fire, and much of
the spruce-fir zone was under closed canopy conditions by the
mid to late 1700s (O’Connor et al., 2014). No fires entered the
spruce-fir forest for 311 years until the 1996 Clark Peak fire burned
143 ha of spruce-fir forest with high severity (Froehlich, 1996).
Shortly thereafter the 2004 Nuttall Complex Fire burned over the
majority of the remaining spruce-fir forest with more than 70%
moderate to high burn severity (Fig. 1).

The adjacent mixed conifer forest underwent a significant change
in fire frequency following EuroAmerican settlement of the region
and subsequent livestock grazing and timber extraction starting in
the late 1870s (Bahre, 1998). The interruption of historic fire regimes
in inland dry forests of the southwestern United States concurrent
with EuroAmerican settlement is documented in fire history studies
throughout the region (e.g. Grissino-Mayer et al., 1995, 2004;
Swetnam and Baisan, 1996; Swetnam et al., 2001; Brown and Wu,
2005; Fulé et al., 2009). Prior to 1880, median fire return intervals
for fires greater than 100 ha ranged from 3.4 years in the driest
mixed-conifer sites to 23.9 years in the most mesic mixed-conifer
sites. After 1880 the median fire return interval for dry and mesic
mixed-conifer forests increased to more than 50 years in the few
areas that recorded fire, and more than 100 years over the majority
of the forest type (O’Connor et al., 2014). This change in fire fre-
quency resulted in a significant increase in stem densities and a shift
toward more shade tolerant, fire-sensitive species (Grissino-Mayer
et al., 1995; O’Connor, 2013).

Spruce beetle activity in the Pinaleño Mountains is documented
from an outbreak detected in 1952 that had already been active for
several years, resulting in a loss of approximately 18–20% of spruce
timber volume (Bennett, 1953), and another outbreak from 1999 to
2002 that was preceded by a series of defoliation events by other
insects (Koprowski et al., 2005). Cumulative insect damage
resulted in mortality of 83% of Engelmann spruce and 63% of cork-
bark fir greater than seven cm diameter at breast height (DBH)
throughout the spruce-containing forest extent (O’Connor, 2013).
The endemic population of spruce beetles began to increase in
the spruce-fir forest following a winter storm in 1993 that caused
a modest amount of tree breakage and blowdown (Frank and
Fairweather, 1994). Beetle population density then increased rap-
idly in an approximately 200 ha patch of old growth spruce-fir for-
est where trees were defoliated in 1996–1999 by Nepytia janetae
(Rindge), a native Geometrid moth that was previously unknown
as a forest pest (Lynch unpublished). Bark beetle-related mortality



Fig. 1. Location and sampling design of spruce-containing forest in the Pinaleño Mountains, Arizona, USA. Study area denotes elevation above 2835 m. Distributions of forest
types are from LANDFIRE biophysical setting generalized to a minimum patch size of 6.75 ha (LANDFIRE, 2013). Fire extents are from the USFS Monitoring Trends in Burn
Severity database (MTBS, 2013).
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was first noted in 1999 (Wilson et al., 1999; USDA Forest Service,
2000). The same year, the introduced spruce aphid Elatobium
abietinum (Walker) was first detected in the Pinaleño Mountains,
damaging spruce of all size classes (Lynch, 2009). From 1999 to
2002 the bark beetle outbreaks and spruce aphid infestation
spread throughout the extents of spruce and corkbark fir (Lynch,
2009).

3. Methods

To reconstruct the spatial and temporal dimensions of spruce-
containing forest and bark beetle outbreaks, we used tree establish-
ment and growth records from a primary grid of 14 fixed area
(0.05 ha) tree demography plots spaced 1-km apart, supplemented
with a secondary grid of 21 fixed sample size plots offset 500 m from
demography plot locations. In demography plots, we used increment
coresorcrosssectionstocollectsamplesfromall livinganddeadtrees
greaterthan19.5 cmDBH.Wecollectedsamples fromtreeswithDBH
range of 1–19.4 cm in a sub-plot equal to one third the total plot area
(0.017 ha), and seedlings <1 cm DBH were cut at the soil surface
withinthesub-plot. Infixedsamplesizeplots,wecollectedincrement
cores or cross sections from the 10 spruce trees and 10 non-spruce
trees >15 cm DBH nearest plot center. The 15 cm DBH threshold in
fixed sample-size plots was used to filter for trees likely to have sur-
vived the mid-20th century spruce-beetle outbreak. At least one,
and up to three increment cores were collected from the side of each
living tree perpendicular to hill slope, at a height of less than 20 cm
from mineral soil. More than one core was collected from trees with
ringanomaliessuchasbranchtraces, injury,rot,orotherdeformation
thatobscuredpithlocation.Radialcross-sectionswerecollectedfrom
stumps and fallen logs, and quarter wedges were removed from
standing snags as close to the root collar as possible. In addition to
sampling for dendrochronology, we recorded tree species, condition
class, and DBH or diameter at the root crown (for stumps).

3.1. Sample processing

Increment cores and cross-sections were mounted and sanded
with progressively finer grits until individual cell structure was
observable. Samples were cross-dated using a combination of
visual pattern matching (Yamaguchi, 1991) and skeleton plots
(Stokes and Smiley, 1968; Speer, 2010). A master chronology
developed from Douglas-fir within the spruce-fir zone had the
highest series inter-correlation among all high elevation species
and was used to validate crossdating (Speer, 2010). On samples
that did not include pith, concentric ring pith locators
(Applequist, 1958) were used to estimate pith dates if ring curva-
ture indicated pith was within 10 years of the innermost ring.
Crossdating of samples prior to ring-width measurement allowed
us to account for occasional locally absent rings and other growth
anomalies limited to specific plot locations or individual trees.
After samples were crossdated, ring-width measurements were
recorded with J2X measuring software on a Velmex TA system�

with sensor accuracy of one micron (VoorTech, 2010). Initial cross-
dating of individual trees was checked with COFECHA crossdating
analysis software (Holmes, 1983). Samples that did not correlate
with the plot-level chronology at a level of 0.3 or higher were
removed from the analysis (Grissino-Mayer, 2001).

Bark beetle outbreaks are usually inferred in dendrochronolog-
ical reconstructions by growth releases in surviving understory
trees (Veblen et al., 1991b; Eisenhart and Veblen, 2000; Berg
et al., 2006). Raw ring width measurements from individual trees
at each plot location were analyzed for growth releases with the
program JOLTS (Holmes, 1999). Growth releases were recorded
as a minimum 50% increase (JOLTS ratio of 1.5) in the 10-year run-
ning mean of ring widths at the individual tree level. Previous
spruce beetle outbreak reconstructions using the 10-year running
mean of ring widths have used more conservative growth release
criteria (100–250% increase in ring width growth) to define an out-
break (Veblen et al., 1991b; Berg et al., 2006). In calibrating the
growth release criteria to two know events and locations, we found
that the less conservative 50% growth increase criteria tended to
detect outbreak 1–4 years sooner than the more conservative crite-
ria (supplemental Fig. 1). Earlier detection coincided more closely
with aerial and ground spruce beetle surveys (Bennett, 1953;
Lynch, 2009), spruce death dates, and failed-attack scars.

A minimum time between releases of 15 years was used to focus
on initiation of outbreaks and to distinguish between discrete



Fig. 2. A scar formed in 1974 from a failed spruce beetle attack on a suppressed
understory Engelmann spruce in the Pinaleño Mountains, Arizona. Upper right:
magnified image of scar region. From the position of the wound within the ring, it
appears that attack occurred early in the growing season, i.e., probably May or June.
The failed attack occurred four years prior to the onset of a growth release in 1978.
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outbreak events. Tree-level growth releases were composited by site
to determine the proportion of outbreak-recording sites. We used a
threshold of at least 25% of sites with 10% or more trees recording
growth release over a five-year period to identify spatially significant
spruce beetle outbreaks. The criterion of 25% or more of sites record-
ing release was used to filter out background growth release events
recorded in only one or a few sites. Growth releases occurring within
500 manduptofiveyearsafterfireorknownloggingoperationswere
excluded from the analysis (O’Connor et al., 2013).

Use of a 10-year running mean excluded the first and last dec-
ades of measurement series, and caused a problem with detecting
growth releases associated with the most recent insect outbreaks
in the 16 plots affected by the 2004 high-severity fire. To recon-
struct the spatial and temporal progression of insect-caused tree
mortality for the 1990s insect outbreaks, we combined growth
release records from unburned plots with tree death dates deter-
mined from the last ring of growth. Samples with charred outer
rings were not used for the analysis of tree death dates. We did
not attempt to differentiate between bark beetle, defoliator, or
pathogen-caused mortality in the 1990s series of outbreaks.

Failed attack scars are commonly found on trees in the early
and late stages of spruce beetle outbreak when the beetle popula-
tion is not sufficient to overcome tree defenses, or in trees too
small in diameter for successful brood development (Schmid and
Frye, 1977) (Fig. 2). Scars form as a result of lesions caused by
spruce beetle attack and larval gallery formation that are then
encapsulated in callus tissue and incorporated into an annual
growth ring. Lesions are highly variable in size, ranging from one
to several centimeters in length, and tend to be aggregated around
the lower bole of the tree (Schmid and Frye, 1977). Although two
previous studies are known to have used failed-attack scars to infer
outbreaks of mountain pine beetle (Dendroctonus ponderosae Hop-
kins) in ponderosa pine (Craighead, 1925; Blackman, 1931), this is
the first study we are aware of to use failed attack scars to corrob-
orate growth release evidence of spruce beetle outbreak.

3.2. Reconstruction of dynamic host range distributions

We used a spatial reconstruction of spruce and corkbark fir
establishment following the 1685 stand-replacing fire to verify
the potential for spruce beetle or WBBB outbreaks at each plot
location through time. An interpolated surface of spruce and cork-
bark fir establishment was generated through inverse distance
weighting of earliest establishment dates from the four nearest
plots with a power function of two (ESRI Inc., 2012). Inverse dis-
tance weighting is a deterministic method for multivariate spatial
interpolation that relies on a network of neighboring point values
to generate a continuous interpolated probability surface (Shepard,
1968). Minimum inner ring dates were substituted for establish-
ment dates if pith was not present or could not be estimated
within 10 years.

To test for differences in spruce growth rates in mixed-conifer
and spruce-fir forest, we limited our analysis to spruce establishing
after 1880 to maximize similarity of climate and fire exclusion con-
ditions. As an additional precaution, we excluded the first 30 years
of each tree-ring series to remove the effects of juvenile growth.
Mean ring-width measurements were separated into two groups
by geographic location inside or outside the pre-1870 spruce
extent. We used a two-tailed t-test with unequal variance to assess
the significance of differences in mean ring widths between trees
in the two groups.

3.3. Spatial reconstruction of bark beetle outbreaks

To reconstruct the approximate size and spatial distribution of
spruce beetle outbreaks recorded in at least 25% of recording sites,
we used the spatial sampling grid with composited growth release
events attributed to each sampling location. An outbreak was attrib-
uted to a plot location if 10% or more of trees (minimum of two trees)
exhibited a growth release over a five-year period. The approximate
spatial extent of outbreak events was determined through inverse
distance weighting of outbreak presence or absence. A small number
of neighboring plots (4), a conservative signal decay function (power
function of two), and a maximum interpolation distance of 750 m
were used to limit the possibility of over-predicting outbreak area
(Hessl et al., 2007). Interpolated surfaces were clipped to the spruce
range extent above 2835 m elevation.
3.4. Outbreak periodicity analysis

We used wavelet analysis (Torrence and Compo, 1998) to iden-
tify significant periodicity in the sequence of spruce beetle out-
breaks over the reconstructed period. The unfiltered series of
growth release events generated from all trees in the JOLTS analy-
sis was square root transformed to partially offset right-skewness
resulting from the loss of sample depth in the early part of the ser-
ies. We used a zero-padded Morlet wavelet with six parameters, a
scaling width of 0.25, and starting scale of two. A cone of influence
was generated to identify extraneous periodicities resulting from
series-length edge effects. Wavelet analysis and figure generation
used the Interactive Wavelet Plot tool (Torrence and Compo,
2014). Significance of identified patterns of periodicity were tested
against a theoretical red-noise spectrum, which is a conservative
series that accounts for temporal autocorrelation and is appropri-
ate for time series exhibiting increasing power with decreasing fre-
quency (Torrence and Compo, 1998). Power series cut-offs of 75%,
50%, 25% and 5% were used to assess the strength and consistency
of outbreak periodicity through time.
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3.5. Outbreak initiation and climate

The approximate onset of spruce beetle outbreak was desig-
nated as the first year of concurrent growth release in 25% of
spruce-containing sites. Year of outbreak initiation was analyzed
statistically against seasonal records of precipitation and summer
temperature, as well as annual forest drought stress to identify
associations to local and regional climate conditions. We used
superposed epoch analysis (SEA) (Lough and Fritts, 1987) with
EVENT software (Holmes and Swetnam, 1994) to test for signifi-
cant climate associations to outbreak initiation within ten years
before and after the initial year of growth release. SEA tests for
departures from the range of annual values in a continuous climate
variable in relation to a series of event years (Swetnam, 1993).
Values of a climate variable prior to, during, and after outbreak ini-
tiation were compared with the distribution of values for the full
time domain. We tested the statistical significance of outbreak
initiation correlations to the climate variables with 1000 boot-
strapped random event years compared to actual event years
(Holmes and Swetnam, 1994). The relationship between outbreak
initiation and summer temperatures, known to affect larval devel-
opment (Hansen et al., 2011), was tested using mean maximum
summer temperature (June–August) from 1896 to 2008 (PRISM,
2013) and tree-ring reconstructed mean annual temperature from
the southern Colorado Plateau (Salzer and Kipfmueller, 2005).
Effects of host drought stress during the period of beetle flight
(Massey and Wygant, 1954) were tested with spring precipitation
anomaly (January–June, PRISM, 2013), regional tree-ring recon-
structed annual Forest Drought Severity Index (FDSI) (Williams
et al., 2013), and Palmer Drought Severity Index (Cook and
Krusic, 2004, grid point 105). Availability of summer temperature
and spring precipitation records were limited to the period
1896–2012. Tree-ring reconstructed annual PDSI, mean tempera-
ture, and FDSI were available for the entire reconstructed period.
4. Results

We collected samples from 654 trees in 35 plots, including 296
Engelmann spruce, 111 corkbark fir, 103 Douglas-fir, 76 south-
western white pine, 33 aspen, 29 white fir, and six ponderosa pine.
We were able to crossdate 87% of samples (709 of 815) and to
assign or estimate pith date on 76% of samples (617 of 815). From
591 measured series we detected 1205 growth release events,
averaging 2.04 growth release events per tree. One or more
drought-associated incomplete or locally absent growth rings were
recorded in 9.8% of spruce and 7.2% of corkbark fir samples.

Immediately following the stand-replacing fire in 1685, the dis-
tribution of Engelmann spruce was restricted to a few small areas
on north facing fire-sheltered canyons and surrounding springs
(Fig. 3a). By 1780 spruce seedlings had infilled between separated
populations, forming a nearly contiguous forest covering approxi-
mately 340 ha in the highest elevation sites and spreading to an
isolated peak southeast of the main spruce-fir forest. Slow expan-
sion of the original spruce population into mesic sites that experi-
enced infrequent fire (O’Connor et al., 2014) continued from 1820
to 1870, including two additional isolated spruce populations to
the south and west of the main spruce-fir forest, reaching a peak
distribution of approximately 1095 ha after 185 years. With the
interruption of the historical fire regime in surrounding mixed-
conifer forest in the 1870s (O’Connor et al., 2014), the area occu-
pied by spruce seedlings doubled in approximately 60 years from
1095 ha to 2168 ha by expanding into mixed-conifer forest to the
southeast and west from 1871 to 1930, eventually occupying 89%
of the area above 2835 m (Fig. 3a). At the time of sampling, mean
DBH of spruce sampled from plots containing spruce prior to 1880
(32.2 cm) was nearly identical to that of spruce in the mixed-coni-
fer forest where spruce established after 1880 (32.5 cm). However,
mean ring width (0.15 cm) of spruce establishing after 1880 in the
spruce-fir forest was significantly less than that of spruce that
established in mixed-conifer forest after 1880 (0.22 cm) (two-
tailed paired t-test with unequal variance p < 0.001; juvenile
growth is excluded in the comparison). Prior to 1880, five demog-
raphy plots comprising the historical spruce-fir zone contained
Engelmann spruce. By 1996, the additional 9 demography plots
in the mixed-conifer forest also contained spruce. Basal area of live
spruce in mixed-conifer forest in 1996, prior to the most recent
spruce beetle outbreak, varied with proximity to the spruce-fir for-
est. Spruce basal area in two plots near the historical spruce-fir for-
est exceeded 40 m2/ha, whereas mean spruce basal area
throughout the mixed-conifer forest was 16.0 m2/ha, and in the
three most distant plots spruce basal area was less than 2 m2/ha
(Supplemental materials Table 1). For reference, a study from Utah
documented more than 93% mortality of overstory spruce (>10 cm
DBH) in stands with spruce basal area as low as 10 m2/ha (DeRose
and Long, 2007).

Corkbark fir followed a similar pattern of wave-form range
expansion (Frelich, 2002) following stand replacing fire, although
establishment of fir typically lagged that of spruce (Schmid and
Hinds, 1974; Aplet et al., 1988) (Fig. 3b). Corkbark fir was slow to
expand out from three original sites also occupied by Engelmann
spruce prior to 1750. The first large expansion of corkbark fir
extent occurred from 1840 to 1885, approximately 50 years after
spruce establishment over the same general area. The extent of
corkbark fir more than doubled from 1886 to 1930 (from 880 ha
to 2080 ha) coinciding with fire exclusion in surrounding mixed-
conifer forest, and continued to expand into other sites already
occupied by spruce over the next 40 years (Fig. 3b). Prior to
1880, corkbark fir was also limited to the historic spruce-fir zone
and by 1996 eight of the nine demography plots located in the
mixed-conifer forest also contained corkbark fir. Bark beetle out-
breaks prior to 1996 do not appear to have negatively affected
the overall spatial extent of spruce or corkbark fir over the past
300 years.

4.1. Spruce beetle outbreak dynamics

Twelve growth release events affecting 25% or more of spruce-
inhabiting sites were detected from 1700 to 2008 (Table 1). The
first growth release did not occur until 94 years after the fire in
1685 and 77 years after confirmed spruce establishment. While
the interval between outbreaks remained relatively constant
before and after fire exclusion (mean interval 19.3–20.2 years),
outbreak duration was significantly shorter over the first two cen-
turies of spruce range expansion following the 1685 fire than in the
subsequent 100 years (3.4 years vs. 9.9 years, paired t-test with
unequal variance p = 0.025) (Table 1).

Failed attack scars were recorded in 18% of spruce cross sections
and were not recovered from increment cores. 75% of growth
releases recorded in 25% or more of sites (9 of 12 events) were cor-
roborated with failed spruce beetle attack scars (Fig. 2). The three
growth release events not corroborated by failed attack scars were
short duration and relatively small in size (1824–1829, 1842–
1845, 1866–1868) (Figs. 4a and 6). The high rate of decomposition
limited the use of tree death dates to corroborate spruce beetle
outbreaks prior to 1920 (Fig. 4b). All outbreaks recorded after
1920 are corroborated with growth releases, tree death dates,
and failed attack scars, and two of the five outbreaks are recorded
in Forest Service insect survey records (Fig. 4). Growth releases at
individual sites were common throughout the reconstructed per-
iod (Fig. 4d); however the 25% filter clearly demarcates large-scale
spruce beetle outbreaks (Fig. 4c).



Fig. 3. Temporal progression of Engelmann spruce (a) and corkbark fir (b) tree establishment following stand-replacing fire in 1685. Colors associated with windows of
seedling establishment apply to both figures. Interpolated stand age surfaces are generated from inverse distance weighting of minimum tree establishment dates from 44
spruce (a) and 37 corkbark fir (b) gridded point locations. The interpolation algorithm used four nearest point locations with a power function of two.

Table 1
Spruce beetle outbreak events 1779–1996. Horizontal line at 1880 indicates the
division between outbreaks occurring pre and post forest changes as a result of fire
exclusion in surrounding mixed-conifer forest and the start of range expansion of
Engelmann spruce and corkbark fir. The 1880–1890 outbreak is included in the pre-
fire exclusion period because this outbreak occurred within the historical fire return
interval of the mixed-conifer forest.

Outbreak start Outbreak end Duration (years) Interval (years)

1779 1783 4
1803 1806 3 24
1824 1829 5 21
1842 1845 3 18
1866 1868 2 24
1880 1890 10 14

1896 1910 14 16
1923 1932 9 27
1940 1944 4 17
1949 1966 17 9
1972 1981 9 23
1996 2002 6 24

Pre 1890 Mean 4.6* 20.2
Std. dev. 2.9 4.3

Post 1890 Mean 9.8* 19.3
Std. dev. 4.9 6.6

* Indicates significant difference p < 0.01.
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4.2. Outbreak periodicity through time

A wavelet power spectrum with periodicity of 16–25 years was
the only consistent temporal pattern identified over the full period
of reconstruction (Fig 5a). The 16–25 year period accounts for more
than 75% of the power spectrum from approximately 1790–1850
and again from 1880 to 2008. Focusing on the time period with
greatest wavelet resolution from 1860 to 2008, a peak periodicity
of 21.5 years (Fig. 5c) is significantly different from the red noise
spectrum over the entire period and accounts for more than 95%
of the power spectrum from 1885 to 1950 and again from 1975
to 1985 (Fig. 5b). Shorter periodicities of two to four years are pres-
ent within individual decades but are not contiguous over the anal-
ysis period. Longer periodicities of 70–100 years are present after
1820 but are part of the cone of influence and attributable to edge
effects of the analysis (Torrence and Compo, 2014).
4.3. Spatial reconstruction of outbreak events

After 1780, outbreaks occurring in two or more sites were com-
mon. Outbreaks tracked the expansion of the spruce population
starting 94 years after stand replacing fire, and remained relatively
small, affecting the same 3–7 sites over the next century (Fig. 6).
The 1880–1890 outbreak was approximately twice the size of
any previous event in the record, and was the first to affect all three
spatially distinct satellite spruce populations outside of the main
spruce-fir forest. After 1890, outbreaks tended to alternate
between smaller and larger events. Records of repeated outbreaks
in sites where suitable host trees persisted for several centuries
provide evidence for relatively low outbreak severity for at least
the first 260 years following stand-replacing fire. The outbreak that
began in 1949 was the longest and one of the most widespread
events affecting the spruce population. During this outbreak trees
within individual sites exhibited staggered release dates every



Fig. 4. Multiproxy reconstructions of spruce beetle outbreaks in the Pinaleño Mountains 1700–2008. (a) Bark beetle failed attack scars within individual growth rings of
surviving trees. (b) The outer growth ring of beetle-killed trees. (c) Index plot of 34 composited site records recording growth release; the dashed horizontal line intersecting
the y-axis to the right indicates 25% of sites in release (used to differentiate outbreaks from other ecological factors). The number of sites recording on the left y-axis is a
measure of changing sample depth (spruce occupancy) over time. The earliest growth release attributed to spruce beetle outbreak is in 1779 with nine sites (26% of sites)
containing spruce. (d) Site-level record of growth release events occurring in two or more trees over a 5-year period.
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3–5 years from 1949 to 1966. The early part of this outbreak was
documented in 1952 by aerial and ground surveys (Bennett,
1953). The outbreak continued at a low level for more than a dec-
ade, eventually affecting approximately three times the area of the
original aerial survey boundary. A single site that hosts corkbark fir
but not spruce exhibited a growth release during the 1949–1966
outbreak, suggesting that a concurrent outbreak of WBBB, noted
as a minor mortality agent in the Bennett (1953) report, may have
also occurred during this period. A spruce beetle outbreak detected
from growth releases from 1972 to 1981 (Fig. 6) was not noted in
aerial surveys but is corroborated by a series of spruce death dates
and failed attack scars (Fig. 4a and b).

Growth release and death date records of the most recent
spruce beetle outbreak from 1996 to 2002 are confounded by con-
current damage from N. janetae from 1996 to 1999 (which also
affected corkbark fir) and spruce aphid from 1999 to 2002, both
of which caused significant mortality of understory spruce
(Lynch, 2009) and may have delayed the growth release of surviv-
ing understory spruce and corkbark fir. Defoliation damage from
N. janetae was limited to the oldest stands of spruce and corkbark
fir, whereas damage from spruce aphid occurred throughout the
spruce extent. During the most recent spruce beetle outbreak,
94% of spruce-inhabited sites recorded growth releases and mor-
tality of overstory spruce. Corkbark fir mortality from WBBB was
also recorded from 1993 to 2003 in 23% of sites. By 2002 the num-
ber of sites containing living spruce greater than 15 cm DBH was
reduced from 97% to 72% of sites, and then further reduced to
49% of sites following the 2004 fire. In spruce-fir forest unaffected
by the 2004 fire, the proportion of corkbark fir to Engelmann
spruce increased by 16–44% of total live stems, resulting in an
overall shift from spruce to corkbark fir dominance (44% of plots
spruce dominant vs. 56% of plots corkbark fir dominant) for the
first time in the historical record.

4.4. Climate conditions associated with widespread outbreaks

The six outbreaks recorded from 1896 to 2010 were consis-
tently associated with a temporal sequence of several years of



Fig. 5. (a) Wavelet power spectrum of spruce beetle outbreaks for the period 1700–2010. Contour levels represent the proportion of wavelet power above 75%, 50%, 25%, and
5% above each level, respectively. The cross-hatched region is the cone of influence, where zero padding has reduced the variance. Black contour is the 5% significance level,
using a red-noise background spectrum. (b) Subset of the reconstructed period (1860–2000) in which the spectral peak of 21.5 years is significant at the 5% level. (c) The
global wavelet power spectrum (black line); the dashed line is the significance for the global wavelet spectrum at the 5% significance level (Torrence and Compo, 1998).
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antecedent warm summer temperatures, followed by below
average spring precipitation and persistent forest drought stress
(negative FDSI) during the decade after outbreak initiation
(Fig. 7). Mean maximum summer (June to August) temperatures
0.4–1.2 �C above the 114-year mean were associated with each
of the five years prior to outbreak initiation (Fig. 7a). Following
outbreak initiation, summer temperature no longer expressed
a consistent pattern. Conversely, regional FDSI and spring
(January–June) precipitation showed no consistent pattern prior
to spruce beetle outbreak but the year of outbreak detection and
following decade were associated with persistent drought
(Fig. 7b and c). Values of FDSI and spring precipitation were below
average for eight of the ten years following outbreak initiation,
punctuated by up to two years of significantly low precipitation
(95% confidence) and one year of significantly high drought stress
(99% confidence) in comparison to the 114-year mean of each var-
iable. A significant period (>95 confidence) of high moisture eight
years prior to outbreak detection occurred over the entire period
of reconstruction (Figs. 7b, c and 8).

Comparable seasonal reconstructions of temperature and
precipitation are not available for the southern Arizona spruce-fir
forest type prior to 1896; however, outbreaks prior to 1896
did not exhibit consistent relationships with annual tree-ring
reconstructed temperature from the southern Colorado Plateau
(Salzer and Kipfmueller, 2005) or annual tree-ring reconstructed
PSDI. Outbreaks were associated with persistent negative values
of regional FDSI prior to 1896; however the pattern associated with
forest drought and outbreak occurrence was different than the
20th century pattern. From 1770 to 1896, outbreaks were associ-
ated with moderate forest drought stress before, during, and after
growth release. The period of drought stress following outbreak
was shorter (up to six years) than that associated with outbreaks
over the 20th–21st centuries (Fig 8).

5. Discussion

Spruce beetle outbreaks tracked the size and age distribution of
available spruce following the stand-replacing fire in 1685. Out-
breaks were generally smaller and of shorter duration prior to
the onset of fire exclusion when the extents of spruce and corkbark
fir were approximately half of their post-fire-exclusion maximum.
The continuous expansion of the spruce-fir forest range after 1685,
with accelerated expansion after 1880, and relative stand domi-
nance of Engelmann spruce over corkbark fir suggest that outbreak
severity remained relatively low for almost three centuries follow-
ing stand-replacing fire.



Fig. 6. Spatial progression of spruce beetle outbreaks recorded in 25% or more of sites from 1779 to 1996. Outbreak events are reconstructed from growth releases detected in
a minimum of 10% of trees over a five-year period at each of 34 spruce-containing sites. An interpolated outbreak certainty surface is generated from inverse distance
weighting of the four nearest point locations with a power function of two at a maximum distance of 750 m (Hessl et al., 2007). The underlying surface is the spruce extent in
the Pinaleño Mountains circa 1995.
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The most recent spruce beetle outbreak beginning in 1996 was
concurrent with outbreaks of a defoliator, a foliage-feeding aphid,
and an outbreak of WBBB in corkbark fir. The combined effects of
multiple damage agents, dense mature forest conditions, and cli-
matic stressors resulted in the largest and highest severity spruce
beetle outbreak in the reconstructed period. The individual effects
of spruce beetle, western balsam bark beetle, N. janetae, and spruce
aphid in the recent mortality cannot be definitively separated.
However, defoliation contributed to mortality only within the
�200-ha area defoliated by N. janetae, and only during the initial
years of the bark beetle outbreaks, perhaps serving as an inciting
event. Spruce aphid damage throughout the spruce extent may
have played a role in subsequent mortality, but the majority of
spruce mortality resulted from spruce beetle attack (Lynch, unpub-
lished data). Outbreaks of similar or higher severity have been doc-
umented in other western North American forests (e.g. Berg et al.,
2006; DeRose and Long, 2007), and the species has the capacity to
deplete mature host resources (Furniss and Carolin, 1977). The
2004 fire further reduced the spatial extent of spruce-fir forest,
leaving the majority of spruce and corkbark fir in mixed-conifer
forest, outside of the pre-fire exclusion range of either species.

5.1. Effects of fire exclusion on Engelmann spruce and corkbark fir
distribution

Over much of the 20th century, fire exclusion in the southwest-
ern United States had the most obvious effects on fire-dependent
pine and mixed-conifer forest types where forest structure has
changed dramatically (e.g. Minnich et al., 1995; Allen et al., 2002;
O’Connor, 2013). An increase in the proportion of spruce and cork-
bark fir in mixed-conifer forests has been documented in several
locations where steep ecological gradients allow different forest
types to coexist in close spatial proximity (Habeck and Mutch,
1973; Cocke et al., 2005; Mast and Wolf, 2006). Median fire return
intervals of approximately 10–25 years (O’Connor et al., 2014)
would have maintained a relatively open structure in mixed-conifer
forest of the Pinaleño Mountains. Engelmann spruce probably
recruited in the mixed-conifer forest after low and mixed-severity
fires, but would have succumbed to the relatively frequent surface
fires, preventing it from persisting in the mixed-conifer ecosystem.
In upper ecotone mixed-conifer forests of northern Arizona, where
the interruption of presettlement fire regimes did not occur until
approximately 1920, a similar pulse of Engelmann spruce establish-
ment in the mixed-conifer forest occurred immediately following
fire exclusion (Mast and Wolf, 2006).

Discussion of the expansion of shade tolerant subalpine species
into the mixed-conifer ecosystem in past studies has focused on
the increased risk of high-severity fire in mixed-conifer forest with
the increase in ladder fuels, and potential for spread of canopy fire
from mixed-conifer to spruce-fir forest as a result of changes to
the amount and vertical distribution of fuels (Grissino-Mayer
et al., 1995; Swetnam et al., 2009). In this study we identify a series
of additional factors that may contribute to the size and severity of
biotic disturbances affecting spruce colonizing mixed-conifer forest.
Spruce expansion into mixed-conifer forest was accompanied by a
significant increase in growth rates, reducing the amount of time
necessary for these trees to attain a size suitable for spruce beetle
colonization. Younger large diameter spruce in the mixed-conifer
forest contributed a significant new resource for spruce beetle fol-
lowing fire exclusion. It should be noted however that Hard (1985)
found that small faster growing trees were less prone to attack by
spruce beetle than large trees with slower radial growth, and
Schmid and Frye (1976) found that increased heterogeneity of spe-
cies and age classes reduced the likelihood of successful spruce bee-
tle attack in Colorado. Testing the associations between a suite of
stand conditions and outbreak risk, Hart et al. (2014b) found only



Fig. 7. Associations between spruce beetle outbreaks and significant seasonal
climate variables from 1896 to 2008, as determined using superposed epoch
analysis. (a) June–August maximum temperature anomaly in relation to initial
growth release, (b) Regional Forest Drought Severity Index (FDSI) (Williams et al.,
2013) in relation initial growth release. (c) January–June precipitation anomaly in
relation to initial growth release. The vertical line at year zero indicates the year for
which 25% or more of sites were experiencing growth release. Bars to the left of this
line are years prior to growth release, while bars to the right are after growth
release. Shaded bars are statistically significant (p 6 0.05) deviations from 114-year
mean value of the climate series. Confidence intervals of 95% and 99% are indicated
by solid and dashed lines respectively.

Fig. 8. Association of six spruce beetle outbreaks with regional Forest Drought
Severity Index 1770–1896 (Williams et al., 2013). Vertical line at year zero indicates
the year for which 25% or more of sites were experiencing growth release. Shaded
bars are statistically significant (p 6 0.05) deviations from the 126-year mean value
of FDSI. Confidence intervals of 95% and 99% are indicated by solid and dashed lines
respectively.
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weak evidence to support stand composition and age as risk factors
contributing to outbreak likelihood, instead identifying minimum
spruce DBH of 25.4 cm as the most robust indicator of outbreak risk.
Given the complexity of beetle–host interactions, an increase in the
abundance and size of available spruce in the mixed-conifer forest
may not necessarily predispose a stand to attack. However, if an out-
break begins and builds population in older stands with larger diam-
eter trees, the availability of spruce in the mixed-conifer forest may
facilitate spill-over and sustain an outbreak.

5.2. Outbreak reconstruction methods and outbreak frequency

Tree-ring growth thresholds used to reconstruct spruce beetle
outbreaks in previous studies (Veblen et al., 1991b; Eisenhart
and Veblen, 2000; Berg et al., 2006; DeRose and Long, 2012; Hart
et al., 2014a) were found here to be overly conservative for captur-
ing the onset of documented outbreaks in the early 1950s and mid-
1990s. The 50% increase in tree-ring growth over a 10-year period
used in this study identified growth changes on average 1–2 years
earlier than the more conservative 100% increase method used by
Berg et al. (2006) and 1–4 years earlier that the 250% threshold
used by Veblen et al. (1991b) (Supplemental Fig. 1). A potential
problem with a lower growth release threshold is a potential
increase in Type 1 error (false positives). We addressed this poten-
tial source of error, which is more likely to indicate a growth
release at an individual site, by using a spatial threshold requiring
a minimum of 25% of all spruce-containing sites to exhibit a similar
growth release within a five-year window. In previous studies, a
high proportion of understory trees in release, possibly indicating
high mortality of overstory trees, was used to indicate outbreak
occurrence without reference to spatial scale of the growth release
signal. The rapid rate at which dead trees decomposed limited our
ability to estimate the severity of past spruce beetle outbreaks;
however we were able to estimate past outbreak size, and we used
the threshold of 25% of sites to differentiate spatially important
outbreak events from endemic-phase insect activity.

The use of multiple proxy records, including spatial reconstruc-
tions of host distribution and inclusion of failed attack scars and
tree death dates, improved the temporal and spatial resolution of
two documented outbreaks and corroborated the growth release
records of ten other undocumented events. While other insects
cannot be unequivocally ruled out as potential causes of growth
release in spruce-containing mixed-conifer forests, concurrent
spruce beetle outbreaks in the adjacent spruce-dominated forest
suggest that spruce beetle-related mortality was the most likely
cause of growth release in both forest types.

Using changes in the growth patterns of surrounding trees
remains an imperfect method to detect the initiation of spruce bee-
tle outbreaks. Determining the specific year of growth change is
subject to the methods used and the minimum threshold defined
as a growth release. Moving average window methods with or
without tree growth trend removal (Veblen et al., 1991b; Berg
et al., 2006), detection of changes to growth trend (Rodionov and
Overland, 2005; Hart et al., 2014a), and correction for non-insect-
induced growth changes (sensu Swetnam and Lynch, 1993) can all
be applied to the same tree-ring sample and produce a range of
outbreak onset dates depending on the amount of trend removal
and threshold of growth release. Adding to the uncertainty, the



158 C.D. O’Connor et al. / Forest Ecology and Management 336 (2015) 148–162
degree of outbreak severity and other environmental stressors can
result in loss of needles in attacked trees and subsequent growth
release in surrounding trees over a variable period of one to four
years (Schmid and Frye, 1977) with some reported release events
occurring up to seven or more years post outbreak (Sherriff et al.,
2011). Continued development of improved methods to detect
growth trend changes in tree-ring series and to isolate the causes
of these changes, such as the recent work of Druckenbrod et al.
(2013), will further improve our ability to define the temporal win-
dows of past spruce beetle outbreaks and relate these to local and
environmental conditions that may provide improved predictive
power to assess future outbreak risks. Calibration of reconstruction
methods to more temporally precise proxy records such as docu-
mented dates of bark beetle attack, tree death dates and failed
attack scars will help improve the accuracy of these approaches.

The temporal progression of spruce-fir stand development and
spruce beetle outbreaks documented here is similar to the model
proposed by Schmid and Hinds (1974). Following a high severity
fire in 1685, spruce-fir forest was relegated to a few relict popula-
tions that provided progeny that eventually colonized most of the
upper elevation area. Growth releases detected at multiple sites
within the limited area occupied by spruce approximately
100 years after stand-replacing disturbance suggests that the stand
conditions necessary for spruce beetle outbreak were achieved
considerably faster in southern Arizona than the 200-year window
proposed for the southern Rocky Mountains and Utah based on
size and structural traits (Schmid and Hinds, 1974). The 100-year
period to develop appropriate size and structure for spruce beetle
outbreak in the highest elevation sites is consistent with the find-
ings of Bebi et al. (2003) and Hart et al. (2014b) that risk of spruce
beetle outbreak was low for the first 60–70 years following high-
severity fire. Spruce beetle is one of a few aggressive bark beetle
species capable of depleting its host resources once an outbreak
is established (Furniss and Carolin, 1977; Raffa et al., 2008). The
rapid growth rate of spruce in mixed-conifer forest would make
these trees vulnerable more quickly than in older dense stands of
spruce where outbreaks were historically more likely to initiate
(Reynolds and Holsten, 1994).

In the literature, intervals between repeated outbreaks vary con-
siderably with geographic location, host spruce species, and method
of outbreak documentation. Dendrochronologically reconstructed
outbreaks in white spruce (Picea glauca (Moench) Voss) averaged
once every 52 years on the Kenai Peninsula of Alaska (Berg et al.,
2006), whereas historical documents and surveys limited to the
20th century suggest outbreak intervals of 30–50 years in Sitka
(Picea sitchensis (Bong.) Carr.) and white spruce in Alaska (Werner
et al., 2006). In Engelmann spruce and subalpine fir forests of British
Columbia and northwestern Colorado, dendrochronologically
reconstructed outbreaks were recorded at approximately 100-year
intervals (Veblen et al., 1994; Zhang et al., 1999), and in a multisite
reconstruction from the Colorado Front Range, outbreak return
intervals in Engelmann spruce forests varied from 40 to 60 years
(Hart et al., 2014a). In a review of literature documenting outbreaks
in Utah and Wyoming, Jenkins et al. (2014) found the average out-
break interval to be 19 years within a given geographic region, an
interval similar to the peak wavelet frequency of growth release
events over the majority of the period of reconstruction in this study.
Spruce beetle outbreaks are dependent on coincidence of suitable
host resources with an inciting event that allows a population to
build (Massey and Wygant, 1954; Furniss and Carolin, 1977), and
appropriate temperature and precipitation conditions to promote
the transition from incipient to outbreak population levels and
behavior. In the Pinaleño Mountains, synchrony of outbreak condi-
tions appears to have occurred at approximately 20-year intervals
for most of the past two centuries. Variability in outbreak size and
severity through time on a given landscape depends on dynamic
stand and environmental conditions during outbreak initiation. Dif-
ferences between outbreak detections in historical documents and
dendrochronological reconstructions may be attributable to the
variety of methods used to detect an outbreak, or differences in
the definition of what an outbreak entails. Depending on the filtering
criteria selected in a dendrochronological analysis, less severe out-
breaks may be indistinguishable from background noise or to the
contrary, a relatively low severity outbreak over a large area may
be detected from growth release records while remaining unre-
ported in forest surveys.

5.3. Spruce beetle physiology and climate associations to outbreak
initiation

Studies of two spruce beetle outbreaks during exceptionally
warm winter and summer conditions (Berg et al., 2006; DeRose
and Long, 2012) indicate that a physiological shift from semivoltine
to univoltine reproductive life cycles (Werner and Holsten, 1985;
Hansen et al., 2001, 2011) may have contributed to the severity of
recent spruce beetle outbreaks. In both studies similar temperature
anomalies were not associated with previous outbreaks, although
the authors did not test for patterns of summer temperatures spe-
cific to developmental thresholds for the onset or bypassing of larval
diapause between third and fourth instar life stages that is responsi-
ble for the univoltine life-cycle shift (Hansen et al., 2011). Above
average winter temperatures have been associated with outbreak
conditions at higher latitudes due to a reduction in overwintering
beetle mortality (Hebertson and Jenkins, 2008); however the lowest
recorded temperature in the instrumental record (1895–2014) for
the spruce-fir forest of the Pinaleño Mountains (�20.7 �C) (PRISM,
2013; CRL, 2014), is well above the threshold for spruce beetle mor-
tality (�40 �C) (Frye et al., 1974; Holsten et al., 1999). Minimum
winter temperatures prior to the instrumental record were probably
cooler, but the lowest recorded temperature in Arizona is �40 �C in
the White Mountains, which experience colder extremes than the
Pinaleño Mountains (NCDC, 2014).

Although host susceptibility to spruce beetle outbreaks is asso-
ciated with several factors, including stand conditions and host
size and stress, outbreak initiation is generally associated with an
inciting event that allows endemic spruce beetle populations to
build (Massey and Wygant, 1954; Furniss and Carolin, 1977). In
this study, the six most recent spruce beetle outbreaks were asso-
ciated with persistent warm summer temperatures followed by
extended drought. Prior to the most recent outbreak, mean
monthly summer temperatures of 15.5–17.8 �C during the period
of spruce beetle flight, gallery excavation, and larval development
(Massey and Wygant, 1954; Schmid and Frye, 1977), were within
the 15–17 �C threshold triggering a shift in developmental cycle
from semi-voltine to univoltine life cycle for a portion of the
developing beetle population (Werner and Holsten, 1985; Hansen
et al., 2001; Régnière et al., 2012). Mean summer temperatures
associated with outbreaks on the Kenai Peninsula in Alaska
(10.5–11.5 �C), also associated with a shift in voltinism, were con-
siderably lower than those in the Pinaleño Mountains of Arizona. A
multi-year period of temperatures favorable to spruce beetle larval
development and population growth followed by several years of
persistent drought stress sets up an ideal temporal sequence for
a spruce beetle population shift from an endemic or incipient stage
to an outbreak stage. Although temperature may synchronize
spruce beetle larval development and facilitate outbreak initiation
through acceleration of the spruce beetle life cycle (Bentz et al.,
2010), drought may be what enables outbreaks to persist. If accel-
erated spruce beetle development does not coincide with an abun-
dance of susceptible hosts shortly after outbreak initiation, the
outbreak may not develop because host conditions are not favor-
able. Likewise if tree drought stress is not preceded by two or more
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years of warm summer conditions that facilitate a developmental
shift from the semivoltine life cycle for a portion of the spruce bee-
tle population, beetle abundance may not be sufficient to over-
come even diminished host defenses. This asynchrony between
conditions favorable to spruce beetle development and detrimen-
tal to host spruce is documented in the record of failed spruce bee-
tle attacks over the period of reconstruction.

Although data were not available to reconstruct summer tem-
peratures prior to 1896, earlier outbreaks were associated with
shorter periods of forest drought stress following outbreak initia-
tion (Fig. 8). Consistently shorter periods of drought following out-
break initiation may have contributed to shorter outbreak
durations prior to the 20th century. The increase in outbreak dura-
tion after 1880 may also be attributable to the increased distribu-
tion and growth rate of available host trees, allowing beetle
populations to spread over a larger area over several years or to
re-infest the same sites as beetle population dynamics change over
the course of an outbreak (Bentz et al., 2010). The increase in the
number of trees available to record growth release events as a
result of fire exclusion may also be a factor in the record of longer
outbreak duration in the 20th century.

Given the uncertainty with respect to temporal lags between
outbreak initiation and survivor growth release, associations
between spruce beetle outbreak and single year climate anomalies
need to be interpreted carefully. During the six most recent out-
breaks a consistent pattern of an anomalously wet spring several
years prior to each of the 20th century outbreaks may be coinci-
dental, or indicative of extreme winter storms or other weather
events that contributed to the availability of damaged host mate-
rial. No tree or bark beetle physiological signal has been identified
to explain significant rainfall or snowfall as a trigger for spruce
beetle outbreak, although wet periods prior to outbreaks have been
observed in studies of other western bark beetle species (Powell,
1969). An opposite pattern of severe drought six and seven years
prior to growth release in spruce on the Markagunt Plateau of Utah
was reported by DeRose and Long (2012), suggesting that the rel-
ative contribution of antecedent drought or excessive moisture to
outbreak initiation may vary by region.

5.4. Spruce growth response to climate

Annual patterns of moisture and temperature were unlikely to
cause the patterns of growth release observed in spruce populations
of the Pinaleño Mountains. In a study of Engelmann spruce growth
response to climate in Sky Islands of southern Arizona and New
Mexico (Buckley, 1989), ring width had a strongly significant posi-
tive response to previous winter and spring (December–March) pre-
cipitation, and on south-facing slopes, a short-term significant
positive response to early monsoon (June) precipitation. The
response of spruce growth to temperature was a somewhat weaker
negative response to spring (March) and pre-summer (May and
June) warm temperatures. These results suggest that while the
Engelmann spruce growth pattern in this system is dominated by
the winter and spring precipitation signal, early summer tempera-
tures can mediate growth to some degree. A persistent change in
seasonal conditions from dry winter and hot summer (reduced
growth) to wet winter and cool summer (optimal growth) condi-
tions could produce a change in ring width patterns resembling a
growth release; however, the six growth release events in which
seasonal precipitation and temperature records were available were
not associated with conditions that would increase spruce growth.

5.5. Western balsam bark beetle in the spruce-fir forest

During the most recent spruce beetle outbreak, significant mor-
tality of corkbark fir was caused by a concurrent outbreak of WBBB.
Outbreaks of WBBB are generally considered secondary to spruce
beetle outbreaks because susceptibility of corkbark fir to mortality
from WBBB is generally limited to trees >200 years of age and with
DBH > 32 cm (Bleiker et al., 2003). Mortality from WBBB has also
been associated with prior infection by Armillaria root fungus that
is typically found in older senescing corkbark fir in the southwest-
ern states (Negrón and Popp, 2009). These conditions associated
with ‘‘old’’ corkbark fir have been present only during the past
50 years in the Pinaleño Mountains, suggesting that corkbark fir
has only recently become susceptible to outbreaks of WBBB and
making it unlikely that WBBB contributed to growth release events
prior to the 1950s.
6. Conclusions and summary

Spatial and temporal reconstruction of spruce-fir demography
and disturbance yielded several consistent patterns relating forest
dynamics, spruce beetle outbreaks, and fire over the past three
centuries. Initial spruce beetle outbreaks occurred approximately
90 years after spruce establishment following a stand-replacing
fire in 1685. Outbreaks became progressively larger as spruce col-
onized additional extent and matured (Fig. 6). For two centuries,
the distribution of spruce and therefore spruce beetle outbreak size
were limited by regular surface fires in adjacent mixed-conifer for-
est. Cessation of surface fires in the mixed-conifer forest with Euro-
American land uses starting in the late 1800s resulted in a doubling
of the area occupied by Engelmann spruce over an approximately
40-year period. Accelerated spruce growth rates in the mixed-coni-
fer forest resulted in a shorter time for newly established saplings
to reach a diameter suitable for beetle attack.

After the initial outbreak in the 1780s, widespread and probably
relatively low severity outbreaks occurred at approximately
20-year intervals for over two hundred years in this system regard-
less of host distribution and stand conditions, suggesting that once
a suitable host population is established, conditions favorable to
spruce beetle outbreaks may occur more frequently at the south-
ern range limit of the spruce-fir forest than in higher latitude for-
ests. Outbreaks over the last century were associated with a
pattern of several years of above-normal summer temperatures
prior to outbreak paired with persistent spring drought and forest
stress during outbreak. The association with warm temperatures
suggests that a switch from semivoltine to univoltine life cycle
may promote outbreak initiation, but once a successful outbreak
begins, the univoltine life cycle is no longer necessary. Instead, out-
break persistence appears to be associated with drought-driven
prolonged host tree stress. Longer outbreak duration over the past
century may also be related to the increased abundance and spatial
extent of suitable host trees following fire exclusion.

The legacy of spruce and corkbark fir in mixed-conifer forest
poses a challenge for restoration efforts to return natural fire resil-
ience to mixed-conifer forests. The majority of the area occupied
by spruce and corkbark fir after the 2004 fire was historically mesic
mixed-conifer forest where fire return intervals ranged from 10 to
25 years prior to 1880 (O’Connor et al., 2014). Returning fire to
these forests may reduce available spruce and corkbark fir seed
sources and potentially slow the rate of recovery of the upper ele-
vation forest. Climate conditions for the next century are projected
to be unfavorable for spruce establishment and survival (Rehfeldt,
2004; Notaro et al., 2012), so the rate of seedling establishment
over the next few decades is likely to determine the composition
of the upper elevation forest for the foreseeable future.

Warmer temperatures and increased forest drought stress pro-
jected for the region (Seager and Vecchi, 2010; Garfin et al., 2013;
Williams et al., 2013) will continue to affect the developmental
rates of multiple insect pests (Raffa et al., 2008; Bentz et al.,



160 C.D. O’Connor et al. / Forest Ecology and Management 336 (2015) 148–162
2010) and may lead to persistent conditions favorable to acceler-
ated insect development and reduced host defenses. With a dimin-
ished climatic limitation to insect population development, host
range distribution and density may become the most significant
limits to the size and severity of future insect outbreaks (Bentz
et al., 2010). Future outbreak dynamics in this mountain range will
depend on the effects of restoring fire to the mixed-conifer forest
and success of reestablishment of spruce-fir forest within the
perimeter of the 2004 fire.

In spruce-fir and mixed-conifer forests throughout the south-
western United States, warmer temperatures are also expected to
lengthen the window of favorable fire conditions (Crimmins,
2011; Williams et al., 2013). The 20th century incursion of spruce
into mixed-conifer forests following fire exclusion increases the
risk of crown fire and portends a future of more frequent and
potentially larger and more destructive spruce beetle outbreaks.
Emergent endemic insect populations such as N. janetae and intro-
duced exotic insects such as spruce aphid may also alter the com-
plex disturbance dynamics of upper elevation forest types.
Climate- and fire-mediated interactions between multiple distur-
bance agents suggest that the forests of the future may bear little
resemblance to those of the 20th century, let alone those of the
past.
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