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Abstract: Host conditions are known to influence spruce beetle population levels, but whether they influence
the spatial and temporal patterns of beetle-caused mortality during an outbreak is unknown. Using dendro-
chronological techniques, we quantified the spatiotemporal dynamics of a modern (late 1980s through the early
2000s) spruce beetle outbreak in Engelmann spruce on the Markagunt Plateau, Utah. Erupting beetle populations
occurred in multiple areas across the Plateau over the course of ~8 years. Early in the outbreak, the timing of
spruce mortality was strongly and predictably related to latitude, slope, aspect, stand structure, host species
composition, and site productivity potential. Exogenous forcing from landscape-scale drivers such as winter
minimum temperatures, summer maximum temperatures, and landscape-wide host suitability probably contrib-
uted to spruce beetle population success and heightened spruce mortality. As the outbreak progressed, the timing
of spruce mortality became less well correlated to stand and environmental variables. The outbreak subsided
when suitable host material was depleted, including smaller spruce in remote stands at the fringe of the spruce-fir
zone. Tests for spatial and temporal autocorrelation of beetle-cased spruce mortality did not provide strong
evidence for the common perception that spruce beetle outbreaks originate in a specific location (epicenter) and
then “spread” across the landscape; rather, support for positive spatial synchrony of multiple, building popula-
tions during development of the outbreak was found. Based on these results, silvicultural intervention before the
onset of an outbreak might mitigate Engelmann spruce losses; however, the same is almost certainly not true later
in an outbreak of this scale and magnitude. FOR. ScT1. 58(1):1-14.
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fipennis Kirby) represent a pervasive natural distur-

bance process in Engelmann spruce (Picea engel-
mannii Parry ex. Engelm.) forests of western North
America. Veblen et al. (1994) determined that spruce bee-
tles were a more dominant disturbance agent than stand-re-
placing fire in spruce communities in Colorado. Several
studies have documented the effects of epidemic spruce
beetle populations on Engelmann spruce communities
(Schmid and Hinds 1974, Veblen et al. 1991, DeRose and
Long 2007), but, despite their importance in structuring
Engelmann spruce-subalpine fir (Abies lasiocarpa [Hook.]
Nutt.) forests, there has been limited study of what factors
might influence the spatiotemporal pattern of Engelmann
spruce mortality over the course of an outbreak.

Like mountain pine beetle (Dendroctonus ponderosae
Hopkins) outbreaks, it is likely that the conditions necessary
for a spruce beetle outbreak to occur include (1) an endemic
population of spruce beetles, (2) suitable weather, (3) sus-
ceptible and available host material, and (4) escape from
natural enemies (Raffa et al. 2008). The simultaneous oc-
currence of these conditions is influenced by the multiscale
interaction of various processes so that once beetle popula-

P OPULATIONS OF SPRUCE BEETLE (Dendroctonus ru-

tions build to epidemic numbers, thresholds associated with
multiple conditions must be surpassed before an outbreak
can occur (Raffa et al. 2008). Inciting or risk factors such as
wind (Schmid 1981), logging activities (Reynolds and Hol-
sten 1994), or avalanches (Hebertson and Jenkins 2007) fell
trees and facilitate the building of endemic beetle popula-
tions to epidemic levels. In addition, recent work has sug-
gested that warm weather was probably responsible for
epidemic beetle populations in Alaska, regardless of other
risk factors (Berg et al. 2006). Pheromone-mediated mass
attack for the spruce beetle can occur once the temperature
threshold for daily flight is met (i.e., ~16°C; Dyer 1973).
During late spring or early summer, adults begin boring into
the bark where they mate. Afterward females deposit eggs
in galleries constructed in the phloem, and larvae feed
horizontally, consuming phloem. A 2-year (semivoltine) life
cycle is considered typical, with brood passing the first
winter as prepupae and a second as adults (Schmid and Frye
1977, Hansen et al. 2001a). Relatively warm conditions,
such as those at low elevations or southerly bole aspects,
can accelerate development to a l-year (univoltine) life
cycle with the adult stage being reached before the first
winter (Massey and Wygant 1954, Schmid and Frye 1977).
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Furthermore, relatively warm summer weather can shift a
local population from the semivoltine to univoltine cycle,
resulting in accelerated beetle population growth and host
mortality (Werner and Holsten 1985, Hansen et al. 2001b,
Hansen and Bentz 2003). Conversely, winters with ex-
tremely low temperatures can drastically reduce the survival
of larvae (Frye et al. 1974).

Availability of susceptible host is important for sustain-
ing a spruce beetle outbreak (Reynolds and Holsten 1994).
In the central and southern Rocky Mountains, this is typi-
cally mature Engelmann spruce >30 cm dbh because the
spruce beetle prefers large trees for successful brood pro-
duction (Schmid and Frye 1976). However, individual trees
are not sufficient to maintain epidemic populations; exten-
sive and dense Engelmann spruce stands must be present on
the landscape for large outbreaks to occur. Schmid and
Frye’s (1976) spruce beetle hazard ratings consider suscep-
tible stands to have large average spruce diameter (>40 cm
mean dbh), high densities (>14 m* ha~' basal area [BA]),
and a large percentage of spruce (>65%). In Alaska, slower
growing white spruce (Picea glauca [Moench] Voss) (i.e.,
low radial increment) and trees on drier sites have been
found to be more vulnerable to spruce beetle attack (Hard
1985, 1987, Doak 2004), and this may also be true for
Engelmann spruce in the Rocky Mountains. Reduced spruce
radial increment may be a result of increasing stand density,
climatic stress such as drought, or growth differences asso-
ciated with topographic position (e.g., warmer southwest-
aspect versus cooler northeast-aspect stands). Stand suscep-
tibility characterizes the likelihood that spruce beetle
populations will shift from endemic to epidemic populations
(Schmid and Frye 1976, Hard et al. 1983). It is possible that
attributes associated with susceptibility may also influence
the spatial pattern and timing of spruce beetle-caused spruce
mortality during an outbreak. For example, spruce beetle
might preferentially attack large dbh spruce throughout the
course of an outbreak, or perhaps host size becomes incon-
sequential once beetle populations are at epidemic levels.

Large-scale natural disturbances exhibit various spatio-
temporal patterns. During the course of a spruce beetle
outbreak, beetle populations might originate from an epi-
center and then move across the landscape in a spreading
pattern, or, alternatively, growing spruce beetle populations
might simultaneously arise in seemingly spatially indepen-
dent areas within the landscape. Indeed, Okland et al. (2005)
have demonstrated synchrony in timing between spatially
disjunct spruce beetle outbreaks in Oregon. Under this sce-
nario, as populations build, they may eventually coalesce
and finally collapse, having exhausted the host resource.
There is limited detailed information about the possible role
of forest structure, composition, or environmental factors in
explaining the spatiotemporal patterns of Engelmann spruce
mortality during a spruce beetle outbreak. By identifying
factors influencing patterns of spruce beetle outbreaks, it
may be possible to devise silvicultural recommendations for
the purpose of mitigating spruce beetle-caused Engelmann
spruce mortality.

Beginning in the late 1980s, a spruce beetle outbreak
occurred on the Markagunt Plateau in the Dixie National
Forest and Cedar Breaks National Monument. The spruce
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beetle killed ~93% of the Engelmann spruce >5 cm in dbh
over an area of at least 250 km? (DeRose and Long 2007).
Virtually every beetle-killed spruce is still standing after the
outbreak; therefore, we had the opportunity to reconstruct
the timing and pattern of Engelmann spruce mortality using
dendrochronological techniques. In this article, because ac-
tual spruce beetle populations were not monitored, the
quantity of spruce beetle-killed Engelmann spruce is used as
a proxy for putative beetle populations and to discriminate
between two distinct population phases: early and late out-
break. We tested two hypotheses: the timing of the outbreak
would be influenced by forest structure, composition, and
environmental factors such that, early in the outbreak, host
conditions would be tightly correlated with spruce mortality
and later in the outbreak, the spruce beetle would be less
discerning, and host conditions would not be tightly coupled
with spruce mortality; and the outbreak had an epicenter and
exhibited a spreading spatiotemporal pattern across the pla-
teau. Finally, we explored the possibility that some of the
significant factors identified in the analysis could be silvi-
culturally manipulated to influence the spread or eruption of
spruce beetle outbreaks.

Methods
Study Area

The Markagunt Plateau is located within the Dixie Na-
tional Forest in southwestern Utah on the western edge of
the Colorado Plateau (Figure 1). The relatively recent (late
1980s through the early 2000s) spruce beetle outbreak killed
most of the mature spruce on the plateau. Before the out-
break, the high-elevation plateau was dominated by Engel-
mann spruce forests, which also commonly include subal-
pine fir, aspen (Populus tremuloides Michx.), Douglas-fir
(Pseudotsuga menziesii var. glauca [Beissn.] Franco), and
limber pine (Pinus flexilis James). Although blue spruce
(Picea pungens Engelm.) occurs on the plateau, it was
present in only one of our plots and was not used for
analysis; therefore, spruce in this study refers only to En-
gelmann spruce.

Precipitation on the plateau comes in two broad peaks: a
larger one in the form of winter snow from cold Pacific air
and a smaller one during the summer as a result of the
southwestern monsoon (Mock 1996, DeRose and Long
2009). Long-term data from the Blowhard weather station
located on the western edge of the Markagunt Plateau (Utah
State University 2010) showed that mean annual precipita-
tion for the period 1965-2005 was 739 mm (range
431-1202 mm) and for the same period minimum daily
temperature was —30.5°C and maximum daily temperature
was 32.2°C. Data from the Blowhard station were also used
to portray possible relationships between temperatures and
putative spruce beetle population levels based on known
limitations to spruce beetle physiology (Hansen et al.
2001a), in particular, whether summer average (July, Au-
gust, and September) maximums or winter average (Janu-
ary, February, and March) minimums might have influ-
enced beetle populations via shifts in life cycle duration or
winter-related mortality and, consequently, spruce beetle-
caused spruce mortality (Miller and Werner 1987).
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Figure 1. Location of study stands on the high elevation Markagunt Plateau in southern Utah, USA. Background is a 1991
(prespruce beetle outbreak) Landsat Thematic Mapper image showing the 7,4,3 band combination, where purple areas indicate lava
flow, darker green areas indicate dense spruce forest, and lighter green areas indicate aspen forest.

Data Collection

We used restricted random sampling to select a number
of stands across the plateau to characterize spruce—fir con-
ditions. The plateau was gridded, and random points were
located within each grid. If there was no spruce forest in a
grid, no stand was measured. To differentiate distinct stand
boundaries areas of relatively homogeneous overstory forest
structure were scrutinized on aerial photos. We chose stands
that showed no signs of human disturbance (i.e., logging).
For each stand a number of plots were measured using a
grid sampling approach with a random starting point, and
plots were located at least 100 m apart (Figure 1). Within
each plot individual tree variables and environmental con-
ditions were measured.

Spatial data for each plot were collected with a global
positioning sensor. Waypoints were recorded when error

was estimated to be <3 m. Elevation, slope, and aspect were
recorded for each plot. Variable radius plots (basal area
factor [BAF] of 3—8 m?, held constant in each stand) were
used to characterize forest structure and composition. For
each tree on the plot, dbh and height were measured and
species and status (live or dead) were noted. For every dead
spruce, the cause of death was noted, specifically whether or
not it was killed during the recent spruce beetle outbreak.
The presence or absence of beetle galleries and beetle
emergence holes were assessed in identifying the cause of
death. In the rare case that spruce was not killed by the
recent outbreak, we determined whether mortality was due
to earlier spruce beetle activity or some other cause. These
trees were rare (13 of the 637 sampled trees) and were not
included in the analysis. Increment cores were taken near
the base of every tree, and special care was taken when
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removing them from the tree to maintain the integrity of the
outermost rings. The presence of rot on the cores was noted.
Cores were stored in paper straws, which were labeled and
allowed to dry before preparation and analysis.

Increment Core Preparation

Increment cores from Engelmann spruce were prepared
using standard dendrochronological techniques (Stokes and
Smiley 1968) and were visually crossdated against a locally
developed Englemann spruce master chronology. This chro-
nology consisted of trees from a previously existing spruce
chronology (Briffa and Schweingruber 1992) combined
with increment cores we opportunistically collected from
any live spruce found on the plateau. Program COFECHA
(Holmes 1983) was used to check dating of all tree-ring
series. The calendar year of the outermost crossdated ring was
assumed to be the year in which spruce beetle-caused mortality
occurred. We did not quantify how many rings were not
produced before actual tree death. Previous studies have indi-
cated this error to be in the range of 1-2 years (Mast and
Veblen 1994), which probably also applies to this study.

Timing of Spruce Beetle-Caused Spruce
Mortality

The dependent variable, chosen to describe the spatio-
temporal dynamics of spruce beetle-caused mortality during
the spruce beetle outbreak, was crossdated year of death
(D,) for individual Engelmann spruce trees determined to
have been killed during the beetle outbreak. To explore the
first hypothesis, that D, was influenced by structure, com-
position, and environmental factors, the time-series data
were used to split our data into two populations: spruce
beetle-caused spruce mortality early in the outbreak (n = 94
trees); and spruce beetle-caused spruce mortality late in the
outbreak (n = 536 trees; note that 7 trees were removed
because of missing data). Because we used prisms to sample

Table 1. Mean = SD and range of the independent variables

Engelmann spruce mortality.

each stand in this study, we used the prism BAF to charac-
terize an area equivalent to 1 ha. For each stand, we defined
the “early outbreak™ as the time period in which a total of
<2.0 m* ha” ' year ' BA of Engelmann spruce had been
killed in that stand; similarly, “late outbreak™ was defined as
the time period after >2.0 m? ha™' year ' BA of Engel-
mann spruce had been killed in the stand. By making an
assumption that endemic population levels occurred early in
the outbreak and epidemic populations later, our definition
is an attempt to estimate spruce beetle population pressure on
Engelmann spruce both early and late during the outbreak.

After dividing the data into early and late outbreak
groups, we modeled the influence of a suite of independent
variables on D, for each data set (Table 1). Generalized
linear models were used for both analyses, and the stepAIC
procedure as part of the package MASS (Venables and
Ripley 2002) was used in R (R Development Core Team
2008). The stepAIC function steps through all the indepen-
dent variables, in both a forward and backward selection
procedure, to produce a model based on minimizing the
Akaike information criterion. If independent variables were
highly covaried one of them was eliminated before the
analysis and not reported here. The independent variables
were chosen to characterize the possible influence of struc-
tural, compositional, environmental, and spatial attributes
on Dy. Most of these variables have precedent in the spruce
beetle literature. Because measurements for this study were
conducted after the spruce beetle outbreak, the independent
variables describing stand conditions have necessarily been
reconstructed. The response to disturbance in high-eleva-
tion, spruce—fir forests is slow, as represented by newly
established trees, growth release of advance regeneration,
and nonhost radial growth (Veblen et al. 1991, DeRose and
Long 2010); therefore, the reconstructed stand attributes are
assumed to be a reasonable reflection of immediate preout-
break conditions.

Variables calculated for individual trees included dbh,

tested for their influence on timing of spruce beetle-caused

Variable

Mean = SD (range)

Individual tree (n = 637 trees)
dbh (cm)
Diameter increment (mm)
Presence/absence of rot
Plot (n = 101 plots)
QMD,, (¢cm)
ESQMD,, (cm)
SDI,
ESSDI,
SDI,
%SDI,
Latitude (northing)
Longitude (easting)
AV
Slope (%)
Elevation (m)
Stand (n = 14 stands)
SI (m)
SDI,
ESSDI,
%SDI,

46.3 £ 16.3 (6.5-106.5)
0.16 £ 0.29 (0.01-2.57)
0.12 = 0.32 (0-1.0)

43.7 £10.0 (22.3-65.2)
46.7 = 10.4 (23.3-71.7)
936 * 336 (408-1825)
610 = 259 (55-1347)
0.53 £ 0.21 (0.14-0.93)
0.67 £ 0.23 (0.07-1.0)
37.5976 = 0.0435 (37.5206-37.6883)
112.8012 * 0.0436 (112.8658-112.6953)
0.68 = 0.33 (0-1.0)
12.1 = 13.6 (0-50)
3035 = 149 (2619-3251)

22.1 £2.65(16.2-25.9)
905 = 146 (507-1159)
533 £ 158 (151-808)

0.59 £ 0.15 (0.15-0.82)
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diameter increment (mean radial increment of the last 10
years of growth), and the presence/absence of root rot.
These variables were investigated because it typically is
assumed that spruce beetle prefers larger dbh trees (Schmid
and Frye 1976) and might also preferentially attack slower
growing trees (Hard 1985). The presence of root rot fungus
is one possible cause of decreased radial increment in white
spruce (Lewis 1997), so we included a rot presence/absence
variable in our predictor data set.

Structural variables calculated for each plot included
quadratic mean diameter (QMD,), stand density index
(SDI,), and SDI ratio (SDI,). QMD,, reflects stand structure
with higher values typically indicating older, even-aged
stands (Schmid and Frye 1976). To assess the effects of
relative density on spruce beetle susceptibility, we calcu-
lated SDI, using the summation method (Shaw 2000),
which is a measure of relative stand density largely inde-
pendent of age and site quality (Jack and Long 1996).
Finally, SDI, was calculated as the ratio of the SDI sum-
mation method to the original SDI calculation which is
based on QMD (Reineke 1933). SDI, has been shown to
effectively differentiate even-aged, two-aged, and multi-
aged stand structure (Ducey 2009). SDI was also calculated
for each stand by averaging across plots (SDI,).

Forests heavily dominated by spruce are thought to be
especially susceptible to spruce beetle attack (Schmid and
Frye 1976); therefore, we calculated compositional vari-
ables for each plot including QMD of spruce (ESQMD,),
SDI of spruce (ESSDIL,), and the percentage of spruce SDI
(%SDI,). These three variables were also calculated for
each stand by averaging across plots, ESQMD,, ESSDI,
and %SDI, respectively (Table 1).

In addition to structural and compositional variables, we
included latitude and longitude for each plot in the analysis.
We also included the slope, elevation, and aspect value
(AV) to test whether these environmental factors might
influence the spatiotemporal patterns of spruce beetle-killed
Engelmann spruce. A linear value of AV ranging from 0 to
1.0 was calculated and is interpreted as 0 = warm south-
westerly aspects to 1.0 = cool northeasterly aspects (Rob-
erts and Cooper 1989). To characterize site potential pro-
ductivity, site index (SI) was calculated for each stand (n =

14) using the heights and ages of 10 dominant trees (Alex-
ander 1967).

Analyzing Spatiotemporal Patterns

Temporal patterns of Engelmann spruce mortality were
graphically portrayed by summing the BA (m”*ha™') of
beetle-killed trees year by year for each of the stands,
dividing by the number of plots, and displaying them as a
time series (Table 2). The time series for each stand was
defined as the period between the first and last D, including
any intervening years with no spruce mortality. The time
series and their associated locations were then analyzed for
spatial synchrony using the nonparametric covariance func-
tion (NCF) (Bjornstand 2001) to explore the second hypoth-
esis, that the spatial pattern of the outbreak was character-
ized as starting at an epicenter and spreading across the
landscape. Analysis of spatial synchrony is typically used to
test for the variation of temporal characteristics in spatially
disjunct populations (Okland et al. 2005). This is done by
calculating all possible combinations of pairwise correla-
tions between time series of different populations or stands
in this study and arranging them over the geographical
distances between populations.

We used the R package ncf (Bjornstand 2009) to fit the
NCF smoothing spline to our data, calculated confidence
intervals using bootstrap resampling of 1,000 iterations, and
defined the maximum lag distance as the maximum distance
between stands (~20 km). Although the NCF method of
spatiotemporal analysis has typically been used to examine
spatial synchrony between seemingly disparate geographic
populations (e.g., Okland and Bjornstad 2003), we used this
approach to test for spatial synchrony in the time series of
spruce beetle-killed trees between stands that were killed
during the Markagunt Plateau outbreak.

To further explore the second hypothesis, we sought to
detect possible spatial autocorrelation by calculating Mo-
ran’s [ for the entire D, data set. Moran’s [ is interpreted like
a Pearson correlation coefficient (Legendre and Fortin
1989) for which large, significant values indicate departure
from spatial randomness. To detect possible temporal shifts
in spatial autocorrelation of Engelmann spruce mortality we

Table 2. Median *= SD, range, and sample size for D, time series by stand.

Median = SD Range No. trees No. plots
Ashdown 1996 *= 2.2795 1988-2000 66 9
Bristlecone Pine Trail 1999 + 3.1355 1991-2002 20 3
North Hancock 1996 + 2.3246 1987-2001 49 10
Hancock Peak Trail 1998 *+ 2.2239 1990-2004 76 10
Lava Cone 1997 + 2.3425 1990-2002 61 10
Lava Flow 1997 £ 2.1368 1991-2001 17 3
Midway Face 1999 + 2.8284 1991-2002 15 3
Midway Point 2000 *+ 2.4624 1991-2006 94 10
Mammoth Creek 1998 + 3.2593 1991-2007 39 10
Navajo Lake 2000 + 2.8781 1987-2006 60 10
Rainbow Meadows 1996 + 1.088 1994-1998 17 5
South Face 2000 = 0.301 1999-2000 11 3
Snotel 1997 = 2.7789 1988-2006 93 10
Sydney Valley 1996 + 1.5082 1994-2001 19 5
Totals 637 101
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also grouped D, into running 5-year classes from
1987-1991, 1988-1992, ..., to 2003-2007, calculated Mo-
ran’s [ for each group, and plotted these over the temporal
sequence of 5-year class midpoints.

Results

Factors Influencing Timing of Spruce
Mortality Early in the Outbreak

Among the variables we tested, six were predictive of D,
early in the outbreak (<2.0 m* ha™' year ' BA) (Table 3).
Moreover, the final model accounted for 71% of the vari-
ability in Dy, which suggested that the variables we mea-
sured probably exerted an influence on whether spruce were
infested and killed early in the outbreak. Latitude, ESSDI,
AV, and SI exhibited a strong negative relationship to D,
(Table 3), indicating that higher values of the factors were
associated with earlier D,. For example, trees killed early in
the outbreak were more likely to occur in stands with higher
proportions of Engelmann spruce on warmer sites with
higher productivity potential. Slope and SDI, were posi-
tively correlated with Dy, which suggested that spruce were
likely to be killed earlier on level sites or in low-density
stands, respectively (Table 3).

Factors Influencing the Timing of Spruce
Mortality Late in the Outbreak

Among the predictor variables we tested, seven were
influential in the prediction of D, late in the outbreak (>2.0
m? ha~! year ' BA); however, the amount of explained
variation (45%) decreased substantially compared with that
in the early outbreak model. Of the D, predictors late in the
outbreak, four were also influential in the early outbreak
model: latitude, dbh, SI, and AV (Table 4). Latitude and AV
had relationships with D, similar to those in the early
outbreak model and therefore are interpreted similarly. Al-
though not strongly influential in the early model, dbh was
strongly negatively related to D, late in the outbreak, which
suggested that later in the outbreak larger trees were killed
before smaller trees. The relationship between SI and D,
was positive for the late outbreak model, i.e., spruce on
lower-quality sites were killed earlier than those on high-
quality sites. Elevation was negatively correlated with D so
that higher-altitude spruce were more likely to be killed

Table 3. Variables indicated by stepAIC for prediction of the
timing of spruce beetle-caused spruce mortality early in the
outbreak (<2.0 m? ha™' year ' BA).

Variable Estimate SE T value P value
Intercept 1.348 2.238 6.022 <0.0001
Latitude —3.558 5.930 —5.999 <0.0001
dbh 1.716 1.172 1.465 0.1465
Slope 5.520 1.519 3.634 <0.0001
SDI, 5.977 1.771 3.376 0.0011
ESSDI| —1.078 1.259 —8.563 <0.0001
SI —2.302 1.098 —2.096 0.0389
AV —1.265 7.044 —1.795 0.0761
n = 94,
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Table 4. Variables indicated by stepAIC for prediction of the
timing of spruce beetle-caused spruce mortality late in the
outbreak (>2.0 m?> ha™' year ™' BA).

Variable Estimate SE T value P value
Intercept 2.458 1.268 19.384 <0.0001
Latitude —1.183 3.387 —3.492 0.0005
dbh —3.205 5.232 —6.127 <0.0001
Elevation —6.709 7.413 —8.200 <0.0001
SDI, —6.751 2.487 —-2.715 0.0068
SDI, —1.503 4.017 —2.622 0.0090
SI 2.840 4.945 5.742 <0.0001
AV —5.658 3.158 —1.792 0.0737
n = 536.

before lower-altitude spruce. SDI, was negatively corre-
lated with D,, which suggested that spruce occurring in
dense plots were more likely to be killed sooner during the
late outbreak. Finally, SDI, was also negatively correlated
with Dy, which suggested that spruce in structurally simple
stands (even-aged) were killed earlier than spruce in struc-
turally complex (multiaged), later in the outbreak.

Spatiotemporal Patterns

D, indicated that individual Engelmann spruce were
killed over the course of the outbreak from 1987 through
2007 (Figure 2). The first spruce killed in each stand rep-
resented the precursor to the outbreak, and D, varied by 12
years, from 1987 to 1999. BA mortality for these stands
ranged from 0.3 to 2.6 m* ha™ ' year '. D, for the last
beetle-killed spruce from each stand varied by 9 years
(1998-2007) with a large variation in BA mortality, from
0.3 to 5.4 m* ha™ ' year ' (Figure 2).

The shift from early to late outbreak (2.0 m* ha™' year™
BA killed) was characterized by a variable range of D,
between individual trees within each of the stands (8 years,
from 1991 to 1999) and in magnitude of BA mortality by
0.3to 10 m* ha™ ' year . Although the timing of D, varied
considerably over the period of the outbreak, the overall
time series indicated the following: early spruce mortality
plateau-wide began in the late 1980s and continued through
late 1990s; increased mortality was seen during the mid
1990s and early 2000s, reaching as high as 16 m® ha ™'
year ' in one stand, but included many years with no
mortality; and a sharp decline in spruce mortality was seen
from the early to mid 2000s (Figure 2).

Regardless of the considerable variability, the NCF for
time series of beetle-killed trees exhibited high spatial syn-
chrony (positive correlation on average) at all distances
between stands on the plateau (Figure 3). Overall, syn-
chrony decreased with increasing distance, but positive cor-
relations were maintained on average, which suggested non-
independence of the timing of beetle-killed trees between
stands. However, spatial synchrony beyond ~12-13 km is
suspect, given that the confidence intervals included zero,
which indicated the possibility of spatial independence be-
yond this distance. This result appeared to contradict the
influence of latitude on D, found in both the early and late
population models.
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Over the temporal range of observed Engelmann spruce
mortality in this study (1987-2007), Moran’s [ indicated
that the spatial locations of Dy were significantly different
from random (/ = 0.2, SD = 0.006, P < 0.0001). However,
when grouped into running 5-year classes, Moran’s I was
only significant over the period from 1996 to 2000 (Figure
4), which suggested that earlier and later during the out-
break spatial autocorrelation of Dy, was random or indepen-
dent. From the mixed results of the NCF and Moran’s /
analyses, it was impossible to reject or accept the second
hypothesis: that the outbreak spatiotemporal pattern spread
out from an epicenter.

Discussion

In general, the results supported the first hypothesis.
Both the early and late outbreak models suggested that

forest structure, composition, environment, and spatial lo-
cation influenced the timing of spruce mortality. Moreover,
stand and environmental variables were more tightly corre-
lated to D, early in the outbreak compared with later in the
outbreak (R* = 0.71 versus 0.45).

Early Outbreak

The first aerially mapped spruce beetle activity on the
Markagunt Plateau occurred in 1988 within the Brian Head
Ski Resort, but activity was also located in other areas on
the plateau by 1991 (e.g., Mammoth Creek and Midway
Face; Munson and DeBlander 1992). This was not incon-
sistent with this study in which spruce beetle-infested trees
were identified as early as 1987 in multiple stands across the
plateau (e.g., Ashdown and Navajo Lake in Figure 1 and
Table 2) although mortality was low (Figure 2). Thus,
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endemic beetle populations were prevalent across the pla-
teau, probably reproducing primarily in downed trees even
though they were not detected by our sampling approach.

Spruce beetle populations during the early outbreak
phase (<2.0 m* ha™' year” ' BA killed) predictably killed
spruce in particular stand and environmental conditions.
Spruce in low-density stands with a high proportion of
spruce were more likely to be attacked early in the outbreak.
It is also probable that stands of high spruce density con-
tribute to the maintenance of endemic beetle populations
through nonoutbreak periods, and it is therefore not surpris-
ing to see early beetle activity there. Interestingly, spruce in
high SDI stands were less likely to be killed earlier. This
result might be due to the likelihood that stands with the
highest SDI are heavily stocked, especially in the smaller
size classes, with subalpine fir, and this results in very large
estimates of SDI.

Beetles also began attacking trees from higher SI stands
earlier. In addition, spruce on warmer sites (lower AV
value) were more likely to be killed earlier during the
outbreak, which may be a result of the tight physiological
limitations imposed on the spruce beetle by temperature
(Miller and Werner 1987). For example, Engelmann spruce
on warm sites might be better habitat than spruce on cool
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sites because exposed boles maintain higher temperatures,
increasing the likelihood that beetles will switch to a uni-
voltine cycle. Furthermore, spruce trees on warm aspects
are likely to exhibit drought stress before trees on cooler
aspects, potentially increasing the likelihood of successful
attack (Berg et al. 2006). Evidence of early beetle activity
on warm sites has been described for other bark beetles as
well. Nelson et al. (2007) found that “hot spots,” areas of
early mountain pine beetle activity, were typically found on
warmer sites. Likewise, Powers et al. (1999) found mortal-
ity associated with Douglas-fir beetle (Dendroctonus pseu-
dotsugae Hopkins) epidemics was associated with warmer
aspects.

Late Outbreak

The transition to the late outbreak phase (>2.0 m* ha™'
year ' BA killed) occurred between 1991 and 1999. During
this ~10-year period spruce beetle populations continued
attacking Engelmann spruce, eventually killing almost ev-
ery spruce tree >5 cm dbh across the entire landscape
(Table 2).

A possible factor contributing to the increase in mortality
associated with the late outbreak phase is that an unusually
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warm summer temperature anomaly triggered a switch from
semivoltine to univoltine beetle populations (Werner and
Holsten 1985, Hansen et al. 2001b, Berg et al. 2006). Such
a switch would result in accelerated spruce beetle popula-
tion growth (Hansen and Bentz 2003). Although we cannot
establish  causality, average summer maximum
(~1995-2003) and average winter minimum temperatures
(~1991-2000) that have increased relative to their long-
term means appeared to coincide with the increase in spruce
beetle-caused mortality across the Markagunt Plateau (Fig-
ure 5). It is possible this temperature anomaly was a catalyst
for the accelerated spruce beetle activity on the plateau that
led to the shift from early to late outbreak phases during the
mid to late 1990s. The Engelmann spruce stands on the
Markagunt Plateau were many centuries old before the
recent outbreak (R.J. DeRose 2009, unpublished data) and
have been susceptible, i.e., have had high hazard, for a long
time. Therefore, although susceptible host was historically
present, it is likely that the beetle populations, which were
also historically present (see references in Hebertson and
Jenkins 2008), did not begin to build until incited by tem-
perature anomalies. Moreover, there was a lack of lethal
winter temperatures beginning in 1991 (Frye et al. 1974,
Miller and Werner 1987) (Figure 5).

This is not the first study to find temperature anomalies
before and coincident with bark beetle outbreaks. Changes
in temperature have been cited as factors contributing to
unprecedented outbreaks of both the spruce beetle in Alaska
(Berg et al. 2006) and the ongoing mountain pine beetle
outbreak in British Columbia (Aukema et al. 2006). That

observed spruce beetle-caused spruce mortality could be
explained by considering temperature anomalies further
suggests that they are an important factor for the landscape-
wide, relatively synchronous signal in building spruce bee-
tle populations as opposed to more local triggers such as
logging and wind throw. That is, weather effects are re-
gional and, thus, favorable temperatures should be expected
to contribute to beetle population success across a landscape
(Raffa et al. 2008). For example, a ~300-year dendro-
chronological history of the Kenai Peninsula, Alaska, shows
that regionalized spruce beetle outbreaks are associated with
runs of relatively warm summers, whereas windthrow
events do not necessarily result in widespread outbreaks
(Berg et al. 2006).

Later in the outbreak, once cumulative spruce mortality
in a given stand was > 2.0 m” ha” ' year ' BA, mass-at-
tacking spruce beetle populations were probably less de-
manding about host conditions, as demonstrated experimen-
tally by Wallin and Raffa (2004) and by our analysis. For
example, during the late outbreak phase, spruce in stands of
lower SDI, (uneven-aged stands) or on sites with lower SI
were killed earlier (Table 4). As the outbreak progressed,
beetle population pressure was intense enough to eventually
affect all Engelmann spruce on the landscape. The incred-
ible beetle pressure might also explain why they attacked
such small trees (as small as 6.5 cm dbh, data in this study)
and relatively rare Engelmann spruce in marginal spruce
forest types (e.g., mixed-conifer with <7% spruce compo-
sition) (Table 1).
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Figure 5. Summer seasonal average maximum (July, August, and September; solid line) and winter
seasonal average minimum (January, February, and March; dashed line) temperatures for the period
1964-2005 plotted with long-term averages (calculated for the period 1964-1995) to show the deviation
from the temperature record in ~1995. The frequency distribution of the number of spruce beetle-killed
Engelmann spruce by year across the Markagunt Plateau measured in this study is juxtaposed with the
temperature records to show the possible cause of spruce beetle population eruptions. Warm summers
increase the likelihood of univoltine broods, whereas mild winters reduce the likelihood of cold-related

brood mortality.

Outbreak Collapse

Finally, between 1998 and 2007 Engelmann spruce mor-
tality subsided, suggesting that spruce beetle populations
did as well, probably because of increasingly rare suitable
hosts. The end of the outbreak was also associated with a
return to normal temperature regimes (Figure 5), and there
is anecdotal evidence that cooler temperatures are associ-
ated with the end of outbreaks despite remaining susceptible
hosts (Berg et al. 2006). Spruce mortality became rare after
~2003 (Figure 2) and occurred primarily in remote stands
and in drainages at the fringe of the spruce-fir zone, pre-
sumably because these were essentially the only remaining
live spruce on the landscape.

The early and late outbreak model results were largely
consistent with the spruce beetle hazard rating (Schmid and
Frye 1976). However, in contrast with Schmid and Frye
(1976), trees that occurred on sites of lower potential pro-
ductivity were killed earlier than those on sites of high
potential productivity in the late outbreak model. This in-
consistency is attributed to the observation that, at least
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initially during the Markagunt Plateau outbreak, spruce
beetles preferentially attacked dense spruce-dominated
stands that occurred on lesser slopes (interpreted as moist
valley bottoms in Schmid and Frye 1976) and are more
likely to occur on more productive sites. When the outbreak
develops, perhaps the sheer number of spruce beetles en-
sures successful mass attack, regardless of potential
productivity.

Stand hazard ratings commonly include large individual
spruce as a hazard factor; however, we found that dbh was
significant in the late outbreak model but not in the early
model. This seemingly counterintuitive result is most likely
due to the fact that before the outbreak much of the plateau
was dominated by mature (i.e., large) spruce and therefore
other structural and compositional variables emerged as
influential in the prediction of D, early in the outbreak.
Then, later in the outbreak, as the beetle was relegated to
less suitable forest conditions, it probably chose the larger
dbh spruce before the smaller.

Ecologically and silviculturally it is worthwhile to be



able to relate spruce beetle population levels to BA killed,
which is why we set the threshold delineation between early
and late outbreak (2.0 m® ha ™' yealf1 BA killed). For
example, the potential influence of beetle populations on
spruce forests could be interpreted directly using tree or
stand BA. For management, the number and size of trees
affected by the spruce beetle for a given area can be calcu-
lated with standard prism plots and dbh measurements.
Furthermore, BA is a convenient measure for field foresters.
If a 2.0-m prism were used for inventory, an average of =1
spruce beetle-killed trees per plot would indicate a relatively
low population level, whereas an average of =2 attacked
trees per plot would certainly be a cause for concern.

Spatiotemporal Outbreak Patterns

The spatiotemporal development of the outbreak on the
landscape was ambiguous. Temporal patterns of D, for both
early and late populations were predictably related to stand
conditions, but spatial patterns were much more difficult to
discern. Latitude emerged as a predictor of D, for both the
early and late models; i.e., mortality occurred earlier at more
northerly locations and later at more southerly locations.
This finding is in contrast to the nonindependence (up to
12-13 km) of the complete stand-by-stand time series anal-
ysis indicated by the NCF results (Figure 3), which showed
at least some overlap in mortality for stands all across the
plateau (Figure 2). This is also in contrast to the spatial
independence indicated earlier and later in the outbreak by
Moran’s I, but not during the most severe years
(1996-2000) (Figure 4). However, it appeared possible that
the temporal analysis of Moran’s I might have been influ-
enced by sample size (Figure 4) and should be interpreted
collectively with the NCF analysis. Taken together, both the
reconstructed NCF spatiotemporal patterns and Moran’s /
spatial correlation coefficient of spruce beetle-caused
spruce mortality indicated that the outbreak did not simply
spread across the landscape from a single epicenter nor did
it simply erupt in seemingly independent stands on the
landscape as indicated by the spatial synchrony results. In
other words, there is spatial dependence, just not necessarily
resulting from an epicenter. Rather, it appears that there was
some combination of both spatiotemporal patterns and,
when viewed over the landscape extent, the growth and
spread of the outbreak was ultimately a result of the local
relationship between stand conditions and spruce beetle
dynamics, the latter influenced by favorable weather.

The US Forest Service Forest Health Protection Aerial
Detection Survey (ADS) maps, which were produced annu-
ally from 1991 to 2007, generally supported our results
regarding the spread of the spruce beetle outbreak (US
Forest Service 2007). The ADS layers include polygons of
forest health problems (e.g., spruce beetle infestation)
drawn onto maps during low elevation flyovers. Although
the ADS data are notably less accurate than our sampling
method with respect to individual tree timing of death, they
have the advantage of covering the entire Markagunt Pla-
teau. These maps show small pockets of spruce beetle
activity in the early 1990s ranging from the Bristlecone Pine
Trail stand in the south to Sydney Valley in the north

(Figure 1). In each successive year into the mid 1990s, these
pockets enlarged and appeared north and northeast of our
sites. During the late-1990s most of the growing pockets
had coalesced over the center of the Plateau (e.g., Hancock
Peak Trail) (Figure 1). The early 2000 ADS maps indicated
patches of beetle infestation on the southernmost parts of
the Plateau (e.g., Navajo Lake) (Figure 1) and the furthest
east areas of spruce occurrence (e.g., Mammoth Creek)
(Figure 1). By the mid to late 2000s, the only beetle activity
indicated on the Plateau was in the south and east. Presum-
ably, there was no living available spruce in the center and
northern areas of the Plateau (Ashdown and Rainbow
Meadows) (Figure 1).

It is possible that the relative nonindependence indicated
by the analyses (NCF and the overall Moran’s /) and cor-
roborated by the ADS data could have resulted from spruce
beetle dispersal from nearby populations during the out-
break. There was a maximum distance of ~18 km between
stands in this study, and spruce beetle dispersal is possible
across such distances, especially if aided by wind (Schmid
and Frye 1977, Byers 2000). Such interstand dispersal has
been found for building mountain pine beetle populations
(Aukema et al. 2006). Confirmation of this mechanism for
spread of an outbreak requires monitoring of individual
beetles. It is possible that during the progression of the
Markagunt Plateau outbreak, once beetle populations had
erupted, they were likely to disperse further and contribute
to enhanced mortality in increasingly distant stands. An-
other possible explanation is that the plateau is too small for
there to be truly “independent” populations and therefore
geographic extent convoluted the NCF results. An alterna-
tive, but not mutually exclusive, possibility is that relative
spatial synchrony indicated an overriding environmental
factor that incited the beetle populations to build. Spatial
synchrony also suggests that the erupting populations were
not incited by a specific event such as logging or blowdown,
as is commonly suggested for spruce beetle (Schmid and
Frye 1977, Reynolds and Holsten 1994) but rather a pla-
teau-wide factor such as temperature anomalies, drought,
and/or relatively homogeneous forest conditions (Raffa et
al. 2008).

Using a simplistic example, consider an outbreak that
had been initiated as a result of a specific event, such as
spruce blowdown in a single location, on a landscape com-
posed of homogeneous spruce conditions. Under these cir-
cumstances, one reasonable expectation might be that a
beetle population would build at an epicenter focused on the
wind-thrown area. As the population grew, Engelmann
spruce mortality would spread outward and proceed through
a connected, homogeneous spruce landscape until condi-
tions for beetle survival stopped. If, more realistically, the
landscape were much more heterogeneous, we might expect
the pattern of spread from the epicenter to be discontinuous,
with beetle-caused mortality proceeding faster in stands
with structure, composition, and site conditions conducive
to the beetle. In addition, although not studied here, the
connectivity of infested stands and uninfested stands with
high susceptibility might also influence the spatiotemporal
pattern of spread. For example, Shore et al. (2009) identified
critical thresholds between mountain pine beetle-infested
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lodgepole pine stands into uninfested stands of jack pine
(Pinus banksiana Lamb.) to indicate possible scales where
large increases in connectivity occurred. In a spruce beetle
example, Bebi et al. (2003) found that historic spruce beetle
disturbance was higher in stands that had a high percentage
of nearby spruce stands (900 m” neighborhood) than in
those in a more heterogeneous environment.

In contrast, if an outbreak in a homogeneous environ-
ment were incited by an overriding, landscape-wide factor
such as temperature, building beetle populations could oc-
cur in multiple places (foci) at the same time. As these
populations grew, spruce mortality would spread from mul-
tiple foci to highly susceptible and connected stands, ulti-
mately coalescing on the landscape. However, if tempera-
ture-incited population growth occurred in a heterogeneous
environment, variation in the timing of building populations
would result because of insufficient or less-suitable host in
some areas. The variation in the timing of the initial build-
ing populations would translate into variation in the timing
of mortality among the multiple foci and then finally in the
spatial pattern of Engelmann spruce mortality as the popu-
lations “spread” on the landscape. Populations with suitable
host would attack and kill spruce much more rapidly, in-
crease in population levels faster, and potentially contribute
via dispersal to other populations. Populations with less-
suitable hosts would grow much slower, take longer to
overcome the host resource on the site, and subsequently
move slower on the landscape, creating much more com-
plicated spatiotemporal patterns.

Over the course of the Markagunt Plateau outbreak,
spruce beetle population growth, most likely incited by
temperature anomalies, proceeded over fairly homogeneous
forest conditions (Table 1). Initial building of the seemingly
independent (i.e., spatial synchrony) beetle populations ac-
tually occurred over a period of ~12 years (Figure 2) during
which stand and environmental conditions conducive to
beetle reproduction are predictable (Table 3). Although
temperature anomalies probably incited the populations to
build, the 12-year variability in the timing of initial beetle
activity among the stands was probably a result of whether
endemic populations had suitable host conditions to build in
(Table 3). Once incited, warm temperature anomalies per-
sisted (Figure 5), and beetle populations continued to build,
increasing mass attack pressure on Engelmann spruce. Con-
tinued warm temperatures probably also allowed enhanced
beetle population numbers that could disperse to stands with
less suitable hosts and, as a result, Dy was less predictable
later in the outbreak (Table 4). In time and with ongoing
amenable temperature conditions (Figure 5), the spruce
beetle continued to attack spruce, even in marginally suit-
able habitats (i.e., >7% spruce composition) (Table 1), until
it effectively exhausted the host resource.

Silvicultural Options to Deter Spruce Beetle

Early in the outbreak, the timing of Engelmann spruce
mortality was reasonably predictable using stand and envi-
ronmental variables (Table 3). In light of the factors asso-
ciated with the timing of spruce mortality, recommenda-
tions for management to mitigate losses to spruce beetle can
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be made. The early outbreak model (Table 3) reveals vari-
ables that cannot be manipulated by active management:
latitude, slope, SI, and AV. However, an understanding of
the relationship between these factors and spruce mortality
could be used to identify stands in which current beetle
populations might initially build (e.g., lesser slopes, high SI,
or warmer sites) and to prioritize spruce regeneration treat-
ments based on the highest susceptibility. In addition, dbh,
SDI,, and ESSDI, can all be modified by traditional silvi-
cultural thinning or regeneration practices and, in combina-
tion with the identification of susceptible stands, could be
used to modify stand structure and composition so as to
reduce stand susceptibility (see Bentz and Munson 2000,
Hansen et al. 2010).

Once spruce beetle populations have shifted to outbreak
levels, they are probably less discriminating with respect to
stand structure and composition and will mass-attack spruce
trees as small as 6.5 cm dbh even in stands of low spruce
density. Indeed, stand variables in this study were less well
correlated to timing of attack during the late outbreak period
than earlier. Raffa et al. (2008) characterized this loss of
correlation as the crossing of a “threshold” in multiscale
systems, after which causal relationships are “masked.” The
late outbreak loss of causal relationships suggests that sil-
vicultural intervention is unlikely to influence landscape
spruce beetle-caused spruce mortality and therefore silvi-
cultural manipulation during a fully developed outbreak is
futile.

Summary and Conclusions

The analysis of crossdated, spruce beetle-killed Engel-
mann spruce provided an unusually detailed look at the
spatiotemporal dynamics of spruce beetle activity during the
Markagunt Plateau outbreak. Both the abundance and spa-
tial variability of suitable host conditions on the landscape
and temperature anomalies appeared to strongly influence
spruce beetle-caused spruce mortality. Our results do not
provide strong evidence for the common perception that
spruce beetle outbreaks originate in a specific location and
then “spread” across the landscape. We found evidence, for
example, of positive spatial synchrony of multiple, building
populations during development of the Markagunt Plateau
outbreak. Future studies that combine the data precision of
dendrochronological approaches with a full characterization
of entire landscapes could further understanding of how
spruce beetle outbreaks develop.

Our results indicate that stand and environmental vari-
ables can be used to identify stands that are most likely to be
infested first as outbreaks develop. Thus, our models can be
used for strategic and tactical planning for the purpose of
mitigating stand and landscape susceptibility to spruce bee-
tle outbreaks. However, our results also suggest that mod-
ification of stand structure and composition to mitigate
spruce beetle-caused spruce mortality must be done early,
i.e., before an outbreak or during the early outbreak phase or
not at all because stand variables become less well corre-
lated to timing of attack as cross-scale thresholds are sur-
passed during the late outbreak phase.
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