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Abstract: Pandora moths (Coloradia pandora subsp. davisi Barnes and Benjamin) have been observed to
reach epidemic populations on the Kaibab Plateau, resulting in relatively small, localized defoliation
events of ponderosa (Pinus ponderosa Lawson). We reconstructed the historical pandora moth outbreak
regime using tree rings and forest health records to explore how exogenous factors, climate, and
fire, are related to outbreak dynamics close to the driest range of ponderosa pine. We collected
eight tree-ring chronologies dating back 400 years, geographically dispersed around the plateau,
and inferred past outbreaks by comparison with non-host tree-ring chronologies, weather records,
and historical observations. Eleven outbreaks were detected between 1744 and the present, many of
them occurring at all the sites. Outbreaks were found to be synchronous, typically lasting 10 years at
25-year intervals. Interruption of the frequent fire regime that prevailed prior to 1880 was associated
with a shift to shorter, less frequent outbreaks. Dry to wet oscillations in climate were correlated with
outbreak initiations. Pandora moth outbreaks appear to have been an intrinsic part of the Kaibab
Plateau’s forest ecosystems, though more research is needed to understand outbreak effects on the
ecosystem and future directions of the moth-host relationship under climate warming.

Keywords: climate change; Coloradia pandora subsp. davisi; defoliation; Pinus ponderosa; Kaibab
Plateau; Arizona; defoliatR; insect outbreak; dendrochronology

1. Introduction

Understanding ecological disturbances is fundamental to safeguarding ecosystems,
especially in the context of a hotter and drier climate [1,2]. Even historically benign
disturbances, such as largely non-lethal defoliation outbreaks, may contribute to greater
ecosystem perturbations under future forest and climactic conditions [3]. Using natural
paleoecological archives to extend the baseline understanding of disturbance regimes, we
can quantify future deviations from the historical norm [4]. Tree-ring reconstructions offer
a centuries-long proxy for insect defoliations, used extensively for numerous insect and
tree taxa [5-10].

Defoliating insects can significantly impact ecosystems, drastically altering nutrient
cycling, forest productivity, and life cycles of other insects [11-13]. The pandora moth
(Coloradia pandora Blake) is a defoliator that consumes mature needles of pine species
such as ponderosa pine (Pinus ponderosa Lawson), pinyon pine (Pinus edulis Engelm.),
coulter pine (Pinus coulteri D.Don), Jeffery pine (Pinus jeffreyi Balf.), lodgepole pine (Pinus
contorta Douglas ex Loudon), and sugar pine (Pinus lambertiana Douglas) [11,14]. Pandora
moth outbreaks have been observed in Arizona, California, Colorado, Oregon, Utah, and
Wyoming [11]. Caterpillars feed on host trees and overwinter as pupae in loose granitic
or volcanic soils during their two-year life cycle [11,14]. Caterpillars and pupae are a
supplemental food source for generalist predators and were traditionally harvested by
native Americans [15]. Defoliation rarely results in host tree mortality as caterpillar feeding
occurs in alternate years during outbreaks. However, high defoliation predisposes host
trees to other more lethal parasites and disturbances [14,16].
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Pandora moth outbreaks are quasi-cyclical, with strong 20- and 40-year periodicity
in Oregon [7]. Outbreak periodicity may be tied to climactic variability, with pluvial
conditions correlating with outbreaks [6,7,17]. Disturbances such as fire may also interact
with outbreak dynamics; pandora moths are significantly more likely to reach epidemic
levels during breaks in fire events [6,17]. This fire-moth relationship could be explained by
the reduction in surface fuel influx during severe defoliation events [18,19].

Tree rings can be used to identify broad-scale pandora moth defoliation events due
to the subsequent growth reduction of the host trees [7]. Consecutive years of biennial
defoliation on the host tree result in a series of anomalous small rings with thin latewood
and even some instances of missing or uncharacteristically white rings [7,17]. This sup-
pression pattern typically lasts 4-20 years [7,14]. To rule out drought as the causal factor of
growth reductions from insect defoliations, a non-host chronology from the same region is
typically compared with the host annual growth [7,8,20]. Annual host growth is subtracted
from non-host growth to produce a growth suppression index (GSI) [21]. For example,
periods of suppressed growth recorded by both the non-host and host are attributed to
other factors, such as drought or stand dynamics and produce a normalized GSI near zero.
Using observed outbreaks in central Oregon as verification, an algorithm was designed
with the visually vetted tree-ring signature to detect pandora moth outbreaks with GSI as
the input [7]. With this method, reconstructed outbreaks were found to be synchronous,
with an average duration of 10 years. Intervals between outbreaks were quasi-cyclical,
alternating between ~20- and 40-year intervals [7,8].

The Kaibab Plateau is the southernmost and warmest region of North America where
notable pandora moth outbreaks have occurred [11,14]. The Kaibab Plateau has been subject
to other forest insects in all the forest types found there, with extensive impacts from pine
engraver bark beetles and western spruce budworm [22]. Pandora moth outbreaks, by the
subspecies davisi (Coloradia pandora subsp. davisi Barnes and Benjamin), have been observed
twice in the modern record, once from 1978 to 1984 [23], and a second, less severe outbreak
from 2010 to 2018 [24]. During the 1978 to 1984 outbreak, 23,000 ha of ponderosa pine
were defoliated near Jacob Lake, Arizona [23]. Miller and Wagner [25] reported an 84%
reduction of tree growth in heavily defoliated trees, many with missing rings, suggesting
the Kaibab Plateau and Oregon outbreak signatures are similar [7]. Two studies have
sought to reconstruct the history of pandora moth outbreaks from tree-ring dynamics on
the Plateau [5,17]. A thesis by de Graauw [5] did not report evidence of outbreaks, but a
report by Garcia-Gonzéles et al. [17] did find evidence of pandora moth outbreaks. They
compared three ponderosa pine tree-ring chronologies collected near Jacob Lake with a
pinyon pine non-host chronology [17]. This study may not have captured all the outbreaks
because the pinyon site was observed to be defoliated at the end of the 1978-1984 outbreak.
Pinyon pine is a known secondary host, so other outbreaks that defoliated the pinyon
“non-host” may have not been detected.

We initiated the present study to reconstruct a spatiotemporally explicit record of
pandora moth outbreaks across the entire Kaibab Plateau and identify exogenous drivers in
outbreak dynamics. We sampled six dispersed sites in Kaibab National Forest and added
two sites collected previously in Grand Canyon National Park to cover the entirety of
the Plateau [26]. Using methods developed by Speer et al. [7], we tested the following
hypotheses: (1) scale: pandora moth defoliation events occurred at scales ranging from
individual sites to the entirety of the Kaibab Plateau, (2) fire: pandora moth outbreaks
became more common with the onset of fire exclusion, and (3) climate: outbreaks were
correlated with dry years. The climate link is relevant because this is the first study to
investigate pandora moth outbreak dynamics close to the warmest and driest edge of
ponderosa pine’s range.
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2. Materials and Methods
2.1. Study Area

The Kaibab Plateau is located north of the Grand Canyon and is part of the Colorado
Plateau region (Figure 1). The highest plateau in Arizona, the Kaibab Plateau varies from
pinyon—juniper woodlands at the low-elevation periphery to spruce—fir and aspen at the
highest elevations in the center [27,28]. Dominant species include subalpine fir (Abies
lasiocarpa Nutt.), Engelmann spruce (Picea engelmannii Parry), blue spruce (Picea pungens
Engelm.), Douglas-fir (Pseudotsuga menziesii Franco.), white fir (Abies concolor Hildebr),
quaking aspen (Populus tremuloides Michx.), ponderosa pine, gambel oak (Quercus gambelii
Nutt.), pinyon pine, and Utah juniper (Juniperus osteosperma Little). The plateau stretches
roughly 48 km N-S and 25 km E-W, ranging from 1830 m to 2800 m elevation. Average
annual temperature from 2001 to 2020 was 15.8 °C daily maximum and 2 °C daily minimum
near Jacob Lake [29]. Annual precipitation is largely bimodal, with summer monsoonal
rains and winter snow providing an average of 53.0 cm of precipitation annually. The
southern tip of the Kaibab Plateau is managed by the National Park Service, while the
majority of the plateau is part of the Kaibab National Forest. Before European settlement,
the natural fire regime was largely low severity, isolated surface fires with the occasional
landscape-scale fire burning at 31-year intervals [26]. After the 1880s, natural fires were
suppressed on the plateau until recently and no fires were recorded that scarred more than
25% of sampled trees [26].

Figure 1. Map of study sites and trees cored on the Kaibab Plateau in northern Arizona. Full study
site names and species codes are given in Table 1.
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2.2. Site Selection

The two southernmost study sites were sampled in Grand Canyon National Park in
the 1990s [26,30]; we observed characteristic tree-ring signatures associated with pandora
moth at these sites, motivating the expanded study. In 2019, we selected six sites in the
Kaibab National Forest distributed around the plateau, based on the presence of old-growth
ponderosa (Figure 1). Each site was approximately 15 hectares. We used a Douglas-fir
chronology, AZ505, as a non-host [31] and updated the chronology by sampling Douglas-fir
closest to the chronology’s location in the Kaibab National Forest.

Table 1. Site chronologies and associated metadata. NR = data not reported by the original authors.
Species codes are created from the first two letters of the genus (e.g., PInus) and species (POnderosa).

Site (Code)

No. of Trees Mean Series

[Citation] Species Coordinates Slope (%) (Dated/Total) Dates Length r-Bar Sensitivity
Crazy J&:g])ca“y"“ PIPO 36.462°, —112.406° 17.5 16/20 1646-2018 254 0.66 0.40
Dog Canyon (DG) PIPO 36.437°, —112.092° 59 17/20 1663-2018 266 048 0.26

Dry Park (DP) PIPO 36.439°, —112.226° 12.5 16/20 1666-2018 226 0.40 021
Fire Point (FP) [30] PIPO 36.358°, —112.347° 9.9 20/20 1783-1997 181 0.66 0.36
Fracas Canyon (FR) PIPO 36.684°, —112.285° 29.1 19/20 1601-2018 272 0.51 0.32
Little Park (LP) [26] PIPO 36.331°, —112.127° 114 13/20 1645-2000 207 0.29 0.25
Orde”(‘g;)canyon PIPO 36.768°, —112.182° 9.6 19/20 1650-2018 281 0.69 0.43
Telephone Hill (TH) PIPO 36.603°, —112.156° 74 16/20 1695-2018 215 0.54 0.26
South Canyon (SC) PSME 36.352°, ~112.101° 225 8/10 1850-2018 157 0.54 021

Saddle Mtn. ° o
(AZ505) [32] PSME 36.42°, ~112.00 NR 21/21 1708-1975 133 0.60 0.20
Yovimpa Point PSME 37.47°, —112.25° NR 17/17 1436-1998 405 0.71 0.25

(UT515) [33]

2.3. Study Area

The two southernmost ponderosa pine sites, Little Park and Fire Point, were previously
sampled in Grand Canyon National Park by Fulé et al. [26,30]. We selected 20 of the oldest
cores with the highest visual incidence of pandora moth signatures. We sampled the six
ponderosa sites on the Kaibab National Forest in 2019. At each site, we selected and cored 20
of the oldest ponderosa trees (Table 1). Ten Douglas-fir trees were sampled near the original
location of an older chronology to be used as the non-host, AZ505 [32]. In addition to large
size, we used other visual cues to identify old trees, such as large branches, yellow-red
bark, and presence of a flat top [34]. Each tree’s location, diameter at breast height, slope,
and azimuth was recorded (Table 1). We extracted one core sample from each tree using a
5 mm increment borer at mid-slope and breast height, avoiding any growth deformities.

2.4. Lab Procedures

We mounted and sanded cores with successively finer grit sandpaper until rings were
clearly visible under magnification [20]. We scanned cores at a resolution of 1200 dots
per inch using an Epson scanner. Core scans were dated and measured in CooRecorder
v9.5 [35]. We crossdated samples with previously dated ponderosa chronologies such as
AZ127 and the site chronologies of this project, assisted by the “reference curve display”
feature of CooRecorder [20]. Ring width measurements of sites were exported in Tucson
Decadal format. We assessed the quality of crossdating using COFECHA [36]. Using the
dpIR package [37] in R [38], we truncated site host and non-host tree ring width files to
maintain an expressed population signal (EPS) of 0.85 or greater, and we standardized them
with a 40-year cubic spline [7]. This spline model maintains 50% of the growth variability at
40 years and 90% at 20 years. Pandora moth outbreaks can last up to 20 years, so preserving
the inter-annual growth trends at this resolution is critical to identify periods of suppression
while removing larger changes in growth. To identify outbreak periods, we used dfoli-
atR [21], which uses the same method and algorithm as the older OUTBREAK program [7].
Applying user-defined parameters, the standardized annual host growth is subtracted from
non-host growth to generate a growth suppression index (GSI). Consecutive years that
surpass a normalized GSI threshold indicate a defoliation event. When 25% of trees record
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a defoliation event, an outbreak is inferred. We used similar parameters as Speer et al. [7] so
our study is comparable to previous pandora moth research, employing a robust algorithm
validated with known historical accounts of outbreaks. Parameters include a minimum
duration of 8 years, normalized GSI of —1.28 (top 10% of growth suppressions), and 25% of
trees recording a defoliation event [7]. GSI suppressions that surpass thresholds indicate
a tree defoliation event. If 25% or more of trees at a given site (or the entire plateau) are
defoliated, an outbreak event is inferred. Using these results, we compared outbreak timing,
frequency, and duration, and scale across all study sites for a landscape-scale assessment of
pandora moth disturbance.

2.5. Non-Host Chronology Modifications

We encountered difficulties with the non-host chronology because after combining
and truncating the non-host ring series, the remaining chronology was about 150 years
shorter than the ponderosa site chronologies. To extend the non-host chronology, we added
UT515, a Douglas-fir chronology located 110 km north of the Kaibab Plateau dating back
to 1476 [33]. To avoid climactic signal variability from the older chronology, ring width
data from UT515 was truncated to the EPS threshold of the local non-host chronology, 1781.
Therefore, only years earlier than 1781 include UT515 data.

While ponderosa pine and Douglas-fir have been found to have similar correlations
with climactic patterns, it is important to examine this locally before using a non-host to
correct for host tree climate responses [9]. We used monthly precipitation dating back
to 1895 to examine the climate correlations of the host and non-host chronologies using
Pearson’s correlation coefficient [39,40].

Many Douglas-fir non-host cores had visually detectable periods of growth suppres-
sion in the 20th century. We identified the western spruce budworm (Choristoneura freemani,
Razowski) defoliation events of Douglas-fir in the 1950s and 1970s as the likely cause of the
suppression noise [22]. The spruce budworm outbreak in the late 1970s to late 1980s was
especially severe and appeared to defoliate Douglas-fir across the Southwestern US [22].
This posed a significant problem in our analysis: if the non-host chronology is suppressed,
any significant releases from suppression would indicate a host tree suppression. A spruce
budworm outbreak in the late 1970s ending in the early 1980s could mask the observed
pandora moth outbreak during that time and indicate an outbreak in the mid- to late 1980s.
Therefore, we used three non-hosts to check for pandora moth defoliation event agreement:
Douglas-fir, pinyon pine [41], and annual precipitation [39], all standardized with 40-year
cubic splines.

2.6. Outbreak Analyses

To determine if there were any significant differences between site and plateau-
resolution outbreaks, we generated outbreak events using data grouped by each site
and combined for plateau-wide outbreaks. Then, we used a nonparametric cluster analysis
test to find any common trends in our site ring width series data [42]. This method takes
the normalized growth suppression index (nGSI) values of each site and finds nonmono-
tonic synchronicity after bootstrapping (1000 times), testing the null hypothesis that all
site nGSI series are of the same group (alpha = 0.05). Thus, if no groups are identified or
groups formed have a p-value greater than 0.05, pandora moth outbreaks are likely at the
landscape scale.

We tested the fire hypothesis by splitting defoliation data into years before and after
the start of fire suppression, circa 1880 [26]. We calculated duration, frequency, and the
number of years that sites were in outbreak status, represented as a percent, for the two
groups. Using a Welch’s t-test, we tested if the duration of events was statistically different
between the two groups.

We used a superposed epoch analysis (SEA) to find any correlations between climate
and pandora moth outbreak temporal attributes. We tested two proxies for climate: the
Palmer Modified Drought Index (PMDI) and El Nifio/Southern Oscillation (ENSO) re-
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constructions [4,43]. The PMDI reconstruction is from the Living Blended Drought Atlas
Version 2 and is local to the Kaibab Plateau [4]. The ENSO index is a reconstructed Nifio3.4
Sea Surface Temperature anomaly [43]. We tested four attributes from each outbreak at
the site scale: outbreak initiation, end, year of maximum percent of trees defoliated, and
year of minimum normalized GSI. We performed a SEA with 1000 bootstraps and an alpha
value of 0.05, interpreting the departure of the actual event year means from the simulated
(bootstrap) event year means.

3. Results

Climate-growth relationships of ponderosa pine and Douglas-fir showed significant
overlap at 90% confidence intervals, indicating a similar correlation to precipitation for all
months (Figure 2). Furthermore, the Pearson’s correlation between the non-host and host
chronologies is 0.62. With similar climate and radial growth correlations, the Douglas-fir
chronology performs well to reduce noise from factors unrelated to defoliation [9].

Corelation coefficient

Jun Jul Aug Sep Oct Nov Dec JAN FEB MAR APR MAY JUN JUL AUG
Months

Figure 2. Correlations of Douglas-fir non-host and ponderosa host chronologies annual growth with
historic monthly precipitation from 1925 to 2018. Shaded regions represent 90% confidence intervals.
Months in all capitals are from the current year’s growth; lowercase months are the previous year.

All non-hosts indicated similar relative defoliation periods until the two documented
western spruce budworm outbreaks in the Douglas-fir non-host chronology (Figure 3).
These budworm suppressions of the non-host trees likely had a masking effect on any host
outbreaks during the budworm outbreaks. Additionally, when the budworm outbreak
ended, the GSI would drop from the non-host released growth, erroneously indicating a
host outbreak. This discrepancy may explain the 1960s and late 1980s outbreaks that only
appear in the Douglas-fir non-host. The budworm outbreaks also masked the historically
observed pandora moth outbreak in 1978-1984, contrary to the visual confirmation of the
signature in many cores (Figure 4). The pinyon pine non-host shared many of the same
defoliation periods as the Douglas-fir, though the number of trees indicating a defoliation
event (relative percent defoliated) was markedly lower. The 1970s observed outbreak
was present when using the pinyon non-host, but the signal diminished after about 1980
(Figure 3). The non-host used for the remainder of this study was the Douglas-fir non-host
chronology (AZ505, South Canyon, and UT515) truncated from 1925 to the present and
combined with observational annual precipitation data from NOAA from 1925 to the
present [39].

3.1. Kaibab Pandora Moth Signature

Many suppression periods were apparent when visually inspecting the host core
samples, appearing in the 1810s, 1850s, 1880s, and 1930s. Many of the suppression events in
the tree rings had the characteristics of pandora moth signatures described in other studies:
thin latewood and an anomalously small or missing series of rings that persisted for over
+eight years (Figure 4) [7,14,25]. We dated 181 trees (137 host and 44 non-host) totaling
~39,000 rings, extending back to 1685.
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Figure 3. Effect of using different non-host inputs, represented by percent of defoliation of host tree
series: pinyon pine chronology AZ129 (PIED), annual instrumental precipitation (PRECIP), and the
combined Douglas-fir chronologies used for this study (PSME). Crosshatched regions are observed
outbreak periods. The 1978-1984 outbreak is evident in the precipitation and PIED non-host but
masked in the PSME results.
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Figure 4. Examples of pandora moth suppressions from Orderville Canyon. Each black line
is a defoliation event specific to the individual sample. The year 1879 is locally absent in the
OR-013 sample.

3.2. Scale

At the landscape scale, we found 7 = 11 outbreaks that were detected in 25% or greater
of all host trees, including the 1978-1984 outbreak (Table 2). Mean duration of outbreaks
was 10.0 years (SD = 1.73 years). Mean return interval (years between outbreak initiation
years) was 25.8 years and highly variable (SD = 12.5). At the site scale, only three outbreak
periods detected at sites did not make the threshold for a plateau outbreak (Figure 5).
Site outbreaks (n = 76) had a similar mean duration and interval compared to the plateau
outbreaks, averaging 9.78 years (SD = 2.7) and 26.5 (SD = 12.78) years, respectively. The
nonparametric cluster analysis of the site nGSI series returned one group with low certainty
(p > 0.05), failing to reject the null hypothesis that all sites have a common trend.
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Table 2. Summary of outbreaks for the Kaibab Plateau. Return intervals are calculated as the time
between the current and previous outbreak initiation.

Dates Duration Interval Min nGSI (Year)
1744-1753 10 - —1.986 (1747)
1764-1775 12 20 —1.875 (1770)
1779-1790 12 15 —1.671 (1787)
1808-1818 11 29 —1.025 (1811)
1821-1831 11 13 —2.391 (1823)
18461853 8 25 —2.356 (1849)
1867-1874 8 21 —1.130 (1872)
1881-1891 11 14 —1.009 (1884)
1931-1941 11 50 —1.361 (1936)
1977-1985 9 46 —1.669 (1978)
2002-2008 7 25 —1.856 (2004)
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Figure 5. Pandora moth outbreaks at the landscape (top) and site (bottom) scales. Sites are ordered
from north (top) to south. Brown bars represent inferred outbreak periods at the site or plateau
scale and crosshatched regions are historically observed outbreaks. The landscape outbreaks are
represented in normalized growth suppression index and the site outbreaks are percent of trees
indicating a defoliation event by site with shaded regions representing site-wide outbreak periods.
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3.3. Fire Exclusion

Before fire exclusion circa 1880, there were 4.5 outbreaks per century, 48% of years
experienced a defoliation event, and the mean duration of an outbreak was 10.7 years. After
the start of fire exclusion, there were 4.1 outbreaks per century, 35% of years experienced
a defoliation event, and the mean duration of an outbreak was 8.6 years. However, the
two longest intervals in the record, 50 and 46 years, occurred after fire exclusion. Paired
t-tests of site (n = 8) statistics indicate no change in outbreak frequency (p = 0.25) but a
significant reduction in total defoliation years (p = 0.01) and duration (p = 0.004). Figure 5
visually supports this, with sites appearing to have shorter outbreaks with less years of
total defoliation.

3.4. Climate

Climate oscillations, from drought to pluvial conditions, were significantly correlated
with pandora moth outbreak initiations, as shown by the superposed epoch analysis
comparing outbreaks at the site scale (n = 76) with the two climate indices, PMDI and
ENSO (Figure 6). The mean departure of PMDI was —0.62 one year prior and +0.53 one
year succeeding the outbreak initiation event, both significant at 95% confidence (Figure 6).
Other years show a successive drying trend before and wetting trend after the outbreak
initiation, though they are not significant. The ENSO SEA showed a similar trend of
outbreak initiation years associated with the shift from the regionally drier La Nifia phase
to the wetter El Nifio phase, but none of the years were statistically significant (Figure 6).
Among the other outbreak event attributes tested, year of maximum percent defoliated
returned a similar oscillating pattern as outbreak initiation years. Thirty-one percent of
outbreaks share initiation and maximum defoliation event dates, explaining the similar
result. Outbreak end and year of minimum normalized GSI events had no significant
climate correlations.

0.6

0.3

PMDI
o
o

0.4

0.2

Figure 6. Superposed epoch analysis comparing site outbreak initiation dates (1 = 47) with Palmer
Modified Drought Index and El Nifio/Southern Oscillation Nifio 3.4 reconstructions. Bars represent
the departure from mean index at the indexed year—red are dry, blue are wet years. The dotted and
dashed lines represent the 95% and 99% confidence intervals, respectively.
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4. Discussion

We identified 11 outbreaks over three centuries worth of tree-ring data that occurred
across the landscape using similar methods to those that successfully detected pandora
moth outbreaks in central Oregon [7]. However, the complex interactions among multiple
tree species and defoliators made it challenging for us to find an appropriate non-host
that dated back to the start of our host samples and did not incur defoliation itself. The
pinyon pine non-host is subject to low-severity defoliations which may have contributed
to a diminished 1978-1984 outbreak signal, likely from pandora moth, as pinyon pine is a
secondary host. The Douglas-fir non-host deviated significantly from historical accounts of
pandora moth outbreaks after the 1950s, indicating two severe outbreaks before and after
the observed outbreak in the late 1970s and 1980s. This may be due to the spruce budworm
outbreaks that suppressed Douglas-fir growth in the 1950s and 1980s. Our non-host used
for further analysis, a combination of Douglas-fir and mean annual precipitation, removed
unwanted noise; however, we recognize that error can be mitigated but not eliminated. The
discrepancy between the pinyon and Douglas-fir non-host defoliation in the 1700s could be
a complication of supplementing the local Douglas-fir with a chronology ~110 km north
(Figure 3). Additionally, the 20022008 outbreak detected in tree rings is not supported
by observed accounts. It is possible that the growth suppression is more related to the
southwestern megadrought of the early 21st century, amplified by high tree densities [30,44].
Many samples were missing a 2002 tree ring and were significantly suppressed in the
2000s. By using precipitation as a non-host, temporary climactic recoveries during the
drought period could return a false positive outbreak. A drought suppressed host will not
recover as quickly as the precipitation non-host, explaining the unexpected drop in GSI
and subsequent outbreak.

In terms of temporal and spatial patterns, we found sites to be highly synchronized.
We expected outbreaks to be present at all the sites with a mix of landscape- and site-scale
outbreaks. Our results infer many outbreaks were plateau-wide, with only three outbreak
periods not meeting the landscape-scale threshold of 25% trees recording an outbreak
(Figure 5). The nonparametric cluster analysis of site nGSI time series data returned
no significant groups amongst our sites; all sites had similar suppression patterns. The
outbreak in 1978-1984 was documented to be local to the Orderville site but was present
in six of our eight sites [23,45]. This outbreak was observed and documented annually by
Forest Health Protection staff flying fixed-wing aircraft and drawing maps of defoliated
stands [23]. Schmid and Bennett (1988) noted that lightly and moderately defoliated areas
were challenging to identify during the aerial surveys and a new location, Cape Royale
(southern tip of the Kaibab Plateau), had evidence of an outbreak in 1985 but the defoliated
area was challenging to delineate. It is possible the aerial and ground surveys documented
severely defoliated areas, but other locations on the Kaibab Plateau may have eluded
detection. The nuanced findings of these surveys suggest the 1978-1984 outbreak may have
been defoliating more areas than what was mapped around Jacob Lake, albeit moderate to
light defoliations. Our findings support that pandora moth outbreaks are a landscape-scale
phenomenon, similar to outbreaks in Oregon [7,8,23,45]. This expands our spatiotemporal
understanding of the pandora moth; what may have been considered a rare defoliation in
1978 is likely a common cyclical pattern of Kaibab Plateau ponderosa forests.

To our knowledge, this is the first study to investigate the effect of fire regime shifts on
pandora moth outbreak regime attributes. Our findings showed that the implementation
of fire suppression was accompanied by a shift towards shorter outbreaks at the same
frequency, leading to fewer years of defoliation overall compared to before fire suppression.
Speer (2001) notes a similar pattern of reduced outbreak activity in Oregon may be linked
to changes in land management practices, such as fire suppression, but does not explore
this connection in more depth. Pandora moths exhibit a complex relationship with fire.
While the pupae that overwinter in the soil are killed by radiative and conductive heat from
the surface fire, the heat may also kill the virus that is the largest factor in maintaining moth
population endemicity [11,23]. It is possible that the historical fire regime favored pandora
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moth outbreaks by reducing litter and duff depths and “sterilizing” the environment of the
virus [23,46]. In contrast, other defoliators such as western spruce budworm have shown
mixed responses to periods of fire suppression [9,10,47]. With fire suppression, forest stands
in the southwest generally became much denser than pre-settlement standards [48]. Higher
density stands may contribute to changes in population dynamics. So, more host trees may
reduce caterpillar competition, resulting in longer outbreaks that are less severe [49]. While
our findings indicate that there is a strong shift to shorter, less common pandora moth
outbreaks that coincide with changes to the natural fire regime, future research should
explore the mechanisms behind this relationship.

The superposed epoch analysis suggested that outbreaks were correlated with climatic
oscillations from drought to pluvial conditions (Figure 6). This is true for the 1978-1984
outbreak. The year 1977 was extremely dry year and the 1977 PMDI was —2.6, in the
3rd percentile of a 400-year record. Before addressing whether this climate pattern was
correlated with the initiation of an outbreak, it is important to differentiate between the
true initiation and the suppression signature initiation. True outbreak initiation, when
pandora moth population numbers surpass endemic thresholds, likely occurs 1-3 years
prior to the outbreaks detected using tree-ring suppressions [7]. Therefore, pandora moth
populations are likely to be reaching epidemic levels during the drought years, though it
is not until the dry to wet oscillation that the outbreak becomes widespread enough to be
detected in the tree core samples. Similar climate—defoliation links have been documented
in other regions and with other defoliating insects [6,8,10]. ENSO has an oscillatory nature
as well, so we used Nifi03.4 reconstructed sea surface temperature anomalies to test if there
was a correlation with ENSO and the outbreak results (Figure 6). The ENSO SEA had the
same trend as our PDSI findings, but with no statistical significance. This climate-moth
relationship may be explained by the secondary effects linked to ENSO phase shifts in
the Southwest [50]. ENSO phase shifts are significantly associated with wildfire size and
changes in herbaceous cover, which may be the first order effects on moth outbreaks, but
more research investigation is needed to test this relationship [50,51]. Increased climate
volatility and more frequent droughts may trigger more pandora moth outbreaks in the
future. However, further research is needed to understand how complex interactions
between other factors, including forest stand composition, moth—virus interactions, and
shifts in land management practices may modify this relationship.

A limitation of our study is the use of multiple sources to control for climate-related
growth suppressions. We confirmed that all non-hosts were in agreement except for the
effects of the budworm suppressions in the Douglas-fir. We only used outbreak metrics
that returned similar results when assessed with all the non-hosts, such as outbreak start,
end, and duration. Another challenge of this reconstruction was confirming the validity
of our outbreak reconstructions with only one documented outbreak, 1978-1984. We
used the same algorithm and methods that were substantiated in other regions with
many records of outbreaks [7]. Our results matched with the observed outbreak in 1978,
suppression signatures that were visually present in the tree core samples, and the only
other pandora moth outbreak reconstruction at Jacob Lake on the Kaibab Plateau, Garcia-
Gonzalez et al. [17].

Our research using ponderosa host tree core samples indicates the pandora moth has
been an intrinsic part of the Kaibab Plateau ecosystem for at least 400 years. Outbreaks
were found to be synchronous, typically lasting 10 years at 25-year intervals. Population
dynamics of other forest Lepidoptera are known to be synchronous over large geographic
scales [52] and repeatable waves of spread of outbreaks occur for some species [53]. Other
forest disturbances and associated anthropogenic changes to them have resulted in mixed
effects on the pandora moth regime. Fire exclusion resulted in a 13% reduction in pandora
moth activity and shorter outbreaks. Dry—wet climate transitions correlated with pandora
moth outbreak initiations. Pandora moth population dynamics are a complex system
dependent on fire, climate, stand conditions, predator/virus, and stand dynamics. Climate
warming could modify species distributions and population cycles, but mechanisms have
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not been elucidated and changes in cyclic dynamics are not generally apparent. Integration
of top-down and bottom-up influences on cyclic dynamics and quantification of dispersal
are necessary for progress in understanding patterns of most insect outbreaks. Density-
related infection by insect viruses (such as nucleopolyhedrovirus, NPV) are known to
initiate the population decline of several outbreak species, such as the gypsy moth, tussock
moths, and tent caterpillars [54]. The continued presence of the virus could promote popu-
lation cycles as a delayed density-related mechanism that prevents the return of increased
population growth. Further research untangling this system into constituent parts is needed
before we can forecast how pandora moths will affect forests under future conditions.

Even though disturbance by defoliating insects may be largely non-lethal, they can
have notable ecosystem effects. Insect defoliator outbreaks have been found to reduce the
wood volume of host trees, increase soil nitrogen content, and serve as a food source for
small mammals and birds [15,23,55,56]. These primary effects may have other beneficial
secondary outcomes as well, such as the promotion of forbs and graminoids from the
influx of nitrogen and the suppression of needle litter, though these relationships remain
unstudied. Rather than perceiving pandora moth outbreaks as an unaesthetic reduction
in valuable timber growth, land managers should consider the potential benefits of a
native, non-lethal defoliator before taking actions to control their spread. Future research
is necessary to identify secondary effects from defoliators such as pandora moth, and
determine what role they play, if any, in ecosystem resilience.
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