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Multicentury history of western spruce budworm
outbreaks in interior Douglas-fir forests near
Kamloops, British Columbia

Rochelle Campbell, Dan J. Smith, and André Arsenault

Abstract: Western spruce budworm (Choristoneura occidentalis Freeman) is a native defoliator of forests in the inte-
rior Douglas-fir (Pseudotsuga menziesii var. glauca (Beissn.) Franco) forests of British Columbia, Canada.
Dendrochronological techniques and the software program OUTBREAK were used to reconstruct a defoliation history
of Douglas-fir for 19 forest sites near Kamloops in central British Columbia. By comparing the radial-growth response
of ponderosa pine (Pinus ponderosa Dougl. ex P. Laws. & C. Laws.) with that of Douglas-fir growing in nearby but
separate stands, eight western spruce budworm outbreaks over the past 300 years were distinguished. Although there is
considerable variation in the timing and duration of these western spruce budworm events at the stand level, synchro-
nous outbreaks have occurred in approximately 30- to 43-year cycles. Spectral analyses of a composite time series
from all stands showed similar and consistent intervals between outbreaks. Climatic variation appears to have been im-
portant to budworm outbreaks in the 20th century. Notable outbreaks tended to occur during years with average spring
air temperatures following winters with less than average precipitation. Based on this finding, it is proposed that with
high over-winter survival rates and a longer growing season, the duration of outbreaks may increase in the future.

Résumé : La tordeuse occidentale de 1’épinette (Choristoneura occidentalis Freeman) est un insecte défoliateur indi-
gene des foréts intérieures de douglas de Menzies bleu (Pseudotsuga menziesii var. glauca (Beissn.) Franco) en
Colombie-Britannique, au Canada. Cette étude utilise les techniques dendrochronologiques et le programme informa-
tique OUTBREAK pour reconstituer I’historique de la défoliation du douglas de Menzies bleu dans 29 stations fores-
tieres situées pres de Kamloops dans le centre de la Colombie-Britannique. En comparant la croissance radiale des
tiges de pin ponderosa (Pinus ponderosa Dougl. ex P. Laws. & C. Laws.) a celle des tiges de douglas de Menzies bleu
croissant dans des peuplements voisins mais séparés, huit épidémies de la tordeuse occidentale ont été identifiées au
cours des 300 dernieres années. Bien qu’il y ait une importante variation dans le moment et la durée de ces épidémies
a I’échelle du peuplement, des épidémies synchrones sont survenues avec une périodicité d’environ 30 a 43 ans. Les
analyses spectrales de séries temporelles composées de tous les peuplements ont montré qu’il y avait des intervalles ré-
guliers consistants entre les épidémies. Les variations climatiques semblent avoir eu un impact important sur les épidé-
mies de tordeuse au 20° siecle. Les épidémies les plus importantes ont eu tendance a survenir durant les années ou la
température de 1’air au printemps était dans la moyenne apres un hiver ou les précipitations avaient été plus faibles que
la moyenne. Sur la base de ces résultats, nous croyons qu’avec un taux de survie élevé pendant 1’hiver et une saison de
croissance plus longue, la durée des futures épidémies pourrait étre plus longue.

[Traduit par la Rédaction]

Introduction has lasted from a few to 10 or more years (Brubaker and

Episodic
(Choristoneura  occidentalis ~ Freeman)  (Lepidoptera:
Tortricidae) in British Columbia have been reported since
the early 1900s and have caused widespread defoliation that

Greene 1979; Harris et al. 1985). Severe historical western
spruce budworm infestations appear to be related to warm
dry summers, when optimal synchrony between larval emer-
gence and bud flush increases the vulnerability of Douglas-
fir (Pseudotsuga menziesii var. glauca (Beissn.) Franco)

infestations of western spruce budworm

trees to attack by the western spruce budworm (Thomson et
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Across North America, episodic outbreaks of defoliating
insects of the genus Choristoneura have stimulated research
aimed at understanding their biology and impact (Mason et
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est (IDF) zone of British Columbia, western spruce bud-
worm are normally present in low numbers and feed
primarily on Douglas-fir trees (Harris et al. 1985). Popula-
tion outbreaks resulting in visible foliage damage are associ-
ated with density increases of 40% or more relative to
endemic levels. Outbreaks of this intensity are the result of
improved reproduction and survival rates, or spread from
other infested locations (Campbell 1993).

Defoliation severely reduces the radial growth of trees by
destroying photosynthetic tissue, thereby reducing the sup-
ply of carbohydrates needed for growth (Kramer and
Kozlowski 1979). The ultimate effect of defoliation on
growth is strongly influenced by the species of tree and in-
sect, as well as by the intensity and timing of feeding, loca-
tion in the crown, age and type of foliage destroyed, and
physiological condition of the tree (Mason et al. 1997). The
width of annual rings produced during infestation years is
progressively reduced with each additional year of defolia-
tion, in a cause—effect relationship that usually has a lag of 1
or more years (Alfaro and MacLauchlan 1992). After the in-
festation collapses, defoliated trees take several years to re-
gain their full foliage; during this period radial-growth rates
slowly recover. In addition, severe defoliation events that ex-
tend over a number of years often cause mortality of the up-
per crown due to a type of damage known as dieback or top
kill. Trees that survive dieback resume height growth
through lateral branches gaining apical dominance or by
means of branches that originate from adventitious buds on
the main stem (Alfaro and MacLauchlan 1992).

Two factors related to bud development have a marked ef-
fect on the rates of establishment and survival of western
spruce budworm larvae: the degree of synchronization be-
tween bud swelling and larval emergence from over-
wintering, and the development time remaining for the
insects after the buds have flushed (Cleary and Waring
1969). The degree of synchronization varies from year to
year because bud flushing is dependent on root temperature
as well as air temperature (Cleary and Waring 1969),
whereas larvae respond only to air temperature (Shepherd
1992). However, the western spruce budworm overcomes the
lack of perfect synchronization by maintaining flexibility in
the dates of emergence from overwintering (Volney et al.
1983), thus bracketing the ideal stage for bud penetration.
This behaviour helps to guarantee continuance of the species
but can lead to large reductions of population density in
years of poor synchrony. A similar effect has been found
with other closely related tree species where bud flushing
dates are important for the establishment of spruce budworm
(Choristoneura fumiferana (Clemens)), primarily on Picea
spp. and Abies spp., large aspen tortrix (Choristoneura
conflictana (Walker)) largely on Populus tremuloides
Michx., and oblique-banded leaf roller (Choristoneura
rosaceana (Harris)) predominantly on members of the fam-
ily Rosaceae.

Climatic variations, such as those that accompany wet and
dry episodes, also increase or decrease the vulnerability of
trees to insect attack (Ryerson et al. 2003). Although only
limited research has been undertaken to examine the effect
of climate on western spruce budworm infestations in the
IDF zone of British Columbia (Thomson et al. 1984),
Thomson (1979) has emphasized the importance of climate
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in establishing synchrony between larval emergence and bud
flush. Similarly, in northern New Mexico, Swetnam and
Lynch (1993) noted a positive relationship between spring
and early-summer precipitation levels and the occurrence of
regional-scale outbreaks. More recently, Ryerson et al.
(2003) reported that western spruce budworm outbreaks in
the mixed conifer forests of south-central Colorado typically
correspond to times of increased moisture.

In the IDF zone of British Columbia, coniferous trees re-
spond to climate, insect attack, fire, and other disturbances
with changes in the width of their annual growth rings
(Campbell et al. 2005). Consequently, a disturbance record
is retained in the tree rings that can be examined using stan-
dard dendroecological techniques (Fritts and Swetnam 1989)
to determine the magnitude and frequency of these events
(Wickman et al. 1994; Zhang et al. 1999). For example, the
effects of Choristoneura spp. outbreaks on radial growth of
trees can be inferred by comparing tree-ring chronologies
from host and non-host species at neighbouring sites
(Swetnam and Lynch 1993; Ryerson et al. 2003).

The purpose of this research was to establish a history of
budworm outbreaks in representative IDF stands near
Kamloops, British Columbia, and to document any relation-
ships between historical western spruce budworm infesta-
tions and climatic variables. In this study, tree-ring
chronologies from host and non-host trees were compared
with historical forest insect and weather-station records to
examine the relationship between climate and the onset and
duration of western spruce budworm outbreaks (Swetnam et
al. 1999; Ryerson et al. 2003). It was anticipated that these
findings would provide an opportunity to present a perspec-
tive on the likely response of western spruce budworm to
impending climate changes in the dry Douglas-fir forests of
interior British Columbia.

Materials and methods

Study area

Field investigations focused on forest stands located near
Kamloops (50°49°31”N, 120°28°20”W) in the summer of
2001. The IDF zone occurs in the rain shadow of the Coast
Mountains throughout the southern and central interior of
British Columbia. Annual total precipitation ranges from
295 to 750 mm and mean annual air temperature ranges
from 1.6 to 9.5 °C (Meidinger and Pojar 1991). The study
area is characterized by mixed stands of Douglas-fir and
ponderosa pine at low to mid elevations (300-1250 m a.s.l.)
and Douglas-fir and lodgepole pine (Pinus contorta Dougl.
ex Loud.) at high elevations (1130-1450 m a.s.l.) (Parish et
al. 1996). Open grasslands are common in the drier regions,
and pinegrass (Calamagrostis rubescens Buckl.) is a com-
mon understory species throughout the zone (Lloyd et al.
1990).

Twenty chronologies of Douglas-fir (host) trees and 11
chronologies of ponderosa pine (non-host) trees were se-
lected from within a 325 km? area of documented historic
defoliation. Douglas-fir trees with a diameter at breast height
(DBH) >42 cm and exhibiting crown defoliation were se-
lected. Ponderosa pine trees within or adjacent to defoliated
stands were selected. Increment borers were used to extract
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two cores per tree at DBH (1.3 m height) from a minimum
of 20 trees per site.

Laboratory analysis

The cores were air-dried and polished with progressively
finer sandpaper to enhance visibility of the annual-ring
boundaries. A WinDENDRO™ (Version 6.1b) digital tree
ring image processing and measuring system (Guay et al.
1992) and a Velmex-type stage were used to measure
annual-ring increments to the nearest 0.01 mm. The mea-
sured tree-ring sequences were visually cross-dated by iden-
tifying key ring-width features (Stokes and Smiley 1968)
and statistically cross-dated using the International Tree-
Ring Data Bank software program COFECHA (Holmes
1994). In this instance, verification was based on 50-year
dated segments with a 25-year lag, at a 99% critical-level
correlation of 0.32 (Fritts 1976). Segments that did not
cross-date were deleted or corrected until a significant corre-
lation was obtained for all series, including each stand chro-
nology.

A double-detrending procedure within the computer pro-
gram ARSTAN (Holmes 1994) was used to produce stan-
dardized ring-width indices. Standardization of the tree-ring
series is necessary to remove age-related trends in growth so
that other factors causing growth variation can be evaluated
separately (i.e., insects, fire, and climate). The ring-width se-
ries were standardized using a two-step process where a neg-
ative exponential and a cubic spline (50% frequency
response, with 100-year minimum lengths and 67% rigidity,
minimum rigidity 32 years) were applied to the series (Cook
and Kairiukstis 1990). Douglas-fir ring-width indices were
averaged into site chronologies using a biweight robust
mean (Cook and Holmes 1986). Non-host chronologies were
clustered into a single geographical grouping, to minimize
site-specific nonclimate responses and enhance species-
specific climate responses for comparison with those of the
host species.

Ring-width measurements from stands known to have
been defoliated by the western spruce budworm in the 20th
century were examined both visually and statistically. The
characteristic ring-width pattern of suppressed growth
associated with western spruce budworm defoliation was
identified based on the timing, duration, and magnitude of
ring-width reductions in the stands. This characteristic sig-
nature was used to calibrate the software program
OUTBREAK Version 6.00P, which automates the analysis of
site-specific host tree-ring chronologies (Holmes and
Swetnam 1996). OUTBREAK applies a set of user-defined
criteria for identifying possible insect-outbreak periods and
related growth reduction in each site chronology (Ryerson et
al. 2003). Specifically, a minimum threshold was set whereby
a minimum of § years of below-average growth and a reduc-
tion in growth below —1.28 standard deviation during at least
1 year was needed to identify an outbreak (Ryerson et al.
2003). Two periods of growth release prior to and after the
maximum growth reduction were permitted, as this allowed
for the possibility of a year with increased radial growth
when larval populations may have temporally declined be-
fore release. These parameters were used to determine out-
break events prior to the 20th century (AD 1700-1900). To
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differentiate between an outbreak and incipient events (or
background noise), outbreak duration and growth reduction
were summarized for periods at each stand for outbreaks
with a growth reduction recorded for 35% or more trees.

The Forest Insect and Disease Survey (FIDS) of the Cana-
dian Forestry Service monitored defoliator populations and
the damage they caused between 1912 and 1994 at sites
throughout British Columbia. In 1995, the British Columbia
Ministry of Forests assumed responsibility for the annual
monitoring of forest health and is currently collecting data
for the province. FIDS records for the study area indicate
that between 1954 and 1963 the western spruce budworm
was present only in low numbers. In the interval from 1964
to 1982 no outbreaks were detected in the study area. Begin-
ning in 1983 and continuing through 1992, populations of
budworm increased to outbreak levels, with defoliation in-
tensities ranging from light to severe. From 1994 through
2000, zero to low defoliation levels were detected by means
of aerial or ground surveys (Erickson 1987; British Colum-
bia Ministry of Forests 2001).

Climate and the seasonal timing of infestations are also
factors that need to be considered in dendroecological recon-
structions of insect outbreaks (Fritts 1991). Similarity of cli-
mate response in host and non-host species is necessary for
identifying insect outbreaks in host trees (Ryerson et al.
2003). Research previously conducted on Douglas-fir and
ponderosa pine trees growing in comparable sites and re-
gions established that the two species have a common radial-
growth response to climate (Fritts 1974; Swetnam et al.
1985). To test for similarity between the two species in our
study area, response functions were developed.

Response-function analysis was used to define the radial-
growth response of regional Douglas-fir and ponderosa pine
tree-ring chronologies to precipitation and air temperature
(Fritts et al. 1991) recorded at Kamloops, British Columbia,
from 1895 to 1998 (http://www.cccma.be.ec.gc.ca/hced/data/
access_data.html). The software program PRECON 32 (Ver-
sion 5.17b) (Fritts et al. 1991) was used to verify that pon-
derosa pine was a suitable non-host, a control for climate in
our study area.

To control for climatic influences, the host (Douglas-fir)
and non-host (ponderosa pine) chronologies were compared
graphically and statistically to construct a western spruce
budworm signal (Swetnam et al. 1995). The “corrected”
tree-ring indices were calculated with the following equa-
tion:

[1]  Corrected Index = I}, — %(Im -1,

n

where [, is the host tree-ring index at year ¢, SDy, is the stan-
dard deviation of the individual host tree series for the pe-
riod common to the two series, SD,, is the standard deviation
of the non-host composite chronology for the period com-
mon to the two series, I, is the non-host tree-ring index at
year ¢, and [, is the mean of the non-host tree-ring index for
the period common to the two series.

“Corrected” tree-ring indices serve as records of radial
growth in the host tree after reduction or elimination of cli-
mate signals as indicated by the non-host trees. The year of
maximum growth reduction for each outbreak was defined
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Table 1. Location and characteristics of the site chronologies from Douglas-fir (DF) and ponderosa
pine (PP) sampled near Kamloops, British Columbia.

Location Site Species  Latitude N Longitude W  Elevation (m a.s.l.) Aspect
Mud Lake AA DF 50°48’ 120°25’ 983 Variable
AA PP 50°48’ 120°25’ 983 Variable
AB DF 50°48’ 120°27’ 985 S
AB PP 50°48’ 120°27’ 985 S
AC DF 50°48’ 120°27’ 910 SE
AC PP 50°48’ 120°27’ 910 SE
AD DF 50°49’ 120°27’ 1113 SE
AD PP 50°49’ 120°27’ 1113 SE
AE DF 50°49’ 120°277 1103 SE
AG DF 50°49’ 120°28" 1078 SE
Al DF 50°49’ 120°28’ 1004 NE
Al DF 50°49’ 120°28’ 1090 S
Hanging Valley AK DF 50°46’ 120°29” 970 NW
AL DF 50°46’ 120°29’ 998 NW
AL PP 50°46’ 120°29” 998 NW
AM DF 50°46’ 120°28’ 980 Variable
AN DF 50°46’ 120°28’ 1010 Variable
AN PP 50°46’ 120°28’ 1010 Variable
AR PP 50°48’ 120°28’ 850 SE
AT PP 50°47 120°28’ 800 N
Opax Mountain AF DF 50°49’ 120°28’ 1239 SE
AO DF 50°49’ 120°30’ 1239 S
AP DF 50°49’ 120°29’ 1275 Variable
AQ DF 50°49’ 120°29’ 1307 Variable
AU DF 50°49’ 120°29’ 1362 N
AV DF 50°49’ 120°28’ 1380 N
Lac du Bois road AH DF 50°50" 120°317 839 NE
AH PP 50°50” 120°31 839 NE
Tranquille Valley  Tranquille PP 50°46’ 120°39’ 850 S
Fritts® PP 50°46’ 120°36’ 700 NW

“Chronology provided by E. Watson (Watson and Luckman 2002).

stands. The number of trees included in the record decreased
with increasing time before the present, so the series were
standardized by computing the percentage of trees for which
an outbreak was recorded in each year.

Coincidences of western spruce budworm outbreaks and
wet/dry periods in the precipitation record were analyzed
using stepwise regression analysis. The regional outbreak

as the mean series index value minus the smallest index
value during an outbreak. Periodic growth reduction for each
outbreak was defined as the mean series index value minus
the mean index value during outbreaks. In both cases the
“mean series index value” is 1.0 (denoting potential growth)
in standardized ratio indices. Values less than 1.0 in the tree-
ring indices indicate reduced growth with respect to poten-

tial growth; values greater than 1.0 indicate increased growth.
OUTBREAK calculated the mean radial growth trends for
all trees in each stand and listed the timing, level of growth
reduction, and duration of the outbreaks detected for each
tree and for the entire stand.

The timing of the infestation periods identified by OUT-
BREAK was verified by scrutinizing the dated tree-ring
specimens and comparing them with confirmed historical
defoliation episodes from FIDS and British Columbia Minis-
try of Forests aerial survey records from the 20th century
(Erickson 1987; British Columbia Ministry of Forests 2001).
The duration and extent of outbreak events were evaluated
by examining the composite percentage of trees for which
outbreaks were recorded.

A regional time series of outbreaks was computed by
summing the numbers of trees for which an outbreak was re-
corded during each year for the entire record across all

series were compared with precipitation and temperature
data divided into mean temperature and total monthly pre-
cipitation variables for winter (November—February), spring
(March—June), and summer (July—October).

We used singular spectrum analysis (SSA) to assess
whether there were cyclical patterns of western spruce
budworm populations in the tree-ring record in forests in the
IDF zone. SSA is a nonparametric method of analyzing time
series that utilizes principal component analysis to provide a
more in-depth assessment of the time-series properties of the
data. SSA permits the user to evaluate cyclical behaviour in
a single time series by extracting pairs of “reconstructed
components” or “sine—cosine waves” that represent the dom-
inant cyclical periods of the data. Because the “waveforms”
retain the temporal characteristics of cyclical behaviour, it is
possible to detect changes in amplitude and phasing of dom-
inant cycles (Speer et al. 2001).
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Table 2. Length, interserial correlation, and mean sensitivity of master chronologies for Douglas-fir at 19 sites near Kamloops, British
Columbia, used to study patterns of western spruce budworm outbreak.

Chronology No. of Interserial No. of Mean Correlation
Site” period (AD) years correlation trees cored sensitivity Autocorrelation” coefficient®
AA 1828-2001 173 0.61 9 0.29 0.74 0.57
AB 1903-2001 98 0.65 14 0.32 0.62 0.49
AC 1898-2001 103 0.63 16 0.30 0.58 0.48
AD 1722-2001 279 0.51 14 0.29 0.73 0.32
AE 1764-2000 237 0.61 13 0.27 0.74 0.63
AF 1855-2001 146 0.62 16 0.24 0.74 0.57
AG 1829-2001 172 0.64 15 0.25 0.73 0.55
AH 1815-2001 186 0.68 16 0.27 0.84 0.67
Al 1809-2001 192 0.60 16 0.21 0.80 0.37
Al 1733-2000 267 0.62 16 0.27 0.72 0.66
AK 1704-2001 297 0.47 13 0.31 0.70 0.45
AL 1600-2001 401 0.53 14 0.29 0.70 0.72
AM 1651-2001 350 0.59 16 0.32 0.74 0.68
AN 1623-2001 378 0.72 14 0.31 0.69 0.37
AO 1672-2000 328 0.55 16 0.25 0.78 0.42
AP 1631-2001 370 0.54 16 0.28 0.78 0.44
AQ 1648-2001 353 0.49 17 0.25 0.79 0.56
AU 1727-2001 274 0.66 17 0.25 0.73 0.61
AV 1653-2000 347 0.61 16 0.22 0.76 0.65
Mean 0.60 16 0.27 0.73 0.54
Master chronology
Pine? 1523-2001 478 0.63 65 0.32 0.72
Douglas-fir 1600-2000 400 0.56 264 0.27 0.74

“For locations of sites see Table 1.
*Growth in any given year as it relates to growth in previous years.

“Strength of the relationship between the regional ponderosa pine chronology and each Douglas-fir site chronology.
“Portion of a pine chronology provided by E. Watson (Watson and Luckman 2002).

Results

Dendrochronological findings

A total of 19 Douglas-fir (284 trees, 568 cores) chronolo-
gies and 11 ponderosa pine chronologies (65 trees, 130
cores) were developed from 24 stands (Table 1). Eight of the
Douglas-fir chronologies came from the Mud Lake area,
four were from Hanging Valley, six from Opax Mountain,
and one from a site along the Lac du Bois road. The 11 pon-
derosa pine chronologies were combined to create a regional
chronology for the study area. The mean interserial correla-
tion, describing the average pairwise correlations within
each of the 19 detrended Douglas-fir chronologies, ranged
from 0.47 to 0.72 (Table 2). These findings indicate that the
trees responded similarly to common environmental influ-
ences over the period of record. Mean sensitivity describes
the interannual variation in ring width as a proportion of the
local mean ring width. In the case of Douglas-fir, mean sen-
sitivity ranged from 0.21 to 0.32, indicating low to moderate
interannual variation in the tree-ring series (Table 2). Serial
autocorrelation, which indicates the degree of relationship
between successive values within each chronology time se-
ries, ranged from 0.58 to 0.84. All 19 Douglas-fir stand
chronologies were significantly correlated (p < 0.05) with
the regional ponderosa pine chronology over the period from
AD 1600 to 2000. Correlation coefficients ranged from 0.32
to 0.72 (Table 2). These findings suggest that the Douglas-fir
stand chronologies within the IDF zone contain a common

radial-growth signal, a finding similar to that reported by
Watson and Luckman (2001, 2002), who attributed similar
radial-growth behaviour to regional climatic conditions.
Cores contributing to the Douglas-fir regional chronology
span the interval from AD 1600 to 2000 (mean interserial
correlation 0.56, mean sensitivity 0.27, mean autocorrelation
0.74; Table 2, Fig. 1).

Douglas-fir and ponderosa pine trees found growing in
comparable sites proved to have similar growth responses to
climate. The response functions for Douglas-fir trees indi-
cate that 34.6% of the interannual variation in radial growth
can be attributed to climate (Fig. 2). Radial growth of
Douglas-fir trees was significantly and positively correlated
with both precipitation in August of the growth year and
precipitation in November and January in the previous win-
ter. Significant negative correlations with June air tempera-
tures indicate that warmer than average conditions limit
radial growth. The response functions calculated for ponder-
osa pine indicate that 32.5% of the interannual variation in
radial growth can be attributed to climate (Fig. 2). Ring
growth of ponderosa pine was significantly and positively
correlated with November and December precipitation in the
previous year and negatively correlated with air temperature
in August and September of the previous year and June of
the growth year.

Frequency of outbreaks
The most recent defoliation event identified by OUT-
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Fig. 1. Master chronologies of Douglas-fir (a) and ponderosa
pine (b) near Kamloops, British Columbia, from AD 1600 to
2000, and numbers of trees contributing to each year of the
chronology.
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BREAK is also documented in the historical records. Be-
tween 1985 and 1995, western spruce budworm outbreaks
were confirmed at 60% of our stands and all appear in the
tree rings within 1-2 years of their recorded occurrence
(Koot and Hodge 1995) (Fig. 3). This lagged radial-growth
response is attributed to previously stored photosynthates
that permit cambial development to continue even after a
tree is defoliated (Alfaro et al. 1982). While the lag in ra-
dial-growth reduction limits the temporal precision of our
reconstructions of outbreaks within a given stand, it is ac-
cepted that regional western spruce budworm events do not
start in a single year throughout the budworm range, and
that a spatial lag may occur (Swetnam and Lynch 1993).
The outbreak reconstruction also indicates that a defoliation
event occurred in the mid-1920s at 82% of the sites (Fig. 3);
this event is not documented in the FIDS records (AD 1912-
2000). This may be a result of parsimonious sampling dur-
ing this period.

Reconstruction of western spruce budworm outbreaks at
the stand level revealed tree-ring evidence for outbreak
events in this area as early as AD 1600 (Fig. 4). While our
confidence in reconstructing regional western spruce
budworm outbreaks prior to the early 1700s declines as the
number of chronologies in the sample decreases, we have
distinguished eight outbreak events, at the stand level, over
the last 300 years of the tree-ring record. These outbreaks
started in the ~1700s, early 1720s, early 1750s, mid-1780s,
~1810, ~1890s, mid-1920s, and 1985 (Fig. 4). Outbreaks

1763

within the region occurred in the early 1720s, early ~1810s,
and ~1890s in 50%, 47%, and 63% of the stands, respec-
tively (Fig. 4).

Periodicity of outbreaks

Three significant cycles with dominant wavelengths were
identified using SSA: a ~30-year cycle explaining 24% of
the variance; a ~43-year cycle explaining 22% of the vari-
ance; and a ~70-year cycle explaining 15% of the variance.
Overall, the three cycles explained 61% of the variance in
the outbreak time series. The temporal harmonics of the
three cycles suggest that significant outbreak events are co-
incident with intervals when the maxima of all three coin-
cide (Fig. 5). This synchronicity is most notable in the 1760s
(peak of the early-1750s outbreak), the 1830s (peak of the
~1810 outbreak), 1910s (peak of the ~1890s outbreak),
1940s (peak of the mid-1920s outbreak), and 1990s (peak of
the 1985 outbreak). Interestingly, while the harmonics of the
~30- and ~70-year cycles remained relatively stable through
the period of record, the ~43-year cycle was quiescent in
amplitude until the late 19th century. The distinctive ampli-
tude expansion of the ~70-year cycle in the 20th century was
in phase with both the ~30- and ~43-year cycles, and is co-
incident with the peak of the large outbreaks in ~1910,
~1946, and ~1996 (Fig. 5).

Relationship between budworm outbreaks and climate
Analyses of the Kamloops climate record revealed a weak
negative correlation between total seasonal precipitation and
mean annual air temperature: lower precipitation levels cor-
responded to higher air temperatures. Between 1895 and
1998, total annual precipitation was 302 = 60 mm/year
(mean = SD) and annual air temperature was 8.4 + 0.93 °C.
During the two outbreak periods recorded in the 20th cen-
tury (mid-1920s and mid-1980s), total annual precipitation
dropped to below 200 mm/year and mean annual air temper-
atures exceeded the long-term average by 0.6 °C (1930s) and
2.1 °C (mid-1980s). In this instance, a comparison of the
outbreak chronology (not shown) and climate showed a
strong positive relationship between winter (November—
February) precipitation and outbreak occurrence (> = 0.40)
(Fig. 6). The outbreak in the late 19th century(~ mid-1890s)
also occurred during a period of reduced winter precipitation
but prior to the official collection of insect records (Fig. 6).

Discussion

Tree-ring data from this study have confirmed eight west-
ern spruce budworm outbreaks at forest sites near Kamloops
in central British Columbia over the last 300 years. Of these,
the two outbreaks that occurred in the 20th century are docu-
mented in insect survey records. The western spruce
budworm outbreaks in the mid-1920s and mid-1980s oc-
curred during periods of low winter precipitation as deduced
from the ponderosa pine chronology and instrumental re-
cords. This is supported by the findings of Thomson et al.
(1984), who noted a negative relationship between precipita-
tion levels and severe western spruce budworm infestations.
Campbell (1989) suggested that western spruce budworm
larvae that fed on foliage from early spring were 20%
heavier and had 25% higher fecundity than larvae that fed
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Fig. 2. Response functions for Douglas-fir (¢) and ponderosa pine (b) tree-ring chronologies using weather data from Kamloops.
Monthly climate interval variables for the period AD 1895-1998 are used to explain the variance in tree-rings. Peaks above and below
the 95% confidence limits indicate the months in which growth was most influenced by either temperature or precipitation.
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on foliage from late spring. This observation suggests that
the annual variations in spring climate affect the nutrient
quality of foliage.

Our comparisons of climate with budworm outbreaks
show a positive relationship between low winter precipita-
tion levels and the start of the growing season and the occur-
rence of outbreaks. While site-specific patterns were
distinctive, a high degree of synchrony between the study
sites was apparent, particularly prior to the 1800s and during
the 1900s. Coincident outbreaks during the early, middle,
and late 1700s also occurred in the three regions. The pat-
terns exhibited in our study area are not unique. Both
Ryerson et al. (2003) and Swetnam and Lynch (1993)
reported a persistent regional cadence of western spruce
budworm outbreaks within their study areas in New Mexico
and Colorado, respectively.

This synchronization of outbreaks requires that insect
populations be exposed to a common endogenous factor able
to harmonize their population oscillations. Jardon et al.
(2003) suggests that a common environmental cue called the
Moran effect acts on minor fluctuations in insect populations
and helps to synchronize those that are oscillating at differ-
ent densities over the landscape. As Watson and Luckman
(2004) have demonstrated, the temporal and spatial syn-
chrony of annual precipitation and mean air temperature are
both significant and measurable within the IDF zone of Brit-
ish Columbia. These climate variables may act as environ-
mental cues capable of producing a synchronizing effect on
western spruce budworm populations within this area
(Koenig 2002).

In contrast, stand-specific outbreaks during the 1800s
were generally not synchronous. This lack of synchrony oc-
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Fig. 3. Percentages of Douglas-fir trees with reduced growth relative to ponderosa pine. A minimum of >35% of trees in a given year
must exhibit reduced growth to be classified as having sustained a western spruce budworm outbreak. Eight outbreaks were identified

in the study area.
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Fig. 4. Periods of reduced growth of Douglas-fir relative to ponderosa pine, which indicate the possible timing and duration of western
spruce budworm outbreaks in interior Douglas-fir forests near Kamloops, British Columbia, from AD 1600 to 2000. The duration of
infestations (solid bars) was inferred from chronologies for each Douglas-fir stand. For locations of sites see Table 1. An asterisk indi-
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curred during a time (1840-1923) when alternating regimes
of relatively warm and cool sea-surface temperatures in the
North Pacific Ocean, driven by the Pacific Decadal Oscilla-
tion, affected climates throughout the Pacific Northwest
(Gedalof and Smith 2001).

Given that climate directly and indirectly influences forest
dynamics, it may be that extrinsic factors related to large-
scale climate play a critical role in synchronizing the dy-
namics of western spruce budworm populations. Positive

1800 1850 1900 1950

Year

2000

correlations of growth of both Douglas-fir and ponderosa
pine with precipitation in winter (November—February),
prior to the growing season, suggest that nongrowing-season
precipitation (i.e., snowpack) is more important than
growing-season precipitation. Low precipitation levels dur-
ing the winter months and normal spring air temperatures,
which characterize an early spring season, act as cues for
budworm to emerge (Perry and Pitman 1996). Beckwith and
Burnell (1982) found that in north-central Washington State,
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Fig. 5. Singular spectrum analysis (59% of variance explained) of western spruce budworm time series illustrating the periodicity of
outbreaks each year since the 1700s.
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climatic conditions in spring were such that budworm
emerged before buds began swelling. Under these circum-
stances, western spruce budworm were forced to feed on
older foliage or seek a new host, either of which results in
high budworm mortality.

The positive effect of spring precipitation on radial growth
of Douglas-fir suggests that water availability during the
growing season is one factor limiting radial growth of
Douglas-fir, an observation consistent with information from
other regions (Zhang et al. 1999). The positive effect of high
temperatures and precipitation levels in late fall on ring-
width growth of Douglas-fir suggests that warm, moist days
in late fall favour active photosynthesis and continuous food
storage, leading to large ring widths in the following year
(Fritts 1976; Waring and Franklin 1979). In contrast, re-
searchers in Colorado and New Mexico found that outbreaks
show a positive relationship between spring and early-
summer precipitation (Swetnam and Lynch 1993; Ryerson et
al. 2003).

Western spruce budworm population outbreaks at ~30- to
~43- and ~70-year intervals were identified in the IDF zone
tree-ring record. Proxy climate reconstructions and climate
data from Kamloops show that strong but temporally vari-
able western spruce budworm cycles were in phase with and
perhaps entrained by weak precipitation cycles as shown by
the three outbreak periods recorded in the 20th century. This
synchrony was most notable when total annual precipitation
dropped below 200 mm/year and mean annual air tempera-
tures exceeded long-term values by 0.6 °C (1930s) and
2.1 °C (mid-1980s). The waveforms extracted by SSA
disaggregate the dominant cycles and indicate that during
certain decades and centuries the amplitudes of these cycles
were in unusually high or low phase with each other. The
temporal synchrony in outbreak events reported here is simi-
lar to that documented for other Choristoneura species.
Ryerson et al.’s (2003) New Mexico study indicates perio-
dicities of ~25, ~37, and ~83 years, whereas Swetnam and
Lynch’s (1993) Colorado study showed ~20- and 33-year pe-
riodicities. Jardon et al. (2003) reports that different types of
outbreak dynamics can be found within the same insect spe-
cies and that combined periodicities are the result of migra-
tion effect, local population dynamics, and common regional
environmental factors.

Conclusion

This research demonstrates that western spruce budworm
outbreaks in this portion of the Kamloops Forest Region
have occurred periodically over the last 300 years. This
long-term perspective was provided by examining insect-
derived radial-growth signatures within the tree rings of
long-lived stands of Douglas-fir that sustained approxi-
mately eight regional outbreaks over a period of three centu-
ries. This tree-ring record indicates that some overstory trees
can coexist with budworm for long periods of time. This re-
lationship is similar to that found by previous researchers
(Swetnam and Lynch 1993; Swetnam et al. 1995; Ryerson et
al. 2003) and appears to occur even when defoliation caused
by western spruce budworm populations does not reach the
same level in all trees (Myers 1993; Bjgrnstad 2000).

Analysis of climate and budworm dynamics using SSA re-
vealed significant outbreak events with periodicities of both
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~30 and ~43 years It is suspected that forest characteristics
precondition western spruce budworm populations to suc-
ceed and that the regional climate has a synchronizing influ-
ence (Royama 1984; Williams and Liebhold 1995, 2000;
Myers 1998).

This study has shown that western spruce budworm out-
breaks coincide with early spring seasons characterized by
low precipitation levels during the winter months and nor-
mal spring air temperatures. This observation suggests that
these climatic conditions enhance budworm emergence and
reduce Douglas-fir trees’ capacity for defence against forag-
ing activity. Research involving simultaneous observations
of insect numbers, defoliation levels, and tree-ring growth
parameters is required to test the fidelity of the host — non-
host correction approach in reconstructing past outbreaks
and to examine the role played by climate variation in west-
ern spruce budworm dynamics.
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