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Abstract: A tree-ring reconstruction of forest tent caterpillar (Malacosoma disstria Hubner) outbreaks was conducted in
the Duck Mountain Provincial Forest. Trembling aspen (Populus tremuloides Michx.), balsam poplar (Populus balsamifera
L.), and paper birch (Betula papyrifera Marsh.) tree-ring chronologies were used to identify periods of outbreaks from ap-
proximately 1800 to 2002. The impacts of the major forest tent caterpillar outbreaks of the 20th century were compared
among four stand types and two age classes. The presence of white rings and growth suppression were used to identify
three important outbreak periods, 1939–1948, 1961–1965, and 1982–1985, with another large-scale outbreak suspected dur-
ing the 1870s. A roughly 20-year interval was observed between major outbreaks. Few differences were found between
stand types, except during the 1960s, when mixed stands with jack pine (Pinus banksiana Lamb.) registered more growth
suppression and white rings. In general, the outbreak signal in the younger sites was variable. The importance of utilizing
white rings and growth suppression data together is discussed. The major outbreaks of the 20th century generally started
in the north of the Duck Mountain Provincial Forest. The technique was successful at identifying forest tent caterpillar out-
breaks during the 20th and late 19th centuries, when no historical surveys were available.

Résumé : Une reconstitution dendrochronologique des épidémies de livrée des forêts (Malacosoma disstria Hubner) a été
réalisée à la forêt provinciale de Duck Mountain. Des chronologies du peuplier faux-tremble (Populus tremuloides
Michx.), du peuplier baumier (Populus balsamifera L.) et du bouleau à papier (Betula papyrifera Marsh.) ont été utilisées
pour identifier les périodes d’épidémie de 1800 à 2002 environ. L’impact des épidémies majeures de livrée des forêts au
20e siècle a été comparé dans quatre types de peuplement et deux classes d’âge. La présence de cernes traumatiques pâles
et la suppression de la croissance ont été utilisées pour identifier trois périodes d’épidémie importante, soit 1939–1948,
1961–1965 et 1982–1985, ainsi qu’une autre épidémie de grande envergure qui, croit-on, serait survenue durant les années
1870. Un intervalle d’à peu près 20 ans a été observé entre les épidémies majeures. Peu de différences ont été observées
entre les types de peuplement, excepté durant les années 1960, alors qu’une plus forte suppression de la croissance et plus
de cernes traumatiques pâles ont été observés dans les peuplements mélangés avec du pin gris (Pinus banksiana Lamb.).
En général, le signal des épidémies était variable dans les stations plus jeunes. L’importance d’utiliser conjointement les
cernes traumatiques pâles et la suppression de la croissance est discutée. Les épidémies majeures au 20e siècle ont général-
ement débuté dans le nord de la forêt provinciale de Duck Mountain. La technique a pu identifier des épidémies de livrée
des forêts survenues au cours du 20e siècle et à la fin du 19e siècle alors qu’aucun relevé passé n’est disponible.

[Traduit par la Rédaction]

Introduction

Insect outbreaks are important natural disturbances in the
boreal forest. Reduced radial growth due to insect activity
has been well documented for several species such as the
eastern spruce budworm (Choristoneura fumiferana Clem.)
(Morin 1994), western spruce budworm (Choristoneura oc-
cidentalis Freeman) (Swetnam and Lynch 1993), larch saw-
fly (Pristiphora erichsonii (Htg.)) (Girardin et al. 2001), and
gypsy moth (Lymantria dispar L.) (Muzika and Liebhold
1999). In the Canadian prairie provinces (Alberta, Sas-
katchewan, Manitoba, and the Northwest Territories), 25%

(4.1 million m3/year) of timber loss due to insect and dis-
ease between 1988 and 1992 was caused by the forest tent
caterpillar (FTC) (Malacosoma disstria Hubner), a common
leaf eater in Canadian forests (Brandt 1995). The FTC is
also an important defoliator in the north-central United
States (Witter 1979) and occurs throughout west-central
Canada (Brandt et al. 2003).

Outbreaks of the FTC are reported to occur every 10–
12 years (with a range of 6–16 years) and can last locally
3–6 years (Duncan and Hodson 1958). Several factors, such
as temperature and extreme weather events (Daniel and
Myers 1995), forest fragmentation (Cooke and Roland
2000), parasitism (Parry 1995), and genetics (Miller 1996),
are thought to control the initiation and cessation of FTC
outbreaks. The preferred host of the FTC in west-central
Canada is trembling aspen (Populus tremuloides Michx.),
with paper birch (Betula papyrifera Marsh.) and balsam
poplar (Populus balsamifera L.) as secondary hosts (Sims et
al. 1990).

Severe defoliation by the FTC has been shown to cause
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reduced radial growth (Hildahl and Reeks 1960; Hogg and
Schwarz 1999; Jones et al. 2004; Sutton and Tardif 2005).
Mortality in trembling aspen stands defoliated by the FTC
was previously reported to be no different than in nondefoli-
ated stands (Duncan and Hodson 1958; Hildahl and Reeks
1960); however, increased mortality has been observed in
defoliated stands several years after the defoliation event
(Brandt et al. 2003). A link may exist between defoliation
and increased wood-boring insects (Hogg et al. 2002a) and
fungal pathogens (Brandt et al. 2003). Although reduced ra-
dial growth in host trees is well documented, little informa-
tion is available on the susceptibility of stands of different
types and age to insect outbreaks. Hogg and Schwarz
(1999) initially hypothesized that the effects of the FTC
would be reduced in mixed stands but found instead that
the frequency of white rings in trembling aspen was nearly
the same in both pure and mixed stands.

Recently, ‘‘white’’ rings have been observed in trembling
aspen trees as well as in balsam poplar and paper birch
trees. White rings appear completely white on sanded wood
samples and are characterized by small, thin cell walled fi-
bers and an overall decrease in wood density, causing struc-
tural weakness (Hogg et al. 2002b; Sutton and Tardif 2005).
Sutton and Tardif (2005) speculated that white rings could
be involved in the increased susceptibility of aspen trees to
pathogens following outbreaks. It has been suggested that
white rings may be useful as indicators of past FTC out-
breaks in aspen, as they have previously been associated
with historical surveys of FTC defoliation (Hogg and
Schwarz 1999; Cooke 2001) and have been induced after se-
vere artificial defoliation early in the growing season, simu-
lating a severe FTC outbreak (Hogg et al. 2002b). White
rings may be used in a similar way to the use of light rings
in the reconstruction of past larch sawfly outbreaks (Gir-
ardin et al. 2001).

FTC outbreaks in east central Canada have been well
documented. In Quebec, approximately six distinct outbreak
cycles have occurred since 1938 with a strong decadal perio-
dicity (Cooke and Lorenzetti 2006). This pattern was ob-
served in radial growth sequences from several locations in
the province (Bergeron and Charron 1994; Leblanc 1999;
Bergeron et al. 2002; Jardon et al. 2002). In Ontario, major
peaks in defoliation have occurred at approximately 13-year
intervals since 1948 (Daniel and Myers 1995). In total, his-
torical records show an interval of approximately 10 years
prior to 1960, but these records are incomplete (Sippell
1962). It is believed that while FTC activity is loosely
synchronized across the Appalachian region (southern Que-
bec, maritimes, and northeastern United States), less syn-
chrony exists in the boreal region (northern Quebec,
Ontario, and western Canada) (Barry Cooke, personal com-
munication, 2006). Compared with the approximate 10-year
interval observed in the eastern boreal forest, FTC outbreaks
were found to have an approximate recent interval of
20 years in northwestern Alberta (Hogg et al. 2002a) and in
central Alberta (Cooke 2001). The same 20-year interval
was also found in west-central Saskatchewan (Hogg and
Schwarz 1999). Hildahl and Reeks (1960) found that out-
breaks in Saskatchewan and Manitoba between 1923 and
1953 tended to overlap and individual outbreaks were insep-
arable. They found that four ‘‘infestation upsurges’’ occurred

throughout the two provinces during this period. While the
shift between the approximate 10-year periodicity of the
eastern boreal forest and the approximate 20-year periodicity
may occur somewhere in Manitoba, the lack of recent stud-
ies on the FTC in this province makes it difficult to deter-
mine where and why this shift occurs.

The objectives of this study, therefore, were (i) to recon-
struct the history of FTC outbreaks in the Duck Mountain
Provincial Forest (DMPF) in western Manitoba using fre-
quency of white rings and a dendrochronological (tree ring
width) comparison of host (trembling aspen, balsam poplar,
and paper birch) and nonhost species (white spruce (Picea
glauca (Moench) Voss)), as described by Swetnam et al.
(1985), (ii) to determine if the frequency and intensity of
FTC outbreaks differed among stand types or stand ages,
and (iii) to reconstruct graphically the spatial and temporal
dynamics of FTC activity in the DMPF. It is hypothesized
that FTC outbreaks may differ in time among the three host
species. It is also hypothesized that the frequency/intensity
of outbreaks in the DMPF will be greater in pure host stands
and may also be affected by stand age.

Methods

Study area
The study area is located in the DMPF in western Mani-

toba (51815’–52805’N, 100830’–101830’E) (Fig. 1), which
covers approximately 376 000 ha (Tardif 2004). The DMPF
is situated on the Manitoba escarpment, which rises to ap-
proximately 500 m above the surrounding lowlands, with
the highest point located at 832 m above sea level. Mean an-
nual temperature for this region is 1.6 8C with total annual
precipitation of 530.3 mm (Swan River meterological sta-
tion: 52830’N, 101813’W, elevation 346.6 m above sea level)
(Environment Canada 2004). The study area is located in the
subhumid midboreal ecoregion (Zoladeski et al. 1998) and
provides a transition zone between the boreal forest to the
north and the aspen parkland and prairie to the south. In ad-
dition to the species being studied, the area is dominated by
black spruce (Picea mariana (Mill.) BSP), jack pine (Pinus
banksiana Lamb.), balsam fir (Abies balsamea (L.) Mill.),
and tamarack (Larix laricina (DuRoi) K. Koch).

Prior to the 1880s, a fire cycle of approximately 60 years
is believed to have characterized the DMPF followed by a
lengthening of the fire cycle during the 20th century, which
corresponded to European settlement and later fire suppres-
sion (Tardif 2004). Notable fires in the DMPF occurred be-
tween 1885 and 1895 affecting approximately 80% of the
DMPF and in 1961 with about 6% of the forest burned
(Tardif 2004). Lumber production in the DMPF area began
in the 1890s as settlers began to build homesteads and towns
(Manitoba Parks Branch 1973). Since that time, the DMPF
has served as an important source of firewood and pulp-
wood.

Field sampling and data collection
Sampling was initiated in 2000 and 2001 as part of a

broader project dealing with fire history (Tardif 2004). Ini-
tially the DMPF was divided into forty-two 10 km � 10 km
units to ensure adequate spatial coverage of sampling sites
throughout the forest. Two hundred and sixty-three sites
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were initially established and at each site, 6–10 dominant
trees from pioneer species were cored (one or two radii) us-
ing an increment borer. Dead woody material was also col-
lected and vegetation composition, soil texture, and drainage
were assessed. Ninety-six checkpoint sites were also estab-
lished where two or three trees were sampled to assess the
continuity of stand age on the landscape. Therefore, 359
sites were sampled in the DMPF and additional details re-
garding the initial sampling can be found in Tardif (2004).

To reconstruct FTC outbreaks, two strategies were used.
First, and at the broadest scale of analysis, the history of the
outbreaks was reconstructed from chronologies constructed
using all trembling aspen (212 sites), balsam poplar (104
sites), and paper birch (118 sites) wood samples, which
were extracted from the original DMPF fire study database
(359 sites) (Tardif 2004). The second strategy was intended
to assess how trembling aspen trees growing in stands of
different tree age and composition differed in their re-
sponse to FTC outbreaks. Two age classes were deter-
mined from the fire history study (Tardif 2004): (i) old

sites, originating before 1930 and usually after the 1880s,
and (ii) young sites, originating after 1930. To assess the
effect of stand composition, four stand types were identi-
fied: (i) nearly pure trembling aspen (PTR), (ii) mixed
trembling aspen – jack pine – black spruce (PTR-PBA),
(iii) mixed trembling aspen – balsam poplar – white spruce
(PTR-POBA), and (iv) mixed trembling aspen – white
spruce (PTR-PGL). To assure that each site was attributed
the proper stand type, a modified point centered quarter
method from Cottam and Curtis (1956) was used to deter-
mine stand composition. At each site, 6–10 trembling as-
pen and white spruce trees were cored (one or two radii
each) where possible. In total, 67 sites were sampled for
this portion of the study. Difficulty locating young sites re-
sulted in fewer young replicates, particularly in the trem-
bling aspen – white spruce type. Trembling aspen can
suppress white spruce trees up to 10 years (Cayford 1957),
and in sites where white spruce were present, they were
often not yet 5 cm in diameter at breast height. All white
spruce series were pooled to produce a common nonhost

Fig. 1. Map of the DMPF showing the location of the trembling aspen sites sampled by Tardif (2004) and additional sites added in 2002 and
2003. The 67 vegetation and age class sites are categorized as follows: trembling aspen (PTR), trembling aspen – jack pine (PTR-PBA),
trembling aspen – balsam poplar (PTR-POBA), trembling aspen – white spruce (PTR-PGL). All other sites with trembling aspen samples
used in chronology development are also included.
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chronology to be used in all host versus nonhost compari-
sons. White spruce was selected as the nonhost species be-
cause it has been shown to correlate with the host species
(Girardin and Tardif 2005), a condition required for this
type of analysis (Swetnam et al. 1985).

Chronology development
All cores and cross sections were visually dated, cross-

dated, and validated using standard dendrochronological
techniques previous to tree-ring measurement (Swetnam et
al. 1985). Following tree-ring measurement with a Velmex
Uni Slide micrometer, the COFECHA program (Holmes
1983) was used as a tool to validate the cross-dating and
series measurements. In addition, all incidences of locally
missing and white rings were recorded for all hardwood spe-
cies using careful cross-comparisons of wood samples
within trees, within sites, and between sites. No missing
rings were blindly inserted. The ARSTAN program (Cook
and Holmes 1999) was used to construct residual chronolo-
gies after detrending of all tree-ring series/species using a
50% spline function of 50 years to remove low-frequency
trends associated with size/age or other site-specific factors.
In addition to the four species residual chronologies, eight
residual trembling aspen chronologies were constructed
from the four stand types within each of the two age class
categories.

Identification of FTC outbreaks
In addition to visual comparison, the OUTBREAK pro-

gram (Holmes and Swetnam 1996) was used to compare all
host and nonhost chronologies. The program removes the
common (mostly climatic) signal found in the chronologies
by subtracting the nonhost chronology from each of the
host series (Holmes and Swetnam 1996). In our study, po-
tential FTC outbreaks were identified when 3 consecutive
years of negative growth departure, in standard deviations,
in the host series included one or more years with a maxi-
mum growth departure of at least –1.28 SD. These values
were input to the defaults to reflect the differing dynamic
of FTC outbreaks. This approach has also been used to help
identify larch sawfly outbreaks (e.g., Girardin et al. 2001).
In addition, a fractional power of 0.1 was applied to raise
the index value of the nonhost chronology to the selected
power to avoid false identification of outbreaks when the
nonhost species is registering high growth values (Holmes
and Swetnam 1996). The same procedure was followed to
analyze each of the eight stand type/age classes. Preliminary
trials revealed that similar results were obtained using max-
imum growth departures between –1.0 and –1.6 SD. A max-
imum growth departure of –1.7 SD or lower identified only
the most severe periods of growth suppressions. Results of
the OUTBREAK analysis were compared with the available
historical survey records of FTC when possible, and the
presence and relative frequency of white and (or) locally
missing rings were used as additional criteria to identify out-
break periods.

Outbreak characteristics and stand types and age classes
Two approaches were used to determine how outbreak

frequency and intensity differed among stand types and
ages (67 sites). The period 1900–2002 was first analyzed

followed by an analysis of each of the major outbreaks of
the 20th century. For each level of analysis, variables were
calculated from both the residual site chronologies (site
level) and the individual residual tree series (tree level) to
evaluate the effects of FTC defoliation at these different
scales. Mean year of origin (XAGE) was first tested to en-
sure that there was no effect within the stand types related
to mean tree age. No statistical differences were observed
among stand types in both young and old sites, indicating
that stand types were comparable. For the period 1900–
2002, the variables calculated per stand types and age
classes were relative frequency of years with white rings
(WR) and missing rings (MR) and growth departure below –
1.28 SD (S128). Using the output from program OUT-
BREAK, we also calculated the relative frequency of years
with growth departure below –1.28 SD during outbreak
years only (S128O), the number of outbreak periods
(NOUT), and the mean (XDUR), minimum (MINDUR),
and maximum (MAXDUR) outbreak duration. The same
variables were calculated using the mean values of the indi-
vidual residual tree series (indicated by a T). The individual
variables were used in estimating within site effects of FTC
defoliation. For each of the individual outbreak periods, we
calculated the relative frequency of white rings (WR) and
missing rings (MR) and years of continuous growth depar-
ture below –1.28 SD (DUR), the maximum negative growth
departure (MAXR), and the mean negative growth departure
(XR). Additional variables calculated from the individual
tree residual chronologies were maximum relative frequency
of white rings (TWRMAX) and missing rings (TMRMAX),
relative frequency of white rings (TWRINT) and missing
rings (TMRINT) during years of white ring or missing ring
formation only, and number of years between maximum
negative growth departure and maximum white ring abun-
dance (TSUPWR).

All variables were analyzed with a one-way ANOVA us-
ing the SYSTAT version 9.01 for Windows package (SPSS
Institute Inc. 1998). Variables were tested for homogeneity
of variance using the Levene test for equality of variance (p
= 0.05). The Levene test is not largely sensitive to depar-
tures from normality as is the problem in other homogeneity
tests (Sokal and Rohlf 1969). If the Levene test was signifi-
cant (p <0.05), equal variance was not assumed and a non-
equal variance post-hoc test was performed (Tamhane post-
hoc test). In the case of equal variance, a Tukey HSD post-
hoc test was performed. All variables were tested among
stand types for the old sites whereas only the overall and
1980 outbreak variables were tested among stand types for
the young sites. Variables from the 1940 and 1960 outbreaks
were not tested among stand types for the young sites due to
insufficient samples reaching these origin dates. To test be-
tween the two age groups, all 1980 outbreak variables were
tested between the two age classes.

Spatiotemporal reconstruction of major outbreaks
To reconstruct the spatial and temporal dynamics of the

major FTC outbreaks of the 20th century, the ArcView GIS
3.3 program (Environmental Systems Research Institute Inc.
1999) was used. Both relative frequency of white rings and
mean growth departure (in standard deviations) per trem-
bling aspen sites were used to construct annual maps of out-

1646 Can. J. For. Res. Vol. 37, 2007

# 2007 NRC Canada



break progression. Mean growth departure values were de-
rived from the OUTBREAK output for each individual re-
sidual tree series. Isolines for mean growth departure were
derived using the interpolate grid function with the inverse-
distance weighting (IDW) method and the nearest-neigh-
bors approach. The number of neighbors was left at 12.
For the purposes of mapping, outbreak periods were consid-
ered to begin during the first year of white ring formation
and to end during the last year of mean growth departure
below –1.28 SD.

Results

Identification of FTC outbreaks
Both trembling aspen and white spruce residual chronolo-

gies cover the period 1806–2002 with the majority of the
samples covering the time period from about 1890 to 2002
(Fig. 2a). Analysis of the signal strength indicated that the
trembling aspen chronology reaches an expressed population
signal (EPS) value of 0.85 in 1873. This indicates that sam-
ple size becomes significant in 1873, and prior to this year,
the identification of FTC outbreaks using growth departure
only may be less reliable due to the decrease in the number
of tree-ring series. Eight periods of growth suppression were
identified (Fig. 2a). Three of these periods occurred between
1806 and 1873 and five from 1873 to 2002. The interval be-
tween major outbreaks for the 20th century was 14–17 years,
with a maximum of 31 years from 1906 to 1937. White
rings and missing rings were observed in association with
all three major growth suppression periods after 1906. The
growth suppression during the 1870s also corresponded to
white ring formation in 1876 (Fig. 2b). Between 1876 and
1909, no white or missing rings were produced. Even
though no periods of growth suppression were identified be-
tween 1906 and 1937, white and missing rings were pro-
duced at low frequency (<1%) in 13 out of 32 years
(Fig. 2b). Other notable periods of white and missing ring
formation occurred between major outbreaks (Figs. 2b and
2c). A small peak of growth suppression in individual series
also occurred between 1998 and 2000.

The first major period of growth suppression in the 20th
century was observed from 1937 to 1948 (Figs. 2a and 2c).
White and (or) missing rings were produced in each year ex-
cept 1937 and 1938 and were most abundant between 1939
and 1942 and between 1946 and 1948 (Fig. 2b). During this
period, 42%–72% of all individual series were affected an-
nually by growth suppression (Fig. 2c). A second period of
major growth suppression was observed from 1962 to 1965.
White and missing rings were observed in 1961 and
throughout the suppression period and were most abundant
in 1962 and, respectively, affected 18.8% and 8.2% of all
trembling aspen series. Between 55% and 61% of individual
series were affected by growth suppression each year of this
period (Fig. 2c). The most recent major period of growth
suppression was observed from 1982 to 1985. White and
missing rings were most abundant, yet rare, in 1984 and
51%–59% of the individual series were affected by growth
suppression each year (Figs. 2b and 2c).

The balsam poplar and paper birch residual chronologies
covered the period 1800–2001, with a majority of the sam-
ples occurring between 1890 and 2001 (Fig. 3a). The analy-

sis of the signal strength indicated that the balsam poplar
and paper birch chronology reached expressed population
signal values of 0.85, respectively, in 1869 and 1891. Peri-
ods of growth suppression and white ring formation in these
species were similar to those found in trembling aspen but
were generally less pronounced (Fig. 2). Growth suppression
in the secondary host species was higher than in trembling
aspen between 1920 and 1924 (balsam poplar only) and be-
tween 1998 and 2000. Between 1998 and 2000, up to 100%
of the trees were affected in both balsam poplar and paper
birch (Fig. 3c). In paper birch, the growth suppression from
1875 to 1880 and the missing rings observed in 1877 (1876
in trembling aspen) substantiate the idea of a large-scale
outbreak during this period. The white rings observed in pa-
per birch during the 1830s may also indicate a large-scale
outbreak; however, low signal strength characterizes the
chronology prior to 1869.

Frequency and intensity of outbreaks among stand types
and age classes

The trembling aspen residual chronologies for the four old
stand types cover the period from approximately 1870 to
2002, with a majority of samples occurring after 1890

Fig. 2. Trembling aspen residual chronology calculated from all
sampled sites in the DMPF. (a) Host and white spruce chronologies
(solid line with circles and light line, respectively) and sample
depth (broken and dotted lines, respectively). Periods identified as
possible outbreaks are marked with a solid bar. (b) Stacked bar
chart showing the relative frequency of white (solid bars) and
missing rings (open bars). (c) Bar chart showing the percentage of
individual series affected by growth suppression.
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(Fig. 4a). Similar periods of growth suppression were found
in the four stand type residual chronologies as in the com-
bined trembling aspen residual chronology. The three major
growth suppression periods of the 20th century were ob-
served in all four stand types, along with the smaller growth
suppression periods in the 1950s, the late 1960s, and the
1990s (Fig. 4a). White and missing rings were recorded in
association with all major periods of growth suppression for
each of the stand types as well as with the smaller growth
suppression periods (Fig. 4b). Overall, the PTR stand type
recorded the most and the PTR-PBA stand type the least
number of years with white ring production. None of the
outbreak characteristics calculated for the period 1900–2002
were found to differ significantly among the four old stand
types (Table 1).

During the outbreak of the 1940s, trembling aspen trees
from PTR-POBA stands recorded significantly higher maxi-
mum growth suppression (–1.66 SD) than those from PTR-
PBA stands (–1.27 SD) (Table 2). However, PTR-PBA
stands had the highest frequency of series affected by
growth suppression during this period, with up to 86% of
series affected by growth suppression during 1941 and
1942; the next highest value was 71% by PTR-PGL in
1942. Multiple years of white and missing ring formation

occurred in all stand types between 1939 and 1942, but
white ring production in the PTR-PBA stand type occurred
later than in the other stand types.

During the 1960s outbreak, PTR stands recorded the high-
est frequency of series affected by growth suppression and
white rings were recorded in 1961, a year before the other
stand types. Trembling aspen trees in the PTR-PBA stands
(–0.2 SD) had higher average growth reduction than those
in PTR stands (+0.09 SD) and a higher maximum (68% ver-
sus 23% and 20%, respectively) and average (21% versus
6% and 5%, respectively) relative frequency of white rings
than in the PTR-POBA and PTR-PGL stand types (Table
2). At the stand level, PTR-PBA stands also had a higher
occurrence of missing rings than the PTR-PGL stands, a lon-
ger duration of severe growth suppression than the PTR,
PTR-POBA, and PTR-PGL sites, and a trend towards a
higher frequency of white rings and higher maximum and
average (–0.56 versus –0.15, –0.26, and –0.18 SD, respec-
tively) growth reduction than the PTR, PTR-POBA, and
PTR-PGL stands. Maximum relative frequency of white and
missing ring formation occurred in 1962 in all four stand
types, with PTR-PBA stand type sites recording the highest
frequency of white and missing ring formation observed for
any year.

Fig. 3. Balsam poplar and paper birch residual chronologies calculated from all sites in the DMPF. (a) Host and white spruce chronologies
(heavy solid and light solid lines, respectively) and host sample depth (broken line). Periods identified as possible outbreaks are marked
with a solid bar. (b) Stacked bar chart showing the relative frequency of white (solid bars) and missing rings (open bars). (c) Bar chart
showing the percentage of individual series affected by growth suppression.
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During the outbreak of the 1980s, PTR-PGL stands had
the highest percentage of series affected by growth suppres-
sion, with 55%–60% of trees affected throughout the out-
break period. During this outbreak, no variables were found
to differ significantly among stand types from those of the
old sites (Table 3).

Young residual chronologies for the four stand types
cover the period from about 1930 to 2002, with a majority
of samples occurring after 1960 (Fig. 5). None of the out-
break characteristics calculated for the period 1936–2002
were found to differ significantly among the young stand
types. Although the small number of samples prevents inter-
pretation of results prior to 1960, all stand types with sam-
ples older than 1960 recorded growth suppression during
the 1940s. Growth suppression in individual series was also
observed during the 1960s but was generally less frequent
than in the older sites and was delayed until the late 1960s.
A growth suppression period during the early 1980s is
present in all young stand types and affected individual re-
sidual series most frequently in the PTR and PTR-PBA
stands. However, outbreak periods were not detected in the

1960s in PTR-POBA stands and in PTR-PBA stands in the
1980s. In addition, very few white and missing rings were
observed for any of the stand types. White ring formation
in the young stands was almost entirely limited to the PTR-
POBA stands, with maximum white and missing ring abun-
dance in 1962. No white rings were formed in young PTR-
PGL stands. When comparing the 1980s outbreak between
the old and the young stands, trees from the young stands reg-
istered significantly higher average growth reduction
(TXR80) than those from old stands (–0.70 versus –0.58 SD)
(Table 4).

Spatial progression of outbreaks
The spatial progression of the longest FTC outbreak

shows that the spread of white ring and growth suppression
occurred gradually from 1939 to 1948 starting in the north-
western portion of the DMPF and spreading throughout the
DMPF until 1942. A clear pattern of white ring formation
was observed, with white rings appearing in the north in
1939, to the northwest in 1940, in the northeast in 1941,
and in the east in 1942 (Fig. 6). More localized areas of

Fig. 4. Old trembling aspen residual chronologies calculated from the site classification: pure trembling aspen (upper left panels), trembling
aspen – jack pine (upper right panels), trembling aspen – balsam poplar (lower left panels), and trembling aspen – white spruce (lower right
panels). (a) Residual host and white spruce chronologies (heavy solid and light solid lines, respectively) and trembling aspen sample depth
(broken line). Sample depth of the white spruce chronology is the same as in Fig. 2. Periods of growth suppression, identified as possible
forest tent caterpillar outbreaks by the OUTBREAK program, are marked with a solid bar. (b) Stacked bar chart showing the relative fre-
quency of white (solid bars) and missing rings (open bars). (c) Bar chart showing the percentage of series affected by forest tent caterpillar
defoliation as identified by the OUTBREAK program.
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white ring and growth suppression formation occurred be-
tween 1945 and 1948. White and missing rings occurred in
successive years in many sites, especially between 1939 and
1942. White rings and growth suppression were closely as-
sociated, except in 1947 and 1948. Growth suppression was
not a major outcome for most of the 1940s outbreak; how-
ever, the highest growth suppression values occurred in
1940–1942 and 1946 (Fig. 6).

The second major outbreak lasted only a few years be-
tween 1961 and 1965 (Fig. 6). Successive years of white
ring formation occurred in some sites, with one site in the
northeastern portion of the DMPF recording white rings
each year between 1961 and 1963. Other sites recorded mul-
tiple years of white ring formation in 1962 and 1963. White
ring formation began in 1961, when five PTR sites had over
50% white ring frequency. Despite the presence of white
rings in 1961, no outbreak signal was detected by the OUT-
BREAK program; however, a severe growth suppression
was observed in both the trembling aspen and white spruce
chronologies during this year (Fig. 2). In 1962, growth sup-
pression and white rings were widespread throughout the
DMPF, except in some areas to the south and in the center
of the DMPF (Fig. 6). White rings in the northern half of the
DMPF were associated with intense growth suppression in
1962, but white rings were not observed in the southernmost
sites despite strong growth suppression. In 1963 and 1965,
white rings and growth suppression occurred only in small,
localized patches and were not associated with each other
(Fig. 6).

During the last recorded outbreak, from 1982 to 1985,
growth suppression and white ring formation predominated
in 1984 (Fig. 6). This outbreak was characterized by small,
localized defoliation events occurring in many areas of the
DMPF. Multiple years of white ring formation did not occur

in any of the sites and both white rings and growth suppres-
sion were localized (Fig. 6). Sites where white rings had
formed were generally associated with growth suppression,
but this was not always the case.

Discussion

FTC outbreak history
Our results indicated that three important periods of FTC

outbreaks occurred between 1900 and 2002 in the DMPF
and at an interval of 14–17 years. This roughly 20-year in-
terval appears to correspond to the outbreak interval identi-
fied in west-central Canada (Cooke 2001; Hogg et al.
2002a) rather than to the 10-year interval more common in
east-central Canada (Bergeron and Charron 1994; Daniel
and Myers 1995; Leblanc 1999; Bergeron et al. 2002; Jar-
don et al. 2002; Cooke and Lorenzetti 2006). Although it re-
mains unclear why FTC populations in the boreal plains of
western Manitoba are behaving more similarily to popula-
tions in the west, a transition in outbreak dynamics appears
to take place in Manitoba. This transition from east to west
may reflect the transition from the boreal shield forests in
Ontario to the boreal plains forests, which are more common
this far south in the prairie provinces. Additionally, increas-
ing fragmentation of the host species, due to the prairies and
land usage, may contribute to the change in insect dynamics
as seen in Quebec (Fortin and Mauffette 2001) and Ontario
(Roland 1993). More studies are required in Manitoba to de-
termine where this transition occurs and whether it is related
to forest type. However, preliminary studies show that white
rings in trembling aspen from southeastern Manitoba have
been produced with an interval of approximately 10 years
since the 1950s (F. Conciatori, unpublished data, personal
communication). This result indicates that the shift between

Table 1. Mean ± SD for the variables characterizing all stands between 1900 and 2002.

Old stands Young stands

PTR PTR-PBA PTR-POBA PTR-PGL p PTR PTR-PBA PTR-POBA PTR-PGL p

No. of sites 9 10 11 10 . 8 9 6 4 .
No. of cores 135 199 185 186 . 149 178 93 69 .
XAGE 1905±12.28 1900±5.22 1912±9.83 1903±11.64 0.060 1961±9.98 1960±14.07 1954±13.52 1964±0.45 0.559
WR (%) 3.07±1.99 2.23±1.30 2.47±1.57 2.00±2.18 0.608 0.78±1.11 0.27±0.81 1.04±1.46 0.00±0.00 0.341
MR (%) 1.54±1.33 2.14±1.65 2.08±1.11 1.67±1.88 0.772 0.54±1.02 0.00±0.00 0.71±1.11 0.61±1.22 0.409
S128 (%) 8.91±1.47 9.92±1.44 8.13±2.09 9.15±3.32 0.344 9.76±3.82 11.28±2.91 9.64±1.69 6.40±2.68 0.087
S128o (%) 26.55±4.01 27.40±7.73 24.26±5.47 23.03±6.07 0.351 31.20±10.99 29.64±6.60 23.70±9.24 20.15±7.51 0.151
NOUT 5.44±0.88 5.00±1.15 4.82±1.25 4.50±1.43 0.399 2.13±0.83 3.00±1.00 2.67±1.37 2.00±0.82 0.258
XDUR 5.57±0.54 6.20±0.97 6.07±1.18 6.70±1.99 0.317 5.94±1.02 5.39±1.01 7.08±2.62 6.50±1.29 0.225
MINDUR 3.22±0.44 5.60±0.52 3.36±0.67 3.80±1.03 0.303 4.88±1.36 3.78±1.09 5.33±2.58 4.25±2.50 0.388
MAXDUR 9.56±1.33 9.10±2.18 8.82±2.40 10.10±3.90 0.710 7.25±2.12 7.22±1.64 9.00±3.46 9.25±2.06 0.285
TWR (%) 1.27±0.64 1.29±1.02 1.02±0.86 0.84±1.10 0.663 0.08±0.12 0.07±0.20 0.57±1.24 0.00±0.00 0.338
TMR (%) 0.42±0.61 0.37±0.40 0.24±0.10 0.14±0.19 0.333 0.07±0.13 0.00±0.00 0.24±0.45 0.12±0.24 0.293
TS128 (%) 7.70±1.28 8.02±0.61 7.80±1.11 8.43±0.98 0.405 3.70±0.79 3.74±1.27 3.99±1.48 3.22±0.25 0.761
TS128o (%) 14.88±4.49 16.23±7.45 18.09±6.51 17.68±4.95 0.635 13.42±9.24 12.28±8.56 9.10±4.94 4.17±8.33 0.281
TNOUT 3.11±1.62 2.90±0.99 4.00±1.41 2.60±0.97 0.085 1.00±0.76 1.00±0.71 1.33±0.82 0.25±0.50 0.170
TXDUR 7.33±3.29 6.47±1.62 6.19±1.53 7.67±2.73 0.452 4.13±2.79 4.83±3.39 6.50±3.74 2.00±4.00 0.247
TMINDUR 5.67±4.09 4.70±1.25 3.73±1.49 5.50±2.99 0.337 3.87±2.70 4.67±3.28 5.83±3.13 2.00±4.00 0.317
TMAXDUR 9.89±3.30 8.30±2.36 8.64±2.34 10.20±3.49 0.391 4.38±2.97 5.00±3.57 7.17±4.49 2.00±4.00 0.209

Note: The variables are number of sites and cores, mean age (XAGE), relative frequency of years with white rings (WR), with missing rings (MR), with
growth suppression below –1.28 SD for the entire period (S128) and identified outbreak years only (S128o), number of outbreaks (NOUT), and mean
(XDUR), maximum (MAXDUR), and minimum (MINDUR) duration of outbreaks in number of years. Variables calculated from the mean of the individual
trees have the added prefix T. PTR, trembling aspen; PTR-PBA, trembling aspen – jack pine; PTR-POBA, trembling aspen – balsam poplar; PTR-PGL,
trembling aspen – white spruce. The p values for the one-way ANOVA tests are indicated.
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Table 2. Mean ± SD for the variables characterizing four stand types for the 1940s and 1960s outbreaks for the old sites.

1940s outbreak 1960s outbreak

PTR PTR-PBA PTR-POBA PTR-PGL p PTR PTR-PBA PTR-POBA PTR-PGL p

DUR 1.56±0.53 1.40±0.70 1.73±0.65 1.40±0.64 0.659 1.11±0.33a 1.70±0.48b 1.09±0.54a 1.20±0.42ab 0.015
MAXR (SD) –2.10±0.23 –1.71±0.35 –2.24±0.53 –1.80±0.66 0.054 –2.24±0.57 –2.70±0.34 –2.19±0.57 –2.13±0.52 0.067
XR (SD) –0.59±0.19 –0.48±0.17 –0.49±0.29 –0.52±0.24 0.727 –0.15±0.35 –0.56±0.33 –0.26±0.40 –0.18±0.32 0.055
WR (%) 12.12±6.43 9.09±8.57 12.40±14.24 7.27±10.32 0.648 22.22±29.17 30.00±15.81 11.36±13.06 10.00±12.91 0.062
MR (%) 6.67±13.22 2.00±4.22 5.45±9.34 5.00±10.80 0.757 13.90±18.16ab 37.50±27.00a 27.27±17.52ab 12.50±17.68b 0.031
TDUR 1.25±0.46 1.00±0.00 1.57±0.53 1.00±0.00 0.051 0.00±0.33 1.20±0.42 1.00±0.45 1.00±0.00 0.290
TMAXR (SD) –1.59±0.24ab –1.27±0.24a –1.66±0.38b –1.37±0.40ab 0.005* –1.76±0.30 –2.00±0.21 –1.72±0.27 –1.74±0.32 0.102
TXR (SD) –0.52±0.16 –0.42±0.11 –0.44±0.22 –0.44±0.16 0.572 0.09±0.22a –0.20±0.24b 0.00±0.26ab 0.04±0.18ab 0.039
TWR (%) 6.48±3.87 4.97±5.83 6.94±7.55 3.53±5.47 0.562 8.70±11.55ab 20.62±13.74a 5.71±8.94b 4.97±9.23b 0.010
TWRMAX (%) 53.66±31.00 38.37±42.11 41.83±37.27 24.79±36.85 0.416 25.52±34.20ab 67.54±35.56a 22.86±35.75b 19.86±36.90b 0.015
TWRINT (%) 45.56±30.62 26.86±28.30 34.78±32.70 16.13±22.54 0.169 20.57±28.72a 63.75±34.05b 22.86±35.75a 19.86±36.90a 0.017
TSUPWR 0.13±1.32 2.67±2.80 –0.14±0.69 –0.75±4.11 0.333 0.25±0.50 –0.11±0.33 0.00±0.00 0.00±0.00 0.299
TMR (%) 2.33±5.57 0.10±0.21 0.52±0.93 0.29±0.61 0.271 4.21±8.02 8.00±9.19 3.79±2.86 2.03±3.81 0.223
TMRMAX (%) 11.11±20.43 1.00±2.11 3.34±4.90 1.48±3.35 0.135 12.74±21.50 22.00±24.18 13.43±11.27 7.13±14.31 0.353
TMRINT (%) 9.17±15.41 1.00±2.11 3.34±4.90 1.21±2.64 0.110 11.57±18.86 15.17±13.60 12.77±11.31 6.88±14.17 0.635

Note: The variables are number of growth reduction years below –1.28 SD (DUR), maximum (MAXR) and average (XR) growth reduction, relative frequency of white rings (WR) and missing rings (MR),
maximum relative frequency of white rings and missing rings in one year (TWRMAX and TMRMAX), average white ring and missing ring relative frequency during years of formation only (WRINT and
MRINT), and number of years between maximum growth reduction and maximum white ring relative frequency (SUPWR). Variables calculated from the mean of the individual trees have the added prefix
T. PTR, trembling aspen; PTR-PBA, trembling aspen – jack pine; PTR-POBA, trembling aspen – balsam poplar; PTR-PGL, trembling aspen – white spruce. The p values for the one-way ANOVA are
indicated with significant models (p < 0.05) in bold and different letters indicating significant differences among stand types after the Tukey post-hoc test.
*Levene test indicates unequal variance; therefore, the Tamhane post-hoc test was used instead of the Tukey post-hoc test.

Table 3. Mean ± SD for the variables characterizing the four stand types for the 1980s outbreak in the old and young stands.

Old stands Young stands

PTR PTR-PBA PTR-POBA PTR-PGL p PTR PTR-PBA PTR-POBA PTR-PGL p

DUR 0.67±0.50 0.90±0.57 1.00±0.77 0.50±0.53 0.256 1.25±1.04 0.56±0.73 0.83±0.75 0.50±0.58 0.318
MAXR –1.55±0.59 –1.71±0.46 –1.50±0.47 –1.31±0.36 0.332 –1.59±0.55 –1.41±0.40 –1.72±0.64 –1.25±0.32 0.467
AVR –0.62±0.15 –0.67±0.38 –0.77±0.34 –0.71±0.19 0.673 –0.87±0.39 –0.68±0.28 –0.93±0.26 –0.80±0.10 0.458
WR (%) 2.78±8.33 2.50±7.91 4.55±10.11 2.50±7.91 0.937 3.13±8.84 2.78±8.33 0.00±0.00 0.00±0.00 0.767
MR (%) 0.00±0.00 5.00±10.54 2.27±7.54 0.00±0.00 0.299 3.13±8.84 0.00±0.00 4.17±10.21 6.25±1.25 0.591
TDUR 0.33±0.50 0.60±0.52 0.36±0.50 0.20±0.42 0.337 0.50±0.59 0.22±0.44 0.50±0.55 0.00±0.00 0.258
TMAXR –1.15±0.42 –1.29±0.37 –1.12±0.35 –1.08±0.32 0.591 –1.27±0.47 –1.12±0.30 –1.32±0.48 –0.98±0.23 0.519
TAVR –0.52±0.12 –0.57±0.29 –0.59±0.25 –0.61±0.15 0.815 –0.77±0.29 –0.61±0.21 –0.74±0.19 –0.66±0.13 0.503
TWR (%) 0.29±0.88 0.13±0.42 1.02±2.43 0.21±0.66 0.440 0.35±0.98 0.69±2.08 0.00±0.00 0.00±0.00 0.739
TWRMAX (%) 1.17±3.51 0.53±1.66 4.09±9.70 0.83±2.64 0.440 1.39±3.93 2.78±8.33 0.00±0.00 0.00±0.00 0.739
TMR (%) 0.00±0.00 0.26±0.56 0.11±0.38 0.00±0.00 0.286 0.31±0.88 0.00±0.00 0.62±1.53 1.25±2.50 0.411
TMRMAX (%) 0.00±0.00 1.06±2.22 0.45±1.51 0.00±0.00 0.286 1.25±3.54 0.00±0.00 2.50±6.12 5.00±10.00 0.411

Note: The variables are number of years below –1.28 SD growth reduction (DUR), maximum (MAXR) and average (AVR) growth reduction, relative frequency of white rings (WR) and missing rings
(MR), and maximum relative frequency of white rings (TWRMAX) and missing rings (TMRMAX). Variables calculated from the mean of the individual trees have the added prefix T. PTR, trembling aspen;
PTR-PBA, trembling aspen – jack pine; PTR-POBA, trembling aspen – balsam poplar; PTR-PGL, trembling aspen – white spruce. The p values for the one-way ANOVA are indicated.
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eastern and western Canada may occur within Manitoba,
although further analysis is needed. A rough 20-year interval
appears to also be present prior to 1900 if the period of low
variance between 1900 and 1936 is removed. However, the
low number of samples prior to 1900 prevents an accurate
analysis of the interval prior to that year.

Major outbreaks in the DMPF have occurred from 1939
to 1948, 1961 to 1965, and 1982 to 1985 and all have origi-
nated in the northern portion of the DMPF. These periods of
outbreak appear synchronized with other reports of FTC ac-
tivity in other areas of Canada (Brown 1941; Elliot and Hil-
dahl 1962; Moody and Cerezke 1985). The synchrony of
forest insects appears to be a complex system, involving a
myriad of factors acting across many and varied scales
(e.g., see Daniel and Myers 1995; Myers 1998; Parry et al.
1998). FTC outbreaks seem to be synchronized differently
in eastern Canada than in western Canada, in terms of the
interval between outbreaks. Perhaps there are some climatic
reasons affecting synchrony, but further large-scale analysis
of the periodicity of FTC outbreaks across Canada is
needed. This would indicate that perhaps there are some cli-
matic factors occurring during the same year across these

synchronous areas. In addition, localized defoliation was ob-
served in the DMPF in 2000 and 2001 (personal observa-
tion) and growth suppression was observed in the host trees
in the late 1990s and early 2000s. A major outbreak during
this time would correspond to the roughly 20-year outbreak
interval observed in the DMPF. This specific outbreak was
not thoroughly analyzed, however, as it overlapped with the
time of sampling and continued past our tree-ring record.
Updating our chronologies at a later date would confirm the
occurrence and importance of this outbreak.

The longest FTC outbreak in the DMPF occurred during
the 1940s. Extensive defoliation took place in much of Can-
ada until 1938 when outbreaks had been greatly reduced ex-
cept in parts of Saskatchewan and Manitoba (Hodson 1941).
Outbreaks of the FTC occurred in northern Minnesota
(Duncan and Hodson 1958) during the 1930s and 1940s.
Trembling aspen growth reduction occurred in Quebec (Ber-
geron et al. 2002) and in combination with white ring for-
mation in central Alberta during this time (Cooke 2001).
The outbreak spread into the DMPF via the Porcupine For-
est Reserve to the north, and by 1939–1940, the extensive
outbreak occurring in the Porcupine Forest Reserve had in-
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Fig. 5. Young trembling aspen (upper left panels), trembling aspen – jack pine (upper right panels), trembling aspen – balsam poplar (lower
left panels), and trembling aspen – white spruce (lower right panels) residual chronologies. (a) Residual host and white spruce chronologies
(heavy solid and light solid lines, respectively) and trembling aspen sample depth (broken line). Sample depth of the white spruce chronol-
ogy is the same as in Fig. 2. Periods of growth suppression, identified as possible forest tent caterpillar outbreaks by the OUTBREAK
program, are marked with a solid bar. (b) Stacked bar chart showing the relative frequency of white (solid bars) and missing rings (open
bars). (c) Bar chart showing the percentage of series affected by forest tent caterpillar defoliation as identified by the OUTBREAK program.
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vaded the northern portion of the DMPF (Brown 1941). For-
est insect and disease survey maps indicate that the outbreak
continued to grow steadily in area and intensity until 1942
and 1944 (Brown 1941; Hildahl and Reeks 1960). However,
white ring and suppression data indicate that a peak in FTC
activity occurred in 1942 with a repercussion in 1946, when
white ring formation and growth suppression were wide-
spread in the DMPF. The 1942 peak is reported in Hildahl
and Reeks (1960), but neither peak was detected by aerial
surveys despite the large amount of the DMPF that seems to
have been affected during this period. Although growth sup-
pression began in 1937, for purposes of this study, the actual
start of the outbreak was considered to be the first year of
white ring production. The presence of white rings in 1939
indicates that insect activity was severe (Hogg et al. 2002b)
and was therefore considered the first outbreak level year.

The outbreak of the early 1960s was short and intense.
Growth suppression was observed throughout the DMPF in
1962 and white rings were formed throughout the northern
half, except in the central area, where a large fire had
burned in 1961 (Tardif 2004). This outbreak occurred as a
part of a larger outbreak, which covered 350 000 km2 of
central Canada from 1957 to 1965 (Elliot and Hildahl
1962). White rings were also observed in western Saskatch-
ewan and central Alberta during this large outbreak (Hogg
and Schwarz 1999; Cooke 2001). Populations of FTCs in
the DMPF had been steadily increasing prior to 1962 and in-
sect activity in that year was recorded as the most extensive
of any year ever recorded in Manitoba and Saskatchewan
(Elliot and Hildahl 1963). This year was also found to have
the highest abundance of white rings in both trembling as-
pen and paper birch compared with any other year. The
abrupt end of the 1960 outbreak is rather remarkable in the
following years, considering the amount of defoliation in

1962. This decline may have corresponded to FTC popula-
tion decline in eastern Canada, which was associated with
late spring frosts in 1963 (Cooke and Lorenzetti 2006).

FTC activity during the early 1980s was also recorded in
the province of Manitoba, particularly in the northwestern
region (Grandmaison 1993), and in western Saskatchewan
and Alberta, where white ring formation was recorded
(Hogg and Schwarz 1999; Cooke 2001). FTC activity was
highest in 1982 and 1983 and decreased in 1984 and there-
after (Grandmaison 1993). During the 1980s, several local-
ized outbreaks occurred, mainly in the northern portion of
the DMPF; however, the outbreak never reached the same
extent as the 1940 or 1960 outbreaks. It is possible that the
rising severity of FTC activity in 1982 and 1983 (Grand-
maison 1993) marked the beginning of a large slow-spread-
ing outbreak similar to the 1940s outbreak. However, the
severe late spring frosts that occurred in 1984 in western
Manitoba (Moody and Cerezke 1985) could have led to a
population collapse. Data from both the Swan River and
Dauphin meteorological stations (5189’N, 10081’W, eleva-
tion 291.7 m above sea level, and 50 km to the southeast of
the DMPF) indicated minimum temperatures below 0 8C for
11 and 17 days, respectively, in April and for 12 days in
May, with the last day with a negative temperature occurring
on 10 June in Dauphin (Environment Canada 2004). Such
extreme weather events play a role in controlling FTC popu-
lations by killing off young buds and leaves causing starva-
tion in the insect populations (Hodson 1941). Roland et al.
(1998) also found that early season cold weather was a factor
in regulating the length of FTC outbreaks in Ontario.

The secondary FTC hosts balsam poplar and paper birch
were affected by the same outbreaks as trembling aspen.
The occurrence of growth suppression and white rings in
both primary and secondary host species confirms that these
outbreaks were intense. In a study done in Minnesota, paper
birch foliage was defoliated only after trembling aspen and
both red oak (Quercus rubra L.) and bur oak (Quercus mac-
rocarpa Michx.) trees were stripped because of the inability
of young larvae to eat the sticky paper birch leaves (Hodson
1941). Growth suppression during the 1920s and the late
1990s affected balsam poplar and paper birch more than
trembling aspen, but white rings were not present. As to the
absence of white rings, it remains unclear if these growth
suppression periods were caused by factors other than the
FTC.

Short periods of white ring formation accompanied by
less severe growth suppression in the DMPF also corre-
sponded to FTC activity and white ring formation in Sas-
katchewan and central Alberta (Hogg and Schwarz 1999;
Cooke 2001). It remains unclear why these localized foyers
did not become major outbreaks; it is possible that specific
conditions (Myers 1998; Parry et al. 1998) were not present
to allow FTC populations to develop. Our results showed
that in all four stand types studied, the interval of the occur-
rence of white rings (1–9 years) was shorter than the major
outbreak interval (approximately 14–17 years), indicating
that severe but localized defoliation by the FTC occurs be-
tween major outbreaks.

FTC dynamics
No differences in outbreak frequency or intensity were

Table 4. Mean ± SD for the variables characterizing the
1980s outbreak for the old and young stands.

p Old stands
Young
stands

No. of sites . 40 27
No. of cores . 705 489
DUR 0.823 0.78±0.62 0.81±0.83
MAXR 0.959 –1.52±0.48 –1.51±0.50
AVR 0.105 –0.70±0.28 –0.82±0.30
WR (%) 0.511 3.13±8.37 1.85±6.67
MR (%) 0.618 1.88±6.67 2.78±8.01
TDUR 0.732 0.38±0.49 0.33±0.48
TMAXR 0.728 –1.16±0.36 –1.19±0.39
TAVR 0.036 –0.58±0.21 –0.70±0.23
TWR (%) 0.773 0.43±1.40 0.33±1.30
TWRMAX (%) 0.773 1.73±5.58 1.34±5.19
TMR (%) 0.129 0.10±0.35 0.42±1.25
TMRMAX (%) 0.129 0.39±1.39 1.67±5.00

Note: The variables are number of sites and cores, number of
years below –1.28 SD growth reduction (DUR), maximum
(MAXR) and average (AVR) growth reduction, relative frequency
of white rings (WR) and missing rings (MR), and maximum rela-
tive frequency of white rings (WRMAX) and missing rings
(MRMAX). Variables calculated from the mean of the individual
trees have the added prefix T. The p values for the one-way AN-
OVA are indicated with significant differences (p < 0.05) in bold.
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observed among the stand types for the period 1900–2002.
However, effects may not have been detectable due to
neighborhood effects stemming from pseudoreplication in
the sampling design. A comparison of stand type is required
across a greater landscape scale to determine if this lack of
effects is merely due to neighborhood effects. Others also
observed that similar numbers of white rings occurred in
mixed and pure stands of trembling aspen (Hogg and

Schwarz 1999) and that the proportion of trembling aspen
did not affect outbreak duration (Roland 1993). Our results
clearly indicated significant differences among stand types
during the 1960s outbreak, however. During the 1960s out-
break, trembling aspen trees growing in PTR-PBA stands re-
corded more growth loss and more white and missing rings
(approximately 20% more) than the other stand types. This
outbreak was unique in intensity and followed the extreme

Fig. 6. Map of the DMPF showing the progression of the 1939–1948, 1961–1965, and 1982–1985 forest tent caterpillar outbreaks. Mean
negative growth deviation from white spruce growth (surface contours), in standard deviations, is presented. The relative frequency of white
rings (circles) (%) is also presented. Data were calculated for all sites with trembling aspen and are presented for each year.
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drought event of 1961. The combination of drought and se-
vere defoliation may have heightened growth reduction in
trembling aspen. Trembling aspen decline (excessive die-
back) has previously been associated with the combined ef-
fects of drought and FTC outbreaks (Candau et al. 2002;
Hogg et al. 2002a). Trees in the PTR-PBA site type may
have been especially susceptible to moisture stress, as jack
pine generally grows on dry sites throughout its range and
is known to grow on rock outcrops in the boreal forest
(Sims et al. 1990). Although it has been difficult to directly
link environmental factors to the cyclic patterns of insect
outbreaks (Myers 2000), several factors may affect the rela-
tionship between defoliating insects and their hosts causing
increased weakening of the hosts (Mattson and Haack
1987). This additional weakening may lead to increased fun-
gal and microbial infection in the affected trees (Mattson
and Haack 1987; Sutton and Tardif 2005).

Evidence for FTC outbreaks in the young stands was also
present, but the length and timing of the growth suppression
period and observations of white rings were more variable.
The period between 1900 and 1936 also represents a period
when the forest was young after fires burned much of the
forest during the late 1800s (Tardif 2004). Evidence of FTC
activity was limited and varied during this period as well.
Young stands may therefore be less reliable for the identifi-
cation of FTC outbreaks. White rings have, however, previ-
ously been experimentally induced in young trees (Hogg et
al. 2002b) and have been observed in the young portion of
trembling aspen stems (Sutton and Tardif 2005). It is possi-
ble that young sites may only record outbreaks of a given
intensity, and the 1980s outbreaks, or those occurring be-
tween 1900 and 1936, were not intense enough to be re-
corded by the younger trees. Although older stands may be
more susceptible to insect activity, due to a general reduc-
tion in physiological activity due to age, especially after re-
peated defoliation throughout their lives (Duncan and
Hodson 1958; Hildahl and Reeks 1960), the evidence for
the outbreak during the 1980s was also weak in older sites.
The greater variability among young trees observed during
this study suggests that care should be taken to sample trees
of different ages because relying on young trees, or the
younger portion of trees, may bias the results due to differ-
ing physiological responses to defoliation; this point requires
more study.

White ring occurrence
In general, white rings and growth suppression during the

major outbreaks occurred simultaneously in the same sites,
but this was not always the case. For example, FTC activity
throughout the 1940s outbreak may have been intense
enough to induce white ring formation but was not as effec-
tive at causing severe growth suppression. White rings were
produced several years in a row in some sites but not in
other sites and they were not necessarily formed in all trees
sampled within a site (Sutton and Tardif 2005). It is unclear
why white rings are formed in some cases and not in others
and this requires more study. Cooke (2001) observed in cen-
tral Alberta that periods of severe growth suppression in
trembling aspen occurred in the absence of white rings.
Hogg and Schwarz (1999) also found that white rings were
not necessarily formed in all stems within a site and were

not formed in every site within the same year. White rings
were experimentally produced only when 98%–100% of the
tree was defoliated in early June and were not produced
with less defoliation or when defoliation occurred in late
June to August (Hogg et al. 2002b; Jones et al. 2004). It
has been postulated that white ring formation is associated
with a shortage of carbohydrate leading to the development
of thin fiber walls (Sutton and Tardif 2005). The absence of
white rings could be explained by slight delays in the timing
and intensity of the insect defoliation, differences in resist-
ance to early defoliation, reserve accumulation, or perhaps
speed of refoliation (Bassman and Dickmann 1982; Land-
hausser and Lieffers 2002), but this requires more study.

The absence of white rings in some trees may also be due
to differing susceptibility to the FTC among different clones
of trembling aspen. Trembling aspen clones have been ob-
served to have differing susceptibility to insects and disease
(Barnes 1966). For instance, hypoxylon canker (Hypoxylon
mammatum (Whal.) Miller) infection was found to differ
greatly between clones growing on the same site (Copony
and Barnes 1974). Trembling aspen clones have also shown
variation in resistance to decay (Wall 1971) and drought
treatments (Griffin et al. 1991). Recent findings in mixed
boreal forests suggest, however, that clonal differences
might not play as important a role as once thought (Wyman
et al. 2003; Namroud et al. 2005). More direct study on the
effects of defoliation causing white ring formation in differ-
ent trembling aspen clones is required. In general, white
rings have been useful for identifying past FTC outbreaks,
but they should be used in combination with other indicators.
White ring evidence during the 1940s and 1960s outbreaks
indicated that not only are white rings associated with FTC
activity in trembling aspen but may also be used as an indi-
cator of defoliation in balsam poplar and paper birch.

Conclusion
Three major FTC outbreak periods along with several

smaller localized outbreak periods were identified the
DMPF between 1900 and 2002, with an additional possible
large-scale outbreak occurring during the 1870s. Outbreak
periods occurring from 1939 to 1948, from 1961 to 1965,
and from 1982 to 1985 were associated with severe growth
suppression and the formation of white and (or) missing
rings in all three host species. These outbreaks were syn-
chronous with outbreaks in western Canada, in terms of
their interval, and differed slightly in their intensity. The
1940s outbreak was prolonged and spread slowly throughout
the DMPF, causing white ring production throughout the
forest. The 1960s outbreak followed an extreme drought
event in 1961 and was short. Intense white ring formation
and growth suppression affected much of the DMPF and
dry sites were especially affected. The 1980s outbreak began
as small, localized foyers of insect activity and a larger out-
break may have been cut short. Although white rings and
growth suppression were produced during each of these out-
breaks, they were not always associated and this may be due
to slight differences in the timing and severity of the defoli-
ation and to the ability of individual trees to react to defoli-
ation, but this remains untested. The outbreak signal in
younger aspen trees was more variable and it may be neces-
sary to sample both young and old trees when doing this type
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of study to negate any age-related bias. The age-related
bias was, however, not measured and further direct study
pertaining to this issue is needed. This study showed that
using white rings and growth suppression to reconstruct
FTC outbreaks was successful when no aerial surveys were
available.
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