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Abstract. Radial increment cores from Douglas-fir (Pseu- 
dotsuga menziesii) and blue spruce (Picea pungens), 
defoliated by western spruce budworm (Choristoneura 
occidentalis), were analyzed by means of dendrochronolo- 
gical methods and compared with cores from undefoliated 
ponderosa pine (Pinus ponderosa) and lodgepole pine 
(Pinus contorta) growing on the same sites in the Front 
Range, Colorado. Extensive deforestation during the gold 
and silver booms in the second part of the nineteenth 
century led to dense and almost pure stands of shade- 
tolerant budworm host species. By using the skeleton plot 
method, the number of trees with clear growth reductions is 
obtained, thus representing an exact record of forest insect 
attacks. The analysis of abrupt growth reductions revealed 
at least nine outbreaks of western spruce budworm between 
1720 and 1986, the majority occurring in the nineteenth 
century. The outbreaks were graphically compared with 
periods of attack in New Mexico and Colorado which were 
detected by other scientists employing tree-ring measure- 
ment techniques. No increase in the frequency of severe 
outbreaks during the twentieth century was observed, yet 
there is some evidence that the most recent outbreak might 
be the most severe ever recorded. Open Douglas-fir stands 
on higher sites were more susceptible to heavy budworm 
attack than dense stands on lower sites. Blue spruce was 
less frequently and less severely attacked than Douglas-fir. 
The spatial pattern of historical outbreaks generally was 
very patchy. 
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Introduction 

Trees usually react to insect attack with abrupt growth 
reductions. Many studies have demonstrated the negative 
effect of forest insect outbreaks on radial growth by using 
dendrochronological methods, e.g. Hildahl and Refks 
(1960) on Malacosoma disstria, Vins and Materna (1969) 
on Lymantria monacha, and Schwenke (1978) on Tortrix 
viridiana. 

Several studies deal with issues related to rhythmic or 
periodic outbreaks. Geer (1975), Schweingruber (1979) and 
Pignatelli and Bleuler (1988) reconstructed the cyclic 
outbreaks of Zeiraphera diniana in two alpine valleys 
over the last 700 years. Filion et al. (1993) showed that 
Pristiphora erichsonii periodically has affected Larix 
laricina in northern Quebec since the beginning of the 
nineteenth century. According to Christensen (1987) the 3-, 
4-, and 5-year cycles of infestations of Melolontha melo- 
lontha are reflected in ring-width growth of European oaks. 
Several outbreaks of Epirrita autumnata on Betula pub- 
escens at the northern timberline of Scandinavia over the 
past 200 years have been reconstructed (Eckstein et al. 
1990). 

The relationship between outbreaks of Choristoneura sp 
and radial growth of several conifer species has been 
extensively studied, mainly by Blais (1962, 1965, 1983) 
on Abies balsamea and Picea glauca, Swetnam (1986) on 
Pseudotsuga menziesii and Abies concolor, Swetnam and 
Lynch (1989) on Pseudotsuga menziesii, and Morin and 
Laprise (1990) on Abies balsamea and Picea glauca. All of 
these authors tried to relate recent spruce budworm out- 
breaks to the intensities and frequencies of historical 
outbreaks by using classic dendrochronological techni- 
ques. Ring-width measurements of many host tree samples 
were averaged to construct ring-width chronologies and 
these were compared with ring-width chronologies of non- 
host trees growing at the same location. This method 
clearly emphasizes the intensive outbreaks. However, out- 
breaks that are visible in only a few trees may be averaged 
out of mean ring-width series. Thus, these procedures do 
not allow the precise dating of the initial year of an 
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Fig. 1. The study area on the east- 
ern slope of the Front Range near 
Boulder, Colorado. Map after Ve- 
blen and Lorenz (1986). Sub-area 
(a): Boulder Canyon 2060-2550 
m.a.s.1. (meters above sea-level). 
Sub-area (b): Peak to Peak High- 
way 2485-2660 m.a.s.1. 1, 24 and 
25 = sites outside the two main 
study areas 

outbreak,  because  its beg inn ing  is usual ly  not  concen t ra ted  
in one  year. To avo id  these  d isadvantages ,  we  used the 
ske le ton  plot  m e t h o d  (Douglass  1941) wh ich  h ighl ights  the 
beg inn ing  of  abrupt  g rowth  changes  as we l l  as their  
duration.  In contras t  to r ing-wid th  m e a s u r e m e n t s  it also 
shows  the exac t  n u m b e r  o f  af fec ted  trees in any speci f ic  
year. H o w e v e r ,  this v isual  m e t h o d  requires  that abrupt  
g rowth  reduct ions  e x c e e d  a 40% threshold,  and abrupt  
g rowth  re leases  a 150% threshold  (Schwe ing rube r  et al. 
1986). 

A ma jo r  goal  o f  this s tudy was  to test i f  the  mod i f i ed  
ske le ton  plot  m e t h o d  (Schwe ingrube r  et al. 1990) a l lows 
ident i f ica t ion  o f  past  forest  insect  infestat ions.  We com-  
pared  samples  f rom eco log ica l ly  di f ferent  sites in order  to 
f ind re la t ionships  be tween  local  eco log ica l  site condi t ions ,  
h is tor ical  defores ta t ions  and the f r equency  and intensi ty  o f  
wes te rn  spruce b u d w o r m  outbreaks.  A compar i son  was  
m a d e  wi th  outbreaks  ident i f ied  by S w e t n a m  and Lynch  
(1989) in N e w  M e x i c o  and Co lo rado  in order  to test  for  
poss ib le  co r respondences  in f luctuat ions  o f  b u d w o r m  
popula t ions  o v e r  large areas. 

M a t e r i a l s  a n d  m e t h o d s  

The study sites were located on the eastern slopes of the Front Range 
near Boulder, Colorado, between 2060 and 2660 m on soils derived 
from granite bedrock. The mean annual precipitation ranges from 
1000 mm on Niwot Ridge at 3500 m to 460 mm in Boulder at 1600 m 
(Callahan 1986). Strong winds affect the vegetation throughout the 
year, especially at the upper timberline. During the gold and silver 
booms, from 1859 until the beginning of the twentieth century, virgin 
forests were either extensively logged or bumed (Veblen and Lorenz 
1986). 

Except for three sites the study material was collected from two 
sub-areas (Fig. 1): 

Sub-area A, Boulder Canyon. From Nederland in a NE direction down 
to Boulder. 

The dry south-facing slope is characterized by open stands of 
ponderosa pine (Pinus ponderosa), interspersed with Rocky Mountain 
juniper (Juniperus scopulorum) and a few Douglas-fir (Pseudotsuga 
menziesii). Prickly pear (Opuntia phaeacantha) is typical. Moister 
north-facing slopes are covered with mostly dense stands of Douglas- 
fir and lodgepole pine (Pinus contorta). Ponderosa pine is more 
common on the comparatively xeric upper slope; as the environment 
moistens further down the number of blue spruce (Picea pungens) 
increases. The moistest flat sites are occupied by mixed stands of 
Douglas-fir and blue spruce with an occasional ponderosa pine. 
Broadleaf trees such as quaking aspen (Populus tremuloides), Rocky 
Mountain maple (Acer glabrum), bog birch (Betula glandulosa), and 
willow (Salix sp) are very common as well. Reed (Phragmites 
australis) is typical. 

Sub-area B, Peak to Peak Highway. A mountainous area north of 
Nederland along the Peak to Peak Highway. 

On dry sites of S to SE aspects mixed stands of Douglas-fir and 
ponderosa pine dominate. On moister sites of N to NW aspects there 
are mainly either pure Douglas-fir stands or mixed stands of Douglas- 
fir and lodgepole pine. At higher elevations (>2500 m) isolated 
individuals of limber pine (Pinus flexilis) can be found. Quaking 
aspen is the most common broadleaf tree. As a pioneer species it 
inhabits clearings. 

A total of 580 increment cores were taken from 25 sites during the 
growing season of 1986:366 Douglas-fir cores from 22 sites, 98 blue 
spruce cores from 8 sites, 92 ponderosa pine cores from 8 sites, and 24 
lodgepole pine cores from 2 sites (Table 1). 

Sites were selected based on the representativeness of the forest, on 
the variation of topographic position and composition of vegetation 
within each sub-area (all sites were phytosociologically defined after 
Braun-Blanquet (1964). The soil moisture capacity was estimated after 
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Table 1. Study sites 

Area Site Altitude 
(m) 

Soil 
conditions 

Characteristic speciesJ Aspect Slope 
dip( ~ ) 

Number  of  cores 

Rm.a Ep.b Rpo.c Rco.a 

Coal Creek 

Canyon 

Boulder 

Canyon 

Peak to Peak 
Highway 

Sugarloaf 

Mountmn 

St. Vrain 
Creek Canyon 

1-ZUG 

2-MIN 

3-SUD 
4-RAN 
5-STE 
6-FAL 
7-LOG 
8-PON 
9-NOR 
10-FEL 
11-STA 
12-PIC 

13-SHE 
14-HU1 
15-HU2 
16-HU3 
17-LAK 
18-WES 
19-OST 
20-RAC 
21-SN1 
22-SN2 
23-MOO 

24-SUG 

25-RIV 

2150 

2425 

2140 
2350 
2120 
2060 
2300 
2550 
2520 
2490 
2480 
2400 

2485 
2660 
2610 
2485 
2545 
2580 
2620 
2580 
2660 
2630 
2645 

2605 

2180 

vde 

mg 

vd 
d f 

m 
mo h 
m o  

d 
m 
m 
m 

m o  

m o  

d 
m 
m 
d 
d 
d 
d 
d 
d 
m o  

d 

m 

Opuntia sp SE 45 23 

Acer glabrum N W  25 12 

Opuntia sp S 40 16 
Purshia tridentata NNE 5 12 
Acer glabrum N 45 18 12 
Alnus tenuifolia Flat 0 12 12 
Phragmites australis Flat 0 12 12 
Artemisia tridentata SW 20 16 
Acer glabrum N 15 36 
Senecio triangularis SW 20 16 
Linnaea borealis N W  10 15 12 
Equisetum arvense flat 0 10 

Carex aquatilis flat 0 16 
Purshia tridentata E 10 26 
Thalictrum occidentale N 20 36 
Lonicera involucrata N 30 12 12 
Artemisia tridentata S 10 12 
Purshia tridentata W 20 16 
Purshia tridentata E 10 12 
Purshia tridentata W 20 16 
Sedum sp flat 0 12 
Ribes cereum flat 0 12 
Salix sp flat 0 12 

Eriogonum umbellatum SE 30 12 

Tellima grandiflora N W  10 12 

11 
12 

12 

10 

12 

12 

12 

11 

12 

12 

a Rm. = Douglas-fir  
b Rp. = blue spruce 
c Rpo. = ponderosa pine 
d Rco. = lodgepole pine 
e vd = very dry 
f d - -  d ry  

g m = medium 
h mo = moist  
J Only species that are characteristic for hydrological conditions of 
sites are listed (Landolt 1977) 

Landolt 1977) on budworm infested host trees, and on the presence of 
non-host  trees in or close to (within 500 m) the selected stands. 

At least 12 dominant  or codominant  host trees (Douglas-fir and/or 
blue spruce) exceeding approximately 20 cm diameter at breast height 
(approx. 1.37 m above ground level) were selected within an area of  
5 0 0 - 1 0 0 0  m 2 at each site. No samples were taken from dead trees 
because the current outbreak would have been overemphasized 
compared to past outbreaks which were only represented by surviving 
trees. One increment core per tree was extracted at breast height. On 
slopes the cores were taken on the upslope side of  the trees to avoid the 
influence of compression wood. In addition, samples of  at least 10 
non-host  trees (ponderosa or lodgepole pine) were either taken inside 
the site or in pure non-host  stands not more than 500 m from the site 
centre. 

All increment cores were cross-dated using the skeleton plot 
method (Douglass 1941) in order to identify ring anomalies such as 
miss ing or false rings. The onset  and duration of  growth reductions 
were not determined through ring-width measurements  but on the basis 
o f  observed conspicuous changes in radial tree growth called 'abrupt 
growth changes '  (Schweingruber et al. 1990). The result is a record 
which expresses the proportion of affected trees of  a population during 
an outbreak. For each core the tree-ring sequence of average radial 
growth was determined. Abrupt  reductions of 40% or more and 
increases of  150% or more, compared to the four preceeding years, 
can be recognized with the naked eye. In contrast to Schweingruber 

et al. (1990) we distinguished five classes of  growth reduction in order 
to identify budworm outbreaks within ring sequences of extreme 
increment decline as definitely as possible. 

Class 1, moderate reduction: 4 0 - 5 0 %  growth loss 
Class 2, distinct reduction: 5 1 - 6 5 %  growth loss 
Class 3, strong reduction: 6 6 - 8 0 %  growth loss 
Class 4, very strong reduction: 8 1 - 9 0 %  growth loss 
Class 5, extreme reduction: 9 1 - 1 0 0 %  growth loss 
Also in contrast to Schweingruber et al. (1990) we defined a 

growth reduction as three consecutive narrow rings in order to 
reconstruct short outbreaks. The first year of  such conspicuous ring 
sequences is called an 'event year ' ,  a term which is also used for single 
rings with extreme positive or negative deviations from average width. 
Both event years and phases of  growth reduction/increase were added 
up and recorded in 'master  plots'  for each species and site. This 
allowed identification of  concentrations of  synchronous events and 
phases of  reduced/increased growth. Where more than 40% of the trees 
from one site displayed an event year in any given year, we called that 
year a 'pointer year ' .  

For reasons of  clarity, we considered a weighted diagram to be 
more appropriate for depicting the course of the abrupt growth changes 
than the conventional diagrams used, for example, by Kontic et al. 
(1986) or Schweingruber et al. (1986, 1990) which display the 
different classes of  abrupt growth reduction/release. Thus,  the abrupt 
growth change values of  the single trees were added up per site and 
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Fig. 2. Reconstruction of western spruce 
budworm outbreaks (master plot of all 25 
sites). Percentage of dominant trees with 
growth reductions weighted with respect to 
n and f = 5 (see Materials and methods for 
details): ~ Douglas-fir/blue spruce 
(hosts), - -  ponderosa pine and lodgepole 
pine (non-hosts), J, outbreak of the western 
spruce budworm (long arrow = outbreak 
verified by US Forest Service records), _ - -  
sample depth of hosts in percent (Douglas- 
fir n = 266, blue spruce n = 98), and - - -  
sample depth of non-hosts in percent 
(ponderosa and lodgepole pine n = 116). 
The arrows indicate periods in which the 
host species showed reduced growth while 
the non-hosts grew normally or were even 
in a growth release period. Thus, the arrows 
indicate outbreaks of the western spruce 
budworm. The length of such a period (year 
of abrupt growth reduction to year of abrupt 
growth release or to year of a further 
increase of growth reduction) is considered 
to be the duration of an outbreak. The initial 
year of an infestation equals the year of the 
abrupt growth decrease in the host tree 
chronology 

species and weighted with respect to the maximum class of abrupt 
growth change and the number of trees available per year according to 
the formula 

(~ ,100) 
A - 

( f  * n) 
A = percentage of trees with abrupt growth changes weighted 

with respect to f and n 

~ - ~ =  Sum of the abrupt growth changes per site and species 
5=1 
f = Weighting factor which equals the maximum class of abrupt 

growth change (= 5) 
n = number of samples 

No information is lost using this weighting procedure regarding the 
intensity of an abrupt growth change. The calculated values show the 
percentage of trees which theoretically are in a period of maximum 
growth reduction/release. 

To isolate the effects of western spruce budworm defoliation on 
tree growth from climatic or anthropogenic effects, ring sequences 
from host and non-host trees were compared (Swetnam 1986, Swetnam 
and Lynch 1989). In our study area, ponderosa and lodgepole pine 
served as non-host species. Swetnam and Lynch (1989) showed that 
ponderosa pine is a good estimator of Douglas-fir growth. For each 
site, host and non-host increment sequences were compared graphi- 
cally. Periods which showed an opposite radial growth of host and non- 
host trees were interpreted as budworm phases: radial increment of 
host trees had to exhibit an abrupt growth reduction while non-hosts 
showed none or even a growth increase before an outbreak was 
suspected. 

The severity of historical budworm outbreaks carmot be absolutely 
computed, but the difference between observed and expected radial 
growth can be estimated (Swetnam and Lynch 1989). With the skeleton 
plot method it is possible to assess the severity of outbreaks with the 
before-mentioned five-step classification. Yet, for the comparison of 
sites, we used three severity classes 'weak', 'strong' and 'no'  outbreak 

in order to avoid a disproportionate interpretation of the data. Weak 
outbreak: 25-49% of the host trees exhibit an abrupt growth reduc- 
tion. Strong outbreak: either ~ 50% of the host trees exhibit an abrupt 
growth reduction of class 1 or 2, or --> 33% of class 3, 4 or 5, and no 
outbreak: < 25% of the host trees exhibit an abrupt growth reduction. 

The duration of an outbreak was defined as the period of reduced 
growth of host trees (year of abrupt growth reduction to year of abrupt 
growth release or to year of a further abrupt growth reduction). 

Other records of western spruce budworm outbreaks in New 
Mexico and Colorado were obtained by tree-ring measurements 
(Swetnam and Lynch 1989). Fundamental differences in measure- 
ment, computation and presentation between the two methods did 
not allow for direct comparisons of initial year, period or severity of 
outbreaks; however, the dates of the outbreaks could be graphically 
compared. 

Results 

M i s s i n g  r ings  

C r o s s - d a t i n g  r e v e a l e d  a to ta l  o f  131 m i s s i n g  r ings  f r o m  580  
t ree  cores .  A l t h o u g h  the  m a j o r  pa r t  o f  all  a b s e n t  t i n g s  
( 9 3 % )  a p p e a r e d  in  Doug las - f i r ,  o n l y  2 9 . 7 %  c o n s i s t e n t l y  
o c c u r r e d  d u r i n g  pe r iods  i den t i f i ed  as b u d w o r m  ou tb reaks .  
T h e  m o s t  d i s t inc t  ' p o i n t e r  y e a r '  was  1954,  w h e n  16% o f  the  
D o u g l a s - f i r  s a m p l e s  or  11% o f  all  a n a l y z e d  radi i  s h o w e d  an  
a b s e n t  r ing.  1954 was  the  d r ies t  yea r  s ince  1900 ( C a l l a h a n  
1986).  A p a r t  f r o m  1954 m o s t  o f  the  m i s s i n g  t i n g s  a p p e a r e d  
in  1925,  1955 and  1963 in hos t  a n d  n o n - h o s t  s a m p l e s  f r o m  
e x c l u s i v e l y  xer ic  sites. 
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Table 2 Reconstructed outbreaks of western spruce budworm per site and species 

outbreaks C f Boulder Canyon Peak to Peak Highway S g V h 

Douglas-fir 
1739-45 
1794-1801 
1830-39 
1845-51 
1861-65 
1870-75 
1885-93 
1944-46 
1980- 

a d 

c | ' b  

i i i i  i ,  
, , ' . i  . i i  i i i  , , , i -  i ,  

site No. 1 e 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 e 25 e 

blue spruce 
1829-34 
1845-48 
1854-62? 
1863-69 
1870-85 
1944-46 
1980- i | | i : 
site No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 

a | = distinct outbreak, -->50% (->33%) of host trees exhibit an abrupt growth reduction of class 1 or 2 (class 3, 4 or 5) 
b .  = weak outbreak, 25-49% of host trees exhibit an aprupt growth reduction 
c _ = no outbreak, < 25% of host trees exhibit an abrupt growth reduction 
d No symbols = no samples 
e Sites 1, 24 and 25 lie outside the two main study areas. 
f C = Coal Creek Canyon, g S = Sugarloaf Mountain, h V = St. Vrain Creek Canyon. 

Frequency, duration and severity of outbreaks 

Compar ison  of  the frequency of  abrupt growth reductions 
between the host species (Douglas-fir ,  blue spruce) at tacked 
by western spruce budworm and the non-host species 
(ponderosa pine, lodgepole  pine) revealed several aperio- 
dic infestation phases (Fig. 2). These two diagrams display 
the summation of  periods with reduced growth of  all 
samples for each species between 1720 and 1986 (blue 
spruce data from 1820) weighted with respect to the 
theoret ical ly possible  max imum growth reduction (see 
Mater ia ls  and methods for details). The percentage of  
samples per  year  should be remembered  to avoid possible 
misinterpretat ion of  the data. Likewise  it is important  to 
remember  that all the study host trees survived past 
outbreaks. Thus the most  severe outbreaks in the past 
may  not be fully represented because the trees which died 
during an outbreak could no longer be measured. 

Defol iat ion by western spruce budworm usually results 
in an abrupt growth reduction in host trees while non-hosts 
either grow normal ly  or show an abrupt growth release. 

Budworm outbreaks were analyzed for each host spe- 
cies. Al together  nine outbreaks were identified in 266 
Douglas-f i r  samples,  and seven outbreaks in 98 blue 
spruce samples.  

The average interval between initial years of  successive 
outbreaks was 30.1 years (range 9 - 5 9  years, SD 19.4 
years) for Douglas-f i r  and 25.2 years (range 7 - 7 4  years, 
SD 16.2 years) for blue spruce. 

The average duration of  an outbreak was 6.9 years 
(range 3 - 1 0  years, SD 2.2 years) for Douglas-f ir  and 7.5 
years (range 3 - 1 6  years, SD 5.2 years) for blue spruce. The 
values indicate that frequency and duration of  outbreaks 
were highly variable, especial ly in the blue spruce se- 
quences (see also Table 3). 

An increase in the frequency of  budworm infestations 
between 1830 and 1900 is evident, as well as a period of  
greatly reduced growth of  both hosts and non-hosts in the 
early 1840s. However,  the tree-ring sequences of  the two 
host species did not reveal the same outbreak pattern. The 
three subsequent outbreaks in blue spruce (1854, 1863, 
1870) followed each other without any growth release in 
between. Whereas,  at the same time, the outbreaks in 
Douglas-f ir  were clearly separated by growth recovery. 
There was only one similar occurrence in Douglas-fir,  
where no growth recovery fol lowed the 1830s budworm 
infestation. The 1854 outbreak was only visible in blue 
spruce, and the 1885 outbreak only appeared in Douglas-fir.  

In contrast to the increasing number of  outbreaks 
between 1830 and 1900, the tree-ring sequences before 
and after this period each exhibited two outbreaks within 
about 100 years. Thus there is no evidence that the 
frequency of  outbreaks has increased in our century. 
Nonetheless,  both young and old trees showed about the 
same class of  reduction, which might be an indication of  an 
increase in the intensity of  the most recent outbreak. A 
current study on the larch bud moth (Zeiraphera diniana) in 
the central Swiss Alps (U. Weber, unpublished data) 
indicates that radial growth of  young trees (Larix de- 
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Fig. 3. Outbreaks of western 
spruce budworm in the 22 
Douglas-fir sites subdivided in 
respect of altitude and soil 
moisture capacity (three-step 
classification): �9 strong out- 
break, O weak outbreak, O 
no outbreak, and �9 no samples. 
The hydrological classification 
of the sites was determined by 
phytosociological mapping 
(Landolt 1977) 

cidua) is reduced less during an outbreak than radial growth 
of  old trees. 

Al though some of  the host trees demonstrated a growth 
reduction in 1976, by the definit ion used earlier, the 
outbreak began in 1980. By 1985, the outbreak increased 
further with 23% of  the host trees demonstrat ing growth 
reductions. 

Ecological pattern of sites and outbreaks 

The outbreaks of  western spruce budworm were compi led  
per study site and host species (Table 2). The long-term 
effect of  the heavy deforestat ions in the nineteenth century 
is manifested by the two age classes of  the montane forests: 
most  of  the stands are either less than 120 years  or more 
than 200 years old. Thus it was not possible  to gain 
information about older  budworm infestations from all 
stands. Most  young stands were located in the Boulder  
Canyon area. 
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Table 3. Frequency and duration of western spruce budworm outbreaks in Colorado and New Mexico. For the calculation of the duration the current 
outbreak data (1980s) were excluded 

Swetnam and Lynch data (1700-1960s) 

New Mexico Douglas-fir Colorado Douglas-fir 

Boulder data (1730-1980s) 

Colorado 

Mean SD Mean SD Douglas-fir blue spruce 

Mean SD Mean SD 

Interval between 34.9 13.1 36.8 17.2 30.1 19.4 25.2 16.2 
initial years of 
succesive outbreaks 
(years) 

Duration (years) 13.8 6.0 11.6 5.1 6.9 2.2 7.5 5.2 

No outbreak was manifested on all research sites, not 
even the most recent one. Comparatively distinct infesta- 
tions were found in the 1790s (heavy outbreaks in four out 
of six stands) and the 1980s (heavy outbreaks in 15 out of 
25 stands), while those of the 1830s (2 out of 10) and 1870s 
(3 out of 13) were relatively weak. A comparison of the two 
main study areas did not reveal any important differences in 
the frequency of outbreaks. Most of the stands in the 
Boulder Canyon area were too young for comparison 
with older infestations. 

Comparing the single sites, a pattern of varied budworm 
injuries was found. While the stands 16 and 18 were 
attacked during almost every outbreak, the nearby stands 
17, 21, and 22 (the five stands lie within approximately 
1 km 2) were affected during at most two outbreaks (apart 
from site 16 the soil moisture capacity was low). The 
following Douglas-fir stands were attacked in less than 
50% of the outbreaks: 3, 17, 21, and 22. Blue spruce stands 
tended to be small and, as a consequence, often escaped an 
attack: three out of eight stands were never infested; 
however, all of them were less than 120 years old. 
Surprisingly, the blue spruces of site 16 were not affected 
during the most recent outbreak. Old and young stands 
were equally defoliated. 

In general the pattern of outbreaks was very patchy. One 
trend, however, is obvious: 80% of the actual outbreaks in 
the Douglas-fir stands from the Peak to Peak Highway area 
were heavy while there were only 37.5% heavy outbreaks 
in Boulder Canyon. Thus, heavy insect attacks seem to 
have predominantly occurred in high elevation stands. 

By means of eco-diagrams (Ellenberg 1982) we tried to 
discover possible relations between the last seven budworm 
outbreaks in Douglas-fir stands and altitude/soil moisture 
capacity of the sites (Fig. 3). The soil moisture capacity was 
defined by means of phytosociological mapping. In the 
following discussion the 1739-45 and 1794-1801 out- 
breaks were not considered because they were only repre- 
sented by two and seven stands respectively. The blue 
spruce sites were not considered as well for only the last 
two outbreaks were represented by all sites. The number of 
stands which potentially may represent an outbreak should 
always be remembered during interpretation of the data. 
Unfortunately the two moist sites were represented only by 
relatively young trees. 

Comparing the range of outbreaks in the 22 Douglas-fir 
stands, no general trend could be observed. The seven 
outbreaks are briefly described below. 

1830-39: None of the high and dry sites were attacked. 
1845-51: Heavy outbreak on the two low sites. 
1861-65: The high elevation stands were more infested 

than low elevation stands. 
1870-75: The low elevation stands were more infested 

than high elevation stands. 
1885-93: Dry sites were more severely affected than 

moister ones. 
1944-46: No trend. 
1980- : Outbreak throughout the study area. How- 

ever, the high stands above all were defo- 
liated. 

Comparison with previously identified outbreaks 
in Colorado and New Mexico 

The comparison of our results with budworm infestations 
identified by Swetnam and Lynch (1989) in northern New 
Mexico and Colorado revealed a distinct difference in the 
duration of reduced growth during outbreaks (Table 3). 

Budworm outbreaks lasted longer in the stands covered 
by the above-mentioned authors. Actually this apparent 
difference is probably due to the different methods ap- 
plied. Swetnam and Lynch (1989) determined periods of 
attack on the basis of ring-width measurements and 
computation of mean values, whereas we dated abrupt 
growth reductions. Thus, in our study reductions of 40% 
or more were defined as an outbreak period. 

The two records exhibit an increased coincidence of 
outbreak periods in the latter part of the twentieth century 
(Fig. 4). Nine out of the ten stands investigated by Swetnam 
and Lynch (1989) fit with the 1940s and 1980s outbreaks 
observed in our study area. However, the initial years 
seldom correspond. The budworm infestation of the 
1960s only appeared in the Carson National Forest. There 
was almost no synchronization with the Swetnam and 
Lynch data reflecting the outbreaks of 1845-1851 and 
1854-1862, and no synchronization at all with the 
1739-1745 outbreak. 
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Fig. 4. Periods of  reduced growth in 
Douglas-fir  (and blue spruce) stands of 
New Mexico and Colorado due to wes- 
tern spruce budworm attack. The data 
from New Mexico and from Roosevelt,  
Pike and San Isabel, Colorado, were 
calculated by Swetnam and Lynch 
(1989). They were graphically compared 
with our data from Boulder County. 

outbreaks of  western spruce 
budworm. Swetnam and Lynch data 
(Douglas-fir only): BRN = Burned 
Mountain,  CPN = Capulin Canyon,  
GAR = Garcia Park, OSH = Osha  
Mountain,  DGU = Devil ' s  Gulch, 
BEM = Big Elk Meadows,  ICK = Indian 
Creek, OPK = Ormes Peak, OCK = Oak 
Creek, and OCR = Ophir Creek. Boulder 
data: PSME = Douglas-fir, and 
PIPU = blue spruce 

Table 4. Correspondence between outbreaks in Boulder County and the study areas of  Swetnam and Lynch (1989) 

Outbreaks in Corresponding with outbreaks in New Mexico and Colorado 
Boulder County 

New Mexicoe Colorado e 

1739-1745  d c 
1794-1801  d CPN a G A R  
1829 -1834  b d brnb CPN gar 
1830 -1839  d brn cpn gar 
1845 - 1851 CPN 
1 8 5 4 - 1 8 6 2  b cpn 
1861 - 1865 d brn cpn gar 
1 8 6 3 - 1 8 6 9  b BRN cpn G A R  
1870 -1875  d bru gar 
- 1 8 8 5  b 
1885 -1893  d BRN cpn gar 
1944 - 1946 brn cpn gar 
1980 -  brn cpn gar 

OSH 
osh 
osh dgu 
osh dgu 

D G U  ICK - OCR 
bem ICK OPK 

dgu ICK OPK 
ICK 

OPK 
ICK opk 
ICK 

bem 

D G U  opk ocr 
osh DGU ICK OPK ock ocr 
OSH dgu bem ick OPK ock 

a BOLD = initial year corresponding ( _+ 1 year) 
b normal  = at least part of  outbreak corresponding ( > 1 year) 
c d = Douglas-fir  only 
d b = blue spruce only 
e BRN = Burned Mountain,  CPN = Capnlin Canyon,  GAR  = Garcia Park, OSH = Osha Mountain,  DGU = Devil ' s  Gulch, BEM = Big Elk 
Meadows,  ICK = Indian Creek, OPK = Ormes Peak, OC K = Oak Creek, OCR = Ophir Creek 

The stands in New Mexico, especially Capulin Canyon 
(CPN), corresponded better with our data than the Colorado 
stands (Table 4). However, the comparison of the initial 
years of outbreaks showed that the Pike National Forest 
stands Ormes Peak (OPK) and, above all, Indian Creek 
(ICK) clearly correspond better with the Boulder stands. 
The closest stand to our research area, Big Elk Meadows 
(BEM), showed a surprisingly low degree of synchroniza- 
tion. 

The different results suggest that the extent, timing and 
severity of outbreaks of the western spruce budworm 
depend on different natural and anthropogenic (burning, 
logging) site disturbances. Only during the most severe 

outbreaks did the insects seem to invade extensive areas at 
approximately the same time. 

Discussion 

In the recent past as well as today the aperiodic outbreaks 
of the spruce budworm (Choristoneura fumiferana) and the 
western spruce budworm (Choristoneura occidentalis) 
have been affected by a variety of intensive anthropogenic 
disturbances of the forests (Blais 1983; Carlson et al. 1983; 
Fellin et al. 1983). Yet the different impacts of past and 
modern harvesting practices, extended deforestations, fire 
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control and insecticide spraying on the development and 
dispersal of budworm populations are hard to separate from 
each other. In the study area, greatly increased logging and 
burning after the discovery of gold in 1859 was probably 
the factor most strongly affecting montane forest ecosys- 
tems (Veblen and Lorenz 1986). The artificially caused 
shift in species composition towards an increased number 
of host trees reduced the diversity of stands and appeared to 
induce a spatial increase of budworm outbreaks. In pre- 
1859 outbreaks such a uniformity was never observed. No 
satisfactory answer to the accumulation of outbreaks 
between 1830 and 1900 was found. However, a link 
between the heavy anthropogenic disturbances during that 
time and outbreaks is not readily apparent, since the same 
pattem of outbreaks was also observed in less disturbed 
areas (Swetnam and Lynch 1989). The relatively long 
absence of budworm activity in the first part of the 
twentieth century probably cannot be attributed to defor- 
estations during the mining booms in the latter part of the 
nineteenth century. In contrast to the upper montane zone 
of the northern Front Range a massive replacement of 
Douglas-fir by lodgepole pine after the deforestations did 
not occur in Boulder County (Clements 1910; Veblen and 
Lorenz 1986). Moreover, this outbreak-free period is 
confirmed by Swetnam and Lynch (1989). 

The spatial and ecological pattern of defoliation during 
historical outbreaks was more patchy than during the most 
recent outbreak. Still, only one correlation between the 
intensity of budworm attack and the different sites became 
evident: 80% of the actually reconstructed outbreaks in 
Douglas-fir stands in the sub-area Peak to Peak Highway 
were heavy ones while there were only 37.5% in the sub- 
area Boulder Canyon; the sites along Peak to Peak High- 
way were higher and the the stands were more open than in 
Boulder Canyon. This tendency contradicts results de- 
scribed by other authors (Carlson et al. 1983; Fellin et al. 
1983). We do not have an adequate explanation for this 
discrepancy. 

It was not too much of a surprise that the blue spruce 
stands, most of them being very small and mixed with other 
host and non-host species, were less severely attacked than 
the more or less uniform Douglas-fir stands. 

Unfortunately, the age of almost half of the stands we 
analyzed was less than 120 years. Consequently, not all 
sites could be compared over the whole period of outbreak 
reconstruction by using eco-diagrams. To gain a closer 
insight into this issue additional research in undisturbed 
areas is necessary. 

The infestations of the eighteenth and nineteenth cen- 
turies tended to be less synchronous among stands in 
Colorado and New Mexico. However, the outbreaks of 
the 1940s and 1980s in Boulder County correspond at 
least partly with outbreaks in nine out of ten study areas 
worked on by Swetnam and Lynch (1989). An increased 
synchronization among 24 study sites in the twentieth 
century was also reported by Swetnam and Lynch (1993). 
If outbreaks can be synchronized over extended areas the 
particular budworm population must have been unusually 
large. This hypothesis, already referred to by the above- 
mentioned authors, suggests that the severity of outbreaks 
in the twentieth century has increased. 

The simple use of the abrupt growth change method, 
based on visual features, permits a qualitative assessment 
of historical forest insect attacks. It allows precise dating of 
the initial year and determination of the duration of growth 
reductions of westem spruce budworm outbreaks. How- 
ever, weak outbreaks can only be reconstructed when radial 
growth abruptly decreases more than 40% (Schweingruber 
et al. 1990). Taking this restriction into account, the results 
may be graphically compared with data based on the 
fundamentally different ring-width measurements (Swet- 
nam and Lynch 1989). However, for the above-mentioned 
reasons, we consider a statistical comparison of these 
results to be neither useful nor necessary. 

In contrast to the widely applied processing of mean 
values from measured tree-ring sequences, the abrupt 
growth change method is based on visually recorded data. 
The exact number or percentage of samples affected by any 
tree growth inhibiting or promoting event is taken into 
consideration. Therefore no unintentional periodicities or 
mean values which might falsify or even cover the actual 
data are read into the master plots through possibly 
unsuitable standardization procedures. This fact is of 
great significance if the precise date of an event is wanted. 

Abrupt growth change data do not fit into commonly 
used standardized tree-ring programs, which is a major 
handicap of the method. 

Acknowledgement. Many thanks to the University of Colorado which 
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