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ABSTRACT

Western spruce budworm (Choristoneura occidentalis Freeman) outbreak history was

reconstructed for the Sacramento Mountains of south -central New Mexico, at the southern limit of

the species distribution range. Six host tree -ring width chronologies (Douglas -fir and white fir)

and three non -host control chronologies (ponderosa pine) were used for this reconstruction span-

ning from 1800 to 1990. Both the host and non -host species had similar climatic response so the

non -host chronologies were confidently used as climatic controls. Up to eight defoliation events

were documented within individual stands and at least seven major regional outbreaks were identi-

fied among the stands back to 1800. At least five major outbreaks occurred in the twentieth cen-

tury: 1890s- 1900s, 1910s- 1920s, 1940s, 1960s, and 1980s. The 1960s and 1980s outbreaks were

verified by Forest Service aerial and ground survey records. These recent outbreaks seemed to

have been more synchronous among the different stands than outbreaks that occurred in the 19th

century. There were similarities between this outbreak history and an outbreak history recon-

structed for northern New Mexico, a distance of about 340 km to the north. The regional -scale

pattern identified in these histories lends support to a hypothesis that past logging and fire sup-

pression has changed western spruce budworm dynamics.
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INTRODUCTION

Phytophagous insects, whether they occur in small populations or as full -scale outbreaks,

are an integral part of all forested ecosystems (Barbosa and Schultz 1987; Crawley 1989). One such

species, the western spruce budworm (Choristoneura occidentalis Freeman), has been occurring in

episodic outbreaks throughout western North America for centuries (Brubaker and Greene 1979;

Swetnam and Lynch 1989). This destructive defoliator often causes top -killing, reductions both in

radial and height growth, reduced regeneration and, in the most severe cases, tree mortality. The

main host tree species are the Douglas -firs (Pseudotsuga menziesii [Mirb.] Franco.) and the true

firs (white fir, Abies concolor [Gord. and Glen.] Lindl.; grand fir, A. grandis [Dougl.] Lindl.; subal-

pine fir, A. lasiocarpa [Hook.] Nutt.), while pines (Pinus ssp.) are usually not defoliated (Keen

1952; Furniss and Carolin 1977; Brookes et al. 1984).

In order to respond appropriately to this problem, forest managers need information on

the insect's life history, its relationships with the host species, and the historical response of the

ecosystem to past and current outbreaks. Hence, long -term reconstructions of past outbreak histo-

ry (frequency, duration, severity and spatial extent) are of considerable importance. Aerial surveys

and on -site observations are necessary to obtain information on current outbreaks. Forest Service

records can provide very useful information on outbreaks of the last few decades, but another

source of information is needed if we wish to extend our knowledge to past centuries. Because

insect defoliation often has a significant detrimental effect on ring -width growth (Biais 1962;

Brubaker and Greene 1979; Alfaro et al. 1982, 1985), tree-ring analysis can be a useful tool for

reconstructing past insect outbreaks (Swetnam et al. 1985; Fritts and Swetnam 1989).

A detailed history of past outbreaks of the western spruce budworm has been compiled for

mixed conifer stands in the Colorado Front Ranges and for New Mexico's Sangre de Cristo and

Jemez Mountains (Swetnam 1987; Swetnam and Lynch 1989; Swetnam and Lynch, subm.) At least

nine outbreaks were identified for the period 1700 to 1983, four of which occurred in the 20th

century. One of the main results of this work is the observation of greater synchroneity of out-
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breaks among widely dispersed stands during the 20th century compared to previous centuries.

This suggests that recent outbreaks had greater spatial extent than earlier outbreaks. It was hy-

pothesized that this change was due to anthropogenic modifications in the composition and struc-

ture of the forest stands (Swetnam and Lynch 1989). Presettlement Rocky Mountain forests seem

to have been more open with the presence of both host and non -host species in mixed stands. This

was the result of frequent low intensity surface fires coupled with budworm control of host tree

populations. The patchiness of these forests may have limited the extent of budworm outbreaks.

Fire suppression and intensive logging of pines, in the 20th century, favored increased stand densi-

ties coupled with a greater proportion of shade tolerant host trees. Budworm outbreak regimes in

the 20th century could then have shifted towards more extensive and severe outbreaks. Similar

patterns of changes in forests in the northern Rockies and eastern Oregon were identified and

associated with increased frequency or severity of western spruce budworm outbreaks (Carlson et

al. 1983; Anderson et al. 1987, McCune 1983).

This paper describes a dendrochronological study of western spruce budworm defoliated

trees conducted in southern New Mexico, a distance of about 340 km from the northern New

Mexico studies previously mentioned. The sites studied, in the Sacramento Mountains (Lincoln

National Forest), correspond to the southern limit of the western spruce budworm distribution

range. Three main objectives were pursued in the present study: 1) estimate the timing and dura-

tion of past outbreaks of the western spruce budworm in this region, 2) estimate the relative

growth reductions caused by these outbreaks and 3) determine if similar patterns of increased

synchroneity between outbreaks also occurred here, as reported previously for northern New

Mexico.

The working hypothesis is that it is possible to extract the climatic signal from a host spe-

cies tree -ring chronology by using a control non -host species tree -ring chronology. Three basic

criteria are necessary for this strategy. The first is that both the host and non -host species have

essentially the same climatic response. This is tested by evaluating the so -called climate response

functions (Fritts 1976). The second criterion is that the growth of the non -host trees is not affected
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by defoliation of the host trees. This criterion is met by sampling the non -host trees in distinct,

nearly pure stands. Finally, the third criterion is that the non -host chronologies contain a maxi-

mum of climatic signal and as little non climatic signal as possible (growth releases, phytophagous

insect browsings, etc.) The validity of our final conclusions depend, to a large extent, on our suc-

cess in meeting these criteria.

STUDY AREA

The study area is in the Sacramento Mountains section of the Lincoln National Forest of

south -central New Mexico (Fig. 1). This mountain range is south of the contiguous Rocky Moun-

tains. It contains some of the southernmost stands of mixed conifer forest in the western United

States (Alexander et al. 1984). Surrounded by desert and grasslands, these isolated mountains

reach over 3,000 m. Parent materials of the forested areas are mostly San Andres Limestone and

Yeso Siltstone (Hunt 1977). A strong elevational gradient in forest types is evident as one pro-

ceeds up the mountains: the pinyon juniper woodlands are slowly replaced, around 2,135 m, by

ponderosa pine -Gambel oak stands. From 2,195 to 2,590 m extensive stands of mixed conifer

forests occupy a great diversity of habitats. The primary western spruce budworm host species,

white fir and Douglas -fir, are most common in this zone but also present are southwest white pine

( Pinus strobiformis), trembling aspen (Populus tremuloides Michx.), ponderosa pine (Pinus

ponderosa Laws.) as well as Gambel oak (Quercus gambelii Nutt.). Above 3,000 m, in the coldest

and snowiest parts of the range, these are replaced by spruce -fir stands composed of Engelmann

spruce (Picea engelmannii Parry), white fir and subalpine fir (Alexander et al. 1984).

Intensive exploitation of the Sacramento Mountains forest began more than a century ago

and has profoundly modified both the structure and composition of the original forests. At the end

of the 19th century, a far reaching railroad network was established, leading to extensive logging in

nearly all drainages of the National Forest and to widespread reduction of mature and old -age

ponderosa pine stands (Glover 1984). Fire exclusion first began in the 1870s -80s with livestock

grazing which removed fine fuels necessary for fire spread. It was followed in the 1910s by active



fire suppression by the Forest Service. This eventually led to large fuel accumulation, and occa-

sional high intensity fires. As a consequence, the zone occupied by ponderosa pine was much

reduced in favor of species adapted to regenerating rapidly in large burned areas, e.g. Gambel oak

and wavyleaf oak (Ouercus undulata) (Alexander et al. 1984). Old- growth pine stands are thus

difficult to find and generally occur only in the most inaccessible sectors.

Two types of stands were sampled in this study: (1) The selected host stands were corn-

posed of varying proportions of Douglas -fir and white fir with some Gambell oak. The Telephone

Canyon (TLC) and the Fir Campground (FCG) stands were both oriented SSW on a gentle slope

while the Agua Chiguita (ACH) stand was facing WNW on a similar slope. (2) Non -host trees

were sampled in three stands dominated by ponderosa pines with a small percentage of Douglas -

fir and Gambell oak. The Spring Canyon (SPR) and Elk Canyon (ELK) stands were north facing

on moderate slopes while the Hoosier Canyon (HOO) stand was WSW facing also on a moderate

slope. All of the aforementioned stands were located in the Cloudcroft Ranger District of the

Lincoln National Forest except the Elk Canyon stand which was located in the Mescalero Apache

Indian Reservation (Fig. 1). In all cases, care was taken to sample stands with a minimum of

anthropogenic disturbance e.g. logging, road building, etc.

Meteorological data from the Cloudcroft, New Mexico weather station was used to evalu-

ate the climatic response of the three different tree species. This station is located only a few

kilometers from the FCG collection site, and the record extends from 1902 to 1990. A second

meteorological data set was also used that summarized regional precipitation and temperature

variations for the 1895 -1990 period (New Mexico climate division no. 6, Karl et al. 1983). Mean

annual temperature at the Cloudcroft station was 7.3 °C while the mean July temperature was 15.5

°C. Precipitation was concentrated in the summer months of July and August, with 39% (257 mm)

of the total annual amount (659 mm) falling during this two month period.
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METHODS

The two host species - Douglas -fir and white fir - were sampled from the same stands and

analyzed separately, while ponderosa pine, the non -host species, was sampled in pure, or nearly

pure stands. Three to four evenly spaced transects were located parallel to the topographic contour

in the host stands. At evenly spaced points along the transects, the closest Douglas -fir and white fir

greater than 20.3 cm (8 in.) at breast height (1.37 m, 4.5 ft) were sampled. Additional cores were

also taken, in each stand, from the oldest appearing host trees in order to obtain the maximum

length tree -ring record. Recent harvesting adjacent to the TLC stand provided an opportunity to

collect ten cross section samples from host tree stumps in this area. In the non -host stands, the

trees were selected by traversing through the stands in a random fashion and sampling each

dominant and codominant tree as it was encountered. Two increment cores were collected at

breast height and parallel with the contour of the slope from each of the sampled trees (Table 1).

The preparation and analysis of the samples closely followed the procedures detailed by

Swetnam et al. (1985). After mounting and sanding very fine surfaces on the specimens the tree -

ring widths were crossdated by the skeleton plot technique in order to identify absent or false rings

and to assign exact dates of formation to each of the annual rings (Stokes and Smiley 1968). Ring

widths were measured on a sliding -stage micrometer to the nearest 0.01 mm. A final check and

verification of the crossdating was done using the COFECHA computer program (Holmes 1983).

This program permits efficient quality control of the measurements by identifying gross errors. It

also allows one to pinpoint portions of the ring -width series which are in poor agreement with the

mean ring -width values of all other series from the same stand.

The raw ring -width measurements were transformed to growth indices using the ARSTAN

computer program (Cook 1985). The fitted growth curves varied depending on the overall shape of

the age -related growth trends, and consisted of straight lines with zero or negative slopes, negative

exponential or relatively "stiff' cubic spline curves. The cubic splines were the "50% frequency

response" splines described by Cook and Peters (1981) with lengths of approximately 100 years.

Standardized ring -width indices were computed by dividing the raw ring -width values by the yearly
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values of the fitted curves. These conservative standardizing procedures retained medium frequen-

cy variance in the tree -ring series (periods less than about thirty years) which could be related to

effects of defoliation by insects. Finally, stand chronologies were computed using a simple arith-

metic average of the yearly core indices. In addition to producing mean tree -ring index chronolo-

gies, the ARSTAN program also conducts autoregressive modeling of the chronologies and pro-

duces a "residual" chronology that is essentially free of autocorrelation (Cook 1985).

One of the basic assumptions of the method we used to identify outbreaks was that both

host and non -host species have similar climatic response. This was tested by computing response

functions (Fritts 1976) for the prewhitened tree -ring index series. This analysis consisted of a

stepwise multiple regression between a dependent variable (the prewhitened chronology) and a set

of 28 predictors (mean monthly temperature and total monthly precipitation for a 14 month period

extending from July of the preceding year to August of the current year). To obviate the problem

of multicollinearity between the climatic variables, the response function used, as predictors, the

principal component amplitudes of the climatic data. The use of the autoregressive model residu-

als as predictands insured that as little autocorrelation as possible was retained in the ring -width

series, allowing us to forego the use of lagged ring -width variables as predictors. The regression

coefficients were finally transformed back to coefficients relating to the original climatic variables

to facilitate the interpretation of the growth response (Fritts 1974, 1976).

Visual and statistical comparisons were made between the host and non -host tree -ring

series to determine if they behaved as expected, i.e. different growth trends or patterns during

periods of known outbreaks and similarly between these periods. Finally, the non -host series,

containing primarily a climatic signal, were subtracted from the host series containing the bud -

worm signals in addition to unwanted climatic signals. In theory, the resulting "corrected" time

series should retain only the budworm signal. In practice, these series almost certainly also contain

unwanted noise caused by real differences in the climatic responses of the two species, plus other

differences due to unknown causes.
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The correction procedure, originally devised for pollution studies by Nash et al. (1975),

involved subtracting from the host series a rescaled series of the yearly departures of the non -host

chronologies. The corrected tree -ring indices were derived using the following equations:

R = SDh/SDnh * (INDEXnh - MEANnh)

C = INDEXh - R

Where R was the rescaled index value for each year of the non -host series; SDh and SDnh

were the standard deviations of the host and non -host series respectively; similarly, INDEXh and

INDEXnh were the yearly index values of the host and non -host chronologies; MEANnh was the

mean of the non -host series (approximately 1.0) and C was the final corrected host series.

Once the original tree -ring series were corrected, a conservative set of criteria were fol-

lowed to identify periods that were called "inferred outbreaks ". We considered these criteria to be

conservative because they emphasized only sustained very low growth periods. These criteria were

originally selected based on observations of these ring -width characteristics in many stands in the

southern Rockies during known outbreak periods (Swetnam 1987; Swetnam and Lynch 1989). To

be classified as an inferred outbreak, a suppression period had to include show all of the following

criteria:

1. Values of the corrected indices were less than the expected growth

(1.0) for 3 or more consecutive years.

2. The lowest growth value during this period was more than 1.28

standard deviation below the mean of the series (1.0). This was approximately the

smallest decile of the ring index series.
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The duration of the inferred outbreaks was identified as extending from the first year of low

growth (i.e., growth below an index of 1.0) during an inferred outbreak (based on the above crite-

ria) and the ending year was the last year of low growth that preceded two or more years of growth

above an index value 1.0.

RESULTS AND DISCUSSION

Tree -Ring Chronology Characteristics

Nine tree -ring chronologies were developed including a Douglas -fir and a white fir chro-

nology from each of the three host stands, and a ponderosa pine chronology from each of the three

non -host sites. Descriptive information on each of these chronologies is presented in Table 1. The

Douglas -fir chronologies were longest, extending over periods exceeding 475 years in the case of

the ACH and FCG stands. The white fir chronologies were much shorter and spanned between

144 and 307 years. The non -host chronologies were also relatively short and spanned periods

between 192 and 389 years. The pine chronologies all included only one or two trees before 1800.

This generally lowers the confidence that can be placed on inferences based on the early part of

these chronologies, and for this reason the correction procedure was only performed for the period

1800 -1990. Compared to other tree -ring chronologies from the western U.S.A. (Fritts and Shatz

1975) the mean sensitivity of the standard chronologies, a measure of the proportional yearly

change in growth indices, was about average, varying between 0.229 and 0.307 (Table 1). Mean

sensitivity theoretically ranges between 0.0 in the case of absence of yearly variability (horizontal

line) and 2.0 when the yearly variability is maximum (positive values alternating with zero

values)(Fritts 1976). It is often used to assess the presence and intensity of signal in tree -ring

chronologies. The mean inter -series correlation is also used to assess the strength of climatic

signals in tree -ring chronologies. It is the mean of all possible Pearson correlation coefficients

between pairs of different cores in a chronology (Fritts 1976, Briffa and Jones 1990). This statistic

was also about average relative to other western U. S. chronologies, with values in the 0.332 -0.555

range.
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Climate Response of the Tree -Ring Chronologies

To assess the similarity or dissimilarity of the climatic response of the three species, a

response function was calculated for each of the chronologies using the two meteorological data

sets (Cloudcroft station, and New Mexico climatic division number 6). Thus, six growth /climate

models were obtained for each of the species. Table list the percentage of variance explained (R2

adjusted for loss of degrees of freedom, Neter and Wasserman 1974) by each of these climatic

models. Apart from small differences, one can readily observe striking similarities between the

climatic responses of the three species (Fig. 2). All three seem to show an overall positive response

to precipitation and this positive response occurs in three different seasons: previous autumn

(August to October), previous winter (December to February) and current summer (May to July).

The temperature response is somewhat more variable but we still observe a definite positive

response in the previous summer (July to August) while tree growth is negatively affected by warm

temperatures during the current summer. These results are generally similar to those obtained by

Fritts (1974) for these species in the Southwestern United States. The most important conclusion

of this analysis is that there exists a close similarity between the climatic responses of the three

species, thus the criterion that non -host and host trees have a similar climate response appears to

be met.

A somewhat surprising result was that the host chronologies, even though they were proba-

bly affected by multiple episodes of insect defoliation, consistently had more variance explained by

the climatic models than the non -host chronologies (Table 2). Of the three non -host chronologies,

ELK had the strongest climate response with up to 40% of the ring -width variance explained by

the climate variables, while for HOO and SPR the variance explained was as low as 23.6 to 33.3 %.

This relatively poor climatic response could be reflective of the difficulty of finding old -growth pine

stands that were completely free of human impact. The SPR site was an old -growth ponderosa

pine stand adjacent to an old Forest Service administrative site (hence it had been spared from

logging). The site had only a gentle slope (less than 10 %) and soils were relatively deep. The

HOO site was on a steeper slope (about 20 %) but a logging road traversed through the stand
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adjacent to many of the trees we sampled. It is noteworthy that ELK, which had the strongest

common signal (high inter -series correlation and mean sensitivity) and the highest percentage of

absent rings, appeared to be the most moisture stressed site. It had a slope exceeding 30% and the

soils were relatively thin and rocky.

A frequently observed side effect of insect defoliation is a high incidence of partial or

absent rings (Biais 1962; KuIman 1971; Swetnam and Lynch 1989). Of the nine chronologies, only

the ELK non -host chronology had a very high percentage of absent rings (2.3 %), probably an

indication of the more stressful microsite. This figure was considerably lower and varied between

0.06% and 0.36% for the other sites. No consistent relationship could be found between absent

ring years in the host chronologies and the periods subsequently identified as budworm outbreaks.

Just as in the case of the non -host chronologies, the absent ring years were more or less randomly

distributed and may correspond to stressful climatic conditions. The fact that none of the absent

ring years correspond to known outbreaks could also indicate that these outbreaks produced

considerably less growth reduction than sites previously studied in northern New Mexico and

Colorado (Swetnam and Lynch 1989).

Host and Non -host Comparisons

Since the non -host stands were not equally close to all of the host stands the ELK, SPR and

HOO series were averaged into a single regional non -host chronology. This was later used as the

control to obtain corrected series for each of the host chronologies. Visual (Fig. 3) as well as statis-

tical (Tab. 3) comparison between the indices of the host and the regional non -host chronologies

revealed generally good agreement. The different series were then smoothed with a 13- weight low -

pass filter designed to remove most of the variance with a wavelengths between 2 and 8 years while

retaining variance with longer wavelengths (Mitchell et al. 1966; Fritts 1976). The series were also

treated with a high -pass reciprocal filter retaining variance with wavelengths shorter than about 8

years. As can be seen from table 3, correlations were consistently higher for the high -pass filtered

series as opposed to the low -pass filtered series. This could be due to the fact that the short term
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fluctuations common between the two series were preferentially retained by the high -pass filter

and they were probably climate related. On the other hand, the low -pass filter emphasized long-

term growth trend differences that are likely due to the effects of budworm defoliation (Swetnam

et al. 1985).

Outbreak Timing and Comparison with Forest Service Documents

Many observations support the supposition that the ponderosa pine was generally a good

estimator of the host species expected growth between outbreaks: they basically had the same

climatic response, their indexed series show statistically significant relations, and they differed

mostly in the low frequency range, probably reflecting insect outbreak effects. The six host chro-

nologies were thus corrected using the 1800 -1990 regional non -host chronology (Fig. 4). These

series can be viewed as departures from expected growth and any sustained low growth period

which fulfilled the previously listed criteria was considered to be an inferred outbreak.

A maximum of eight different defoliation events were recorded in the Telephone Canyon

stand and a minimum of five events were recorded in the Fir Campground stand back to 1800 (Fig.

4). In a simplified view of the timing of the outbreaks (Fig. 5) it is relatively easy to visualize the

existence (or absence) of synchroneity of defoliation among the stands. Based on this comparison

we infer that at least seven major outbreak episodes can be identified back to 1800: ca. 1810s -20s,

1840s- 1860s, 1890s- 1900s, 1910s- 1920s, 1940s, 1960s, 1980s.

USDA Forest Service documents were consulted to establish known budworm occurrences

in the Lincoln National Forest. These documents included annual Insect Survey and Insect Condi-

tion Reports, Biological Evaluations and maps of aerial surveys of budworm defoliation. They

covered a 65 -year period starting in 1924, but unfortunately many of the yearly reports were miss-

ing, particularly in the 1950's, 60's and 70's. The maps and aerial surveys begin in the late 1950s;

earlier documents consisted of brief regional summaries of insect conditions on the National

Forest.
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The first Forest Service documented defoliation episode affecting Douglas -fir and white fir

in the Sacramento Mountains was not caused by the spruce budworm but rather by a species of

Geometridae (possibly the New Mexico fir looper, Galenara consimilis Hein.) during the first half

of the 1920's. Although of very limited extent, covering only a few thousand acres, its timing seems

to approximately correspond to the observed growth reduction in two of the host chronologies.

The observed growth reduction during the last half of the 1940's occurred in 5 of the 6

chronologies and had a maximum growth reduction in 1945. This inferred outbreak did not corre-

spond to any documented outbreak in the Lincoln National Forest during this period, but it was

precisely timed with a very extensive and well documented budworm outbreak in northern New

Mexico and Colorado during this period (Lessard 1975, McKnight n.d., Swetnam and Lynch 1989).

The Forest Service documents did refer to a serious attack of pine bark beetles in the Sacramento

Mountains from 1936 to the late 1940s. The inferred 1940's budworm outbreak that we detect in

the tree -ring series may have gone unnoticed because of low levels of defoliation. Both this in-

ferred outbreak and the 1920s outbreak generally show less reduction in growth than other out-

breaks during the twentieth century (Fig. 4).

The first mention in the Forest Service documents of a spruce budworm defoliation in the

Lincoln National forest was in 1953 -54. According to the available maps it produced only slight to

moderate defoliation and its limited extent did not enclose any of our sampled stands. Our chro-

nologies generally recorded a recovery in growth by 1953 or 1954 from the inferred outbreak of the

1940s. The two -year episode reported by the Forest Service is unusually short for a western spruce

budworm outbreak; outbreaks generally last 10 to 15 years or longer (Brookes et al. 1984, Lessard

1975, Swetnam and Lynch 1989). We suspect that the 1953 -1954 defoliation may actually have

been the declining phase of an undetected 1940s outbreak in the Sacramento Mountains. The

possible lack of detection of this outbreak was not too surprising given the remoteness of the

Sacramento Mountains, the lack of aerial surveys, and the small numbers of Forest Service per-

sonnel working in this region at the time.
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A more serious outbreak of spruce budworm was documented during the 1960s in large

tracts of the Lincoln National Forest, encompassing each of the three study sites. This outbreak

was detected in the tree -ring series at all three sites, although curiously, only the Douglas -fir had

sufficiently reduced growth to qualify as an inferred outbreak according to our criteria. Neverthe-

less, it is possible to detect some growth reductions in the white fir during this period (Fig. 4). In

previous work in the Southern Rockies we generally found that in mixed stands white fir trees

sustained more severe growth reductions during outbreaks than Douglas -fir trees (Swetnam and

Lynch 1989, submitted). We have no explanation for this difference.

The 1980s outbreak appears to have been the most severe in this century (Fig. 4), and it

was well documented by the Forest Service. The year of maximum growth reduction consistently

occurred in 1981 in all of the chronologies. The outbreak was first observed in 1981 during aerial

surveys. However, ground surveys in 1982 revealed that defoliation was present in many areas

which were not detected during the 1981 -82 aerial surveys. This leads us to conjecture that low

intensity local defoliation probably occurred a few years before the first aerial survey observations,

as was suggested by low growth beginning a few years before 1981 in all of the chronologies (Fig.

4).

In summary, the Forest Service documents did not confirm the tree -ring inferred outbreaks

in the 1920s, or 1940s, but they did confirm the 1960s and 1980s outbreaks. The 1920s growth

reduction we observed may have been caused by a reported outbreak of Geometridae. Further-

more, a two -year period of reported western spruce budworm defoliation in 1953 -54 in areas

outside of our sampled stands corresponded approximately to the recovery phase ofgrowth in our

sampled stands following the inferred 1940s outbreak. Although the lack of confirmation of the

1940s inferred outbreak by the Forest Service documents is troubling, given the limitations of

Forest Service resources for promptly and accurately documenting forest health during this era

and in this remote area, it is not unreasonable to infer, based on the tree -ring evidence alone, that

an undetected (or unreported) budworm outbreak did occur during the 1940s.
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Comparison of Southern and Northern New Mexico Outbreak Histories

A comparison of known and inferred outbreaks in the Sacramento Mountains and north-

ern New Mexico (Swetnam and Lynch 1989) is most interesting as one can readily see some close

similarities and some differences (Fig. 5b). The last three known outbreaks of the 20th century

(late 40's [inferred in the southern stands], early 60's and early 80's) all occur both in northern and

southern New Mexico. The three episodes from the late 1800s to the 1940s in the two regions

appear to be about five to ten years out of phase, with the northern stands leading the southern

stands (Fig. 5b). The two regional histories appear to be generally less synchronous during the

pre -1900 period than during the post -1900 period (Fig. 5b). This general pattern of pre -1900

asynchrony and post 1900 synchrony between the two regions is similar to the patterns observed

among stands in Northern New Mexico and the Colorado Front Range.

The late 1910s -20s episodes also seem to be approximately synchronous, although as

mentioned earlier, this inferred outbreak in southern New Mexico may have been a fir looper

instead of western spruce budworm. If this inferred outbreak is discounted the relatively long

interval between the 1880s -1900s episode and the 1940s episode would correspond well to a similar

long period between budworm outbreaks observed in other severely human -disturbed stands (post -

settlement logging and fires) of the Colorado Front Range and Sangre de Cristo Mountains

(Swetnam and Lynch 1989). As mentioned earlier, the Sacramento Mountains were heavily ex-

ploited for timber around the turn of the past century (Glover 1984). In contrast, the 1910s -1920s

budworm outbreak was extensive in the Jemez Mountains of Northern New Mexico, where large -

scale logging did not begin until after about 1930 (Swetnam and Lynch, submitted).

CONCLUSIONS

Several limitations of the data reccommend caution in accepting our reconstructed histo-

ries as entirely accurate or complete outbreak chronologies. These limitations are related to the

fact that the disturbance signal we are trying to identify (budworm outbreaks) in the tree rings is

filtered through the response of surviving biological organsims (host trees). This signal is also
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complicated by climate signals, which we also must try to estimate and removewith imperfect

controls (non -host trees). For example, the correlations between different chronologies were not

very high, indicating a medium level of common signal in the host and non -host trees and a certain

prevalence of microsite effects. Secondly, the observed low growth periods in the corrected chro-

nologies did not always correspond to obvious growth suppressions in the original host ring -width

series. This apparently occurred because during certain periods (e.g., the mid -60's and the early

80's) greater than average growth occurred in the non -host chronologies which was not reflected in

the host chronologies. For this reason, it did not seem wise to use low growth periods in the

uncorrected host chronologies previous to 1800 as proxy data to infer outbreak episodes. Finally,

not all of the trees in a given stand were similarly affected by a defoliation episode thus causing a

certain dampening of the stand -wide tree -ring signal.

Given the above limitations we cannot be entirely certain that over the time periods of our

chronologies we have accurately identified the timing of all past budworm outbreaks, and it is

possible that some of the inferred outbreaks were due to other insects, or are artifacts of other

differences between the host and non -host chronologies. However, given the generally good corre-

spondence between the two most recent Forest Service documented outbreaks (1960s and 1980s)

and our success with these methods in many other Southwestern mixed conifer stands (Swetnam

and Lynch 1989, submitted) we are confident that, on the whole, our outbreak histories faithfully

portray regional patterns.

The close similarity of the inferred outbreak histories of sites in northern and southern

New Mexico is rather remarkable given the distance of more than 340 km between the two groups

of sites. This similarity demonstrates that insect outbreaks, even at the extreme edge of the spe-

cies' distributional range, may be regional -scale phenomena associated with landscape patterns.

These patterns could be linked to climatic factors operating at the regional scale (Swetnam and

Lynch, submitted), and they may also be related to forest ecosystem changes brought about by past

land use practices.
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With regard to this latter point, this study lends further support to the hypothesis that past

harvesting practices and fire exclusion, by changing forest species composition and stand structure,

was at least partly responsible for the regional changes in budworm history. A shift occurred

during the past century in many areas of the mountain west from relatively open mixed conifer stands

(Douglas -firs, true firs, pines, etc.) to more dense stands with reduced dominance by pines and

increased dominance by white fir and Douglas -fir (e.g., Carlson et al. 1983, Veblen and Lorenz

1991, Wickman et al. 1992). This shift towards more homogeneous host -treedominated forests

seems to have altered western spruce budworm dynamics, an effect which emphasizes the linkages

between land management practices, stand structures, and disturbance regimes.
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Table 1. Basic statistics of the host and non -host tree -ring chronologies

Site Species Period Trees Cores Mean.
sensitivity

Inter -series Percent.
correlation a sent rings

Host sites

ACH PSME 1515 -1990 16 32 0.227 0.441 0.20%

ABCO 1847 -1990 13 26 0.234 0.339 0.06%

FCG PSME 1483-1990 26 52 0.229 0.480 0.17%

ABCO 1775-1990 20 40 0.229 0.332 0.11%

TLC PSME 1649 -1990 31 54 0.255 0.504 0.36%

ABCO 1684 -1990 17 34 0.284 0.401 0.23%

Non -host sites

ELK PIPO 1799 -1990 17 34 0.307 0.555 2.30%

HOO PIPO 1602 -1990 11 22 0.241 0.410 0.28%

SPR PIPO 1729 -1990 10 20 0.253 0.342 0.15%

a ABCO = Abies concolor, PIPO = Pinus ponderosa, PSME = Pseudotsuga menziesii
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Table 2. Variance explained by the different growth /climate response models. The nine different
chronologies were each analyzed with two different meteorological data sets.

Site Species Meteorological Data Set

Cloudcroft Divisional climate

Host sites R2 R2adj 1 F-value P R2 R2adj F-value

ACH PSME 0.46 0.38 5.858 0.0000 0.41 0.34 5.858 0.0000

ABCO 0.46 0.39 7.439 0.0000 0.47 0.41 7.427 0.0000

FCG PSME 0.62 0.54 7.802 0.0000 0.49 0.41 6.538 0.0000

ABCO 0.61 0.54 8.328 0.0000 0.47 0.41 8.372 0.0000

TLC PSME 0.48 0.42 8.944 0.0000 0.40 0.32 4.648 0.0000

ABCO 0.59 0.53 9.917 0.0000 0.50 0.43 6.845 0.0000

Non -host sites

ELK PIPO 0.40 0.32 5.093 0.0000 0.36 0.30 6.081 0.0000

HOO PIPO 0.28 0.16 2.380 0.0117 0.24 0.18 4.526 0.0005

SPR PIPO 0.33 0.25 3.844 0.0003 0.26 0.18 3.363 0.0015

R2 adjusted for loss of degrees of freedom in the multivariate analysis (Neter and Wasserman 1974)
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Table 3. Correlation coefficients between host (Douglas -fir and white fir) chronologies and the
regional non -host (ponderosa pine) chronology. All coefficients, except FCG -ABCO low pass
coefficient, are significant at p <0.05 with degrees of freedom adjusted for autocorrelation (Dawdy
and Matalas 1964).

Site Species Period No. years Correlation coefficients
Indices Low pass High pass

ACH PSME 1800 -1990 191 0.584 0.547 0.610

ABCO 1847 -1990 144 0.434 0.274 0.510

FCG PSME 1800-1990 191 0.363 0.275 0.456

ABCO 1800-1990 191 0.283 0.008 0.479

TLC PSME 1800 -1990 191 0.443 0.467 0.477

ABCO 1800 -1990 191 0.423 0.344 0.503
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FIGURE CAPTIONS

Fig. 1. Location of the six sampled stands within the Lincoln National Forest. Mixed- conifer stands (host)
are represented by open circles and pine stands (non -host) are represented by solid circles. The Cloud -
croft meteorological station is located in the municipality of Cloudcroft.

Fig. 2. Number of positive and negative response function coefficients (significant at the 95% level) from
three chronologies from each of three species in the Lincoln National Forest. Each chronology was ana-
lyzed using two sets of climatic data, thus permitting a maximum possible number of six significant re-
sponse function coefficients.

Fig. 3. a) Comparison between the Fir Campground (FCG) Douglas -fir chronology (solid line) and the
ponderosa pine regional chronology (dotted line). b) Comparison of the two same chronologies after
smoothing with a low -pass digital filter. c) Corrected Douglas -fir chronology from the same site. Arrows
indicate periods of inferred outbreaks.

Fig. 4. Corrected growth index series from the six host chronologies sampled in the Lincoln National
Forest and approximate extent of inferred outbreaks.

Fig. 5. a) Timing and duration of inferred western budworm outbreaks derived from six corrected chro-
nologies in the Sacramento Mountains. The horizontal bars represent important growth reduction periods
while the solid triangles represent years of maximum growth reduction. b) Total percentage of host chro-
nologies recording outbreaks in southern New Mexico (solid line) and northern New Mexico (dotted line),
1800 -1990.
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Figure 2
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Figure 3
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Figure 4
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