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ABSTRACT

A forest inventory of Baxter State Park, Maine was done during the
summer and fall of 1983 to study the patterns of mortality in balsam fir (Aézes
balsamea (L.) Mill.) and in the red-black spruce complex (Prcea rubens Sarg.,
P. mariana (Mill.) BSP. and their hybrids) during an uncontrolled spruce
budworm outbreak.

In total, 6,953,000 m3 (186 m3/ha) of living trees were present, excluding
the ones in hardwood forests. Spruce was the most abundant species with
61% of the total stem volume. The volume of trees that died during the
outbreak was estimated as 4,647,000 m3 (125 m3/ha); 40% of the original
quantity. Dead stem volume was 2,570,000 m3 (68.9 m3/ha) for fir and
1,560,000 m3 (+1.8 m3/ha) for spruce. They correspond to 77% and 27% of
the original stem volumes in fir and in spruce, respectively.

Two mortality patterns were apparent. The fir mortality was consistently
greater than that of spruce. The percentage mortality of spruce was always
greater in the higher elevation zone (600 m to 870 m above mean sea level)
than in the lower (below 600 m). Percentage mortality of fir and of spruce
showed inconsistent patterns in relation to the proportion of hardwood
species basal area and to the proportion of fir basal area in a stand. However,
those mortality patterns tended to be pronounced when the overall tree
mortality was relatively high. Except for the elevation, topographical factors
(slope inclination, position on slope, and aspect) were not consistently related
to the mortality. The tree mortality patterns could not be completely explained
by multiple regression analysis, with 40% to 60% of variation of mortality
remaining unexplained.

The hypotheses on the mechanisms producing the tree mortality patterns
during a budworm outbreak were summarized and the observed tree mortality
patterns were then interpreted according to those hypotheses. Most observed
patterns could be explained by more than one hypothesis. It was suggested
that complex processes were responsible for developing certain tree mortality
patterns, and a deductive method based on the simple observations would
not reveal the true mechanisms. As an alternative, an inductive method of
controlled field experiments is recommended.
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INTRODUCTION

For at least the past two centuries, the spruce-fir forests of eastern North
America have periodically experienced extensive damage by the spruce bud-
worm, Choristoneura fumiferana {Clem.)(Lepidoptera: Tortricidae)(Basker-
ville 1975b, Brown 1970, Mott 1980). The insect reaches epidemic population
levels at approximately 35-vear intervals (Royama 1984), and kills much of
the balsam fir (.Abies balsamea (L..) Mill.) and, to a lesser extent, the spruce
{Prcea) species through defoliation. Unlike many serious insect pests, spruce
budworm is native to North America, and is not found elsewhere (Miller
1963).

Outbreaks of this insect appear to be closely linked to the life-cycle of the
host trees: mature forests of fir are destroyed by the budworm simultaneously
over large areas. Forests of the same species then regenerate from the abun-
dant seedlings that had become established prior to the budworm infestation.
When the new generation of trees matures, the forests again become susceptible,
and are destroyed. A regular pattern of fir-budworm-fir cycle seems to exist
(Baskerville 1975b).

In regions where red spruce (Puea rubens Sarg.) co-occurs with fir in
relative abundance, however, the effect of a spruce budworm outbreak on the
alteration of the forest may differ from the effect on pure fir forests (Craighead
1924, Westveld 1946, Mott 1980, Seymour 1980). Appreciable numbers of
codominant red spruce may survive budworm attack, and the forest may
temporarily become more dominated by spruce after the epidemic. If this is
the case, it presents an attractive option of modifving spruce budworm
damage by silvicultural techniques {(Seymour 1980, Mott 1980), if forests
with large components of red spruce and relatively little fir can be created.

In the present spruce budworm outbreak, Baxter Park and surrounding
regions first suffered heavy defoliation in 1972. Small acreages of insecticidal
spraving in TSR10 and T4R10 were undertaken in 1973 and 1974, but
thereafter it was ruled that spruce budworm control operations were con-
trary to the wilderness character of the Park. By 1983, mortality of balsam fir
was virtually complete, accompanied by substantial damage to spruce. This
provided a new opportunity to measure the impact of a spruce budworm
outbreak on unprotected forests.

The objectives of the present study, therefore, were to estimate the vol-
umes of living trees present in the Park and the quantity of spruce and fir that
had been killed by the budworm. We also studied the patterns of tree
mortality in relation to 1) the differences between host species, 2) species
composition of stands, and 3) topographic factors of the site.

There is complication in studving the mortality of two spruce species, red
spruce and black spruce (Picea mariana (Mill.) BSP.). Their hybrids com-
monly occur, and the distinction is ambiguous. Although the closeness of a
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genotype to each of the pure species can be estimated (Manley 1971), the
method is not feasible for the rapid identification of many individuals in the
field. Therefore, those spruce species were lumped and will be referred to as
spruce throughout this report. Also, balsam fir will be referred to as fir, since
there is only one fir species present in the region.

ENVIRONMENTAL AND HISTORIGAL SETTING
OF BAXTER STATE PARK

Location and Topography

Baxter State Park is located at 46 deg. N and 6Y deg. W in north-central
Maine, U.S.A. (Figure 1). It is about 180 km (110 miles) inland both from the
Atlantic Ocean and from the St. Lawrence River. The topography is moun-
tainous; Mt. Katahdin and the associated mountains cover roughly the
southern two-thirds of the Park. The highest point, Baxter Peak, reaches an
elevation of 1605 m (5,267 ft). Mt. Katahdin is the northern-most tall peak of
the Appalachian Mountains, and the generally elevated area continues to the
White Mountains of New Hampshire and the Green Mountains of Vermont.
The northern one third and a small portion of the western part of the Park,
however, are less mountainous. The area consists of rolling hills, lakes and
moderately extensive wetlands. This less mountainous area is representative
of much of the commercial forested area in northern Maine. The geology of
Baxter Park was described in detail by Caldwell (1972).

Climate and Vegetation

The climate of northern Maine is classified as Dbf (humid continental,
cool summer, and constantly moist) by the modified form of the Koppen’s
scheme (Trewartha 1954). Detailed climatological information (U.S. De-
partment of Commerce 1952, 1974) is available for Ripogenus Dam, Maine
about 10 km (6 miles) west of the Park. The mean annual temperature is 4.6
deg. C (40 deg. F) and the mean annual precipitration is 1,052 mm (41
inches), much of it snow, distributed more or less evenly throughout the year.

Walter (1979) classified the general vegetation of northern Maine as being
in the transition zone of type VI (nemoral broadleaf-deciduous forest) and
type VIII (boreal coniferous forests). The forests in the area were similarly
classified by Westveld (1956) as spruce-fir-northern hardwood forest.

Fire and Logging History

Fire is not a major cause of disturbance in the forests of northern Maine. A
cycle of 800 years was estimated as the period that any forested area is
destroyed by fire (Lorimer 1977). However, relatively large areas of forest fire
did occur in Baxter Park during the past century. The Great Wassataquoik
Fire, the largest of known fires, occurred in 1903. It started in township
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TORI0, swept through T6R9 and Pogy Notch in TSR, and devastated the
extensive area at the headwaters of Wassataquoik Stream (Ring 1903). Ring’s
(1903) data indicate that 80% of total area in TSR, 60% of T4R9 and 40"% of
TOR9 were consumed by this fire. A separate fire developed in T3R9 about
the same time, and approximately 3,200 ha (8,000 acres) of forests were
burned (Ring 1903). These burns total about 18,000 ha (+5,000 acres), 207
of the entire area of the Park. A large fire also occurred in 1911 in the western
part of the Park, around Nesowadnehunk Field Campground in T4R10
(Anonymous 1911). In more recent years, about 1,400 ha (3,560 acres) of
forest were burned by lightning fires in 1977 near the southern end of the
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FIG. I. Sketch map of Maine and vicinity of Baxter State Park. Township names and their
boundaries in the Park are also shown. Forest inventory was carried out in all townships, except
for T6R10 and T6R9 that contained forests which had been protected against the spruce
budworm.
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Park (Bowen 1977), after an extensive windthrow that occurred a few years
previously.

The forests of the Park were logged from the mid 1800’s until 1965
(Anonymous, no date). Since then, no trees have been cut commercially,
except for some salvage cutting after a 1974 blowdown. The signs of lumber-
ing operations, stumps and old logging roads, are seen in most parts of the
Park. The lumbering has probably affected the structure of the present
forest, especially the species composition. White pine, then large red spruce,
were selectively harvested during the course of lumbering history {Smith
1972), and those species may be under-represented in Baxter Park today.

History of Spruce Budworm Qutbreaks

Three of the previous major outbreaks of spruce budworm have been
recorded in Maine (Mott 1980, Osawa 1986). The first record dates back to
the 1870’s, when an extensive area was damaged along the Atlantic coast.
The inland forests were relatively free of damage. Mott (1980) hy pothesized
that this pattern was attributable to the small representation of fir in the
inland areas through most of the 19th century. The second outbreak oc-
curred during the 1910’s. The forests of northern Maine suffered extensive
damage. Two factors might have increased the fir component substantially,
and made the forests more susceptible; logging operations became extensive
by the late 19th century in northern Maine, and spruce beetle (Dendroctonus
rufipennis (Kirby)) outbreaks reduced the importance of spruce in those
forests (Mott 1980). The current budworm infestation started in the early
1970’s in Maine. Only extreme northeastern Maine was affected by the 1940’s
spruce budworm outbreak.

The present budworm outbreak in Baxter Park started about 1971 {(Seymour
1980), and it now appears to be ending. Differences of mortality between fir
and spruce may be evaluated with our data, although some additional spruce
mortality is anticipated in the coming years.

HYPOTHESES ON THE PATTERNS OF TREE MORTALITY

Studies of the effects of a spruce budworm outbreak on the patterns of tree
mortality were undertaken after a severe outbreak that started about 1910 in
northern New England and in the Maritime Provinces of Canada (Tothill
1919, Swaine and Craighead 1924, Craighead 1925). Tothill (1919) was
probably the first to hypothesize that fir is the most affected species and that
the degree of damage decreases with increasing mixture of other species in a
forest. The higher mortality of fir than of spruce seems to be accepted by all
investigators who have carefully looked at the difference between them
(Craighead 1924, 1925, Westveld 1953, Seymour 1980, Mott 1980, MacLean
1980).
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Craighead (1924, 1925) enlarged upon the observations of Tothill (1919)
about mixed stands and postulated that mortality of fir and of spruce is
smaller with increasing proportions of hardwoods in a stand, and that the
mortality of spruce is greater with increasing proportion of fir. The associa-
tion of increasing hardwood proportion and decreasing damage of host
species was later suggested by a number of investigators (Blais 1958, Mott
1963, 1976, Batzer 1969, 1976, Sevmour 1980, Maclean 1980).

Wellington et al. (1950) and Ghent (1958) described instances in which
outbreaks of forest tent caterpillar caused deterioration of overstory hard-
woods before the development of spruce budworm infestations on conifers
which were originally subordinate in a suppressed crown class. The coniferous
trees became exposed to the ovipositing budworm moths after the forest tent
caterpillar outbreak, and they argued that the loss of protection by hardwood
canopy was responsible for the damage to those conifers. A similar pattern of
increased tree mortality by budworm defoliation after removal of 30 to 40
percent of hardwood canopy was described in a thinning experiment of a
mixedwood forest (Crook et al. 1979, Batzer 1984). On the other hand,
Turner {1952) reported variable patterns of fir mortality, depending on the
crown class of fir trees growing in mixedwood forests.

The positive relationship between mortality of spruce and of fir and the
proportion (or basal area) of fir in a stand has also been suggested repeatedly
{Westveld 1946, Greenbank 1963c, Turner 1952, Morris and Bishop 1951,
Ghent et al. 1957, Van Raalte 1972, MacLean 1980, Batzer and Hastings
1981).

Although the relationship of topography and budworm-caused tree mor-
tality has been noted on a few occasions { Craighead 1924, Mott 1963, Terrell
1965, Terrell and Keefe 1965, Fauss and Pierce 1969), it has not been
investigated thoroughly. Fauss and Pierce (1969) showed that the defoliation
of overstory Douglas-fir { Pseudotsuga menziesit Mirb. (Franco)) by western
spruce budworm (Choristoneura occidentalis Freeman) was significantly less
on better sites (higher site index) than on poor sites in the northern Rocky
Mountains. They indicated that almost all of the better sites were at the
vallev-bottoms near the waterways, and argued that moister and cooler
environments of bottomlands were less preferable to ovipositing moths, thus
less damage. Similar associations of site quality and tree mortality were found
by Blais (1958), the better the site, the less mortality. On the other hand,
McLintock (1955) did not find any relation between them in southern
Quebec. It is important to note, however, that position on a slope and site
quality are not synonymous. They may well be in the Rockies, but not in the
forests where spruce and fir occur in eastern North America. The extensive
lowland forest with abundant black spruce is usually excessively moist, and
poor in site quality because of poor soil oxygenation.

Therefore, topographic factors themselves become independent variables,
and should be investigated separately. It has been established by entomolo-
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gists that the microenvironment plays an extremely important role in deter-
mining the behavior and survival of spruce budworm (Wellington and
Henson 1947, Wellington et al. 1950, Mott 1963, Greenbank 1956, 1963).
Also, topographical features affect the microenvironment of the site (Geiger
1965) and it is logical to seek some relationship between tree mortality and
topography. Recently, Blais (1980) reported greater tree mortality at higher
altitudes, but Turner (1952) and MacLean et al. (1984) did not find any
strong correlation between mortality and site characteristics.

The following tree mortality patterns have also been suggested: (1) mature-
and overmature-stands of fir receive more damage than immature stands
(McLintock 1955, Macl.ean 1980); (2) mortality of understory fir is quite
high in mixedwood stands (Swaine 1933, Turner 1952); (3) vigor of a tree at
the time of defoliation is related to mortality (Craighead 1924, 1925, Morris
1946); (4) physiological age (flowering or non-flowering) of a tree significantly
influences tree vulnerability (Blais 1958); and (5) amount of damage to
individual stands is a function of cumulative defoliation (Blais 1958, Batzer
1973). These hypotheses were not tested in the present analysis, since we had
no opportunity to measure the appropriate variables.

In summary, four general hypotheses on the patterns of tree mortality
during an uncontrolled spruce budworm outbreak were tested:

1 Percentage mortality is greater in fir than in spruce.

2 Percentage mortality of fir and of spruce is smaller with increasing propor-
tions of nonhost species.

3 Percentage mortality of fir and of spruce is greater with increasing propor-
tions of fir.

4 Topographic factors such as position on slope, slope inclination, aspect, or
altitude of the site are related to mortality patterns of fir and of spruce.

METHODS

Stratified random sampling was used to estimate the basal area and the
volume of living and dead trees in the Park. Several strata, representing
different forest types and degrees of tree mortality, were distinguished using
color infrared photography. The samples were taken in each forest type using
square plots. In each plot, trees were sampled by variable plot sampling at ten
randomly chosen points.

STRATIFIED RANDOM SAMPLING

In 1982, color infrared photography at 1:80,000 scale was obtained for the
Park, except for the two northern-most towns, T6R10 and T6R9. These
towns are managed as the Scientific Forest Management Area and have been
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sprayed for protection from spruce budworm. The remaining six towns were
divided into fourteen types based on the dominant tree species and by the
health of the forest. Areas of dead trees and those of healthy ones appeared
gray and red, respectively, on the infrared photography. The forests were first
classified into four categories depending on the proportion of hardwood
volume which was estimated by photo-interpretation. These are, 1) softwood
tvpe (8) having less than 25% hardwoods, 2) softwood-hardwood type (SH)
with hardwood volume 25 50%, 3) hardwood-softwood type (HS) with
hardwood 50 75%, and 4) hardwood type (H) having more than 75%
hardwoods. Each type was further divided into four categories depending on
the damage to the forest estimated with the photographs; gray (g), gray-red
(gr), red-gray (rg), and red (r). The recognized forest types are shown in
Table Al. All tvpes designated as S, SH, and HS were included in the
inventory; there were nine types in total. Hardwood tvpe (H) and types
lacking merchantable trees (rock and recent burns) were not sampled. The
type-mapping and photography were done by the J. W. Sewall Co., Old
Town, Maine.

Square plots of 50 m X 50 m (0.25 ha) were always used for the sampling in
each forest type, because both shape and size of a plot may affect the accuracy
of the estimated stand statistics (Greig-Smith 1983). The number of plots
allocated to each tyvpe was determined by considering: 1) area of a type, 2)
estimated standard deviation of fir and of spruce basal area in a type, and 3)
accessibility of a particular stand. Accessibility strongly affects costs associated
with sampling , and Snedecor and Cochran’s approach (1967:p 523) was used
in calculating the sample size. This procedure allowed us to maximaze the
accuracy of the estimated stand statistics with the given resource that was
available for the field survey. As accessibility was considered in stratification,
each forest type was further divided into three accessibility classes, yielding
27 strata in total (nine forest types times three accessibility classes). Table A2
shows the allocation of the number of sample plots in strata. The more
accessible the zone the higher the intensity of sampling, but the less the
weighting of each sample. The areas of the forest types are shown in Table
A3

A total of 416 one-quarter-hectare plots was sampled. Locations were
determined arbitrarily, but as randomly as possible, throughout the Park.
The azimuth and distance to a sample plot were chosen using a random
number table, and were located by pacing from an arbitrarily picked point.
The distance was ordinarily less than 500 meters. Ordinarily, a line to the first
plot was extended and a few plots were measured along that transect. When
the prospective sample plot showed abrupt internal changes in species
composition, tree density, or canopy height, the boundary was shifted slightly.
If adjustment of the plot boundary did not make the stand condition
relatively homogeneous, the plot was abandoned. Some clumping of sample
plots resulted (Figure Al), due to establishing several plots at each locality.
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VARIABLE PLOT SAMPLING

Stand statistics were estimated in each 0.25 ha plot by a variable plot
sampling technique (Dilworth and Bell 1976). The basal area and stem
volume of living and dead trees were measured by species. A prism or an
angle gauge with a basal area factor 2.5 or 5.0 m2/ha was used depending on
the stand condition. Ten sample points were located randomly within each
sample plot. Ten points were used, because our preliminary data indicated
that the number of prism points necessary to give 10% allowable error in the
estimate of spruce and fir mortality by basal area in a().25 ha quadrat was less
than or equal to ten (also see MacLean and Ostaff 1983).

The procedure for selecting the location of prism points was the following:
(1) the coordinates of ten points in a 0.25 ha quadrat were determined by
picking a series of two numbers from a random number table; (2) a map of
the quadrat with ten points was prepared. Then straight lines were drawn
between the points, marking the shortest route to travel to visit the ten
points; (3} at each point on the map, the azimuth and the distance to the next
point were calculated, and were indicated on the map, and +) those three
steps were repeated and 50 different maps were prepared, one of which was
picked at random for each sampling.

At all sample points, basal areas of living and of dead standing trees were
estimated with a prism or an angle gauge, by species. All trees that were taller
than breast height and were judged as the sample trees were counted,
regardless of their diameter at breast height (dbh). Two categories were used
for living trees; relatively healthy (L1) and moribund (L2). However, they
were lumped later in the analyses, since their distinction was somewhat
arbitrary. A tree was considered recently dead of budworm attack if dead
needles and dead fine twigs were present, or if recent sawyer beetle (AMonochamus
spp.) attack was evident. A dead tree was regarded as standing when there
was no obvious disturbance of the root collar and a majority of the stem was
present. Dead, but not standing, trees were also sampled. In this case, the
distance between the sample point and where the tree was originally standing
was measured. The dbh of the tree was also measured, and the plot radius of
that tree was calculated for judging if it was to be sampled or not. A tree that
had uprooted was categorized separately because such trees were unlikely to
have died of budworm defoliation. Therefore, three classes of dead trees were
used: dead standing (D1), uprooted (D3), and other (D2). The D2 included
dead trees with broken stems. Treesin D1 and D2 categories were assumed to
have been killed by the spruce budworm.

The procedure of Dilworth and Bell (1976:p 38) was used to adjust data
from points in which some of the trees selected for sampling fell outside the
boundaries of the 0.25 ha plot. Also, when there was appreciable slope
inclination at the sample point, adjustments (Dilworth and Bell 1976) were
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made with a prism of basal area factor 2.5 m2/ha to correct for plot area
distortions due to slope.

The dbh and height of sampled trees were also measured at approximately
one third of the sample points. Two heights, total height and the height to the
four-inch-top (10 cm), were measured. The stem volume was then calculat-
ed, using the volume equations of Scott (1981). The volume-basal area ratio
was calculated for each species and for each forest type.

The following information was also recorded for every .25 ha plot; {1) plot
location, (2) date sampled, (3) forest tvpe, (4) elevation (read from a topo-
graphical map), (5) aspect, (6) slope inclination, (7) position on slope, and (8)
severity of budworm damage. The last three items were recorded by arbi-
trary scales of 1-5.

CALCULATION OF STAND STATISTICS

The basal area and the stem volume of trees per hectare were calculated
separately for each plot by species and as either living or dead of budworm
attack. The standard error of the mean was also calculated for each. Then,
stand statistics prior to the current spruce budworm epidemic were estimat-
ed. Estimates were also made of the basal area and the proportion of basal
area that were killed during the budworm outbreak.

Basal Area

The mean basal area of trees {G, m2/ha} in each category was calculated
by,
n
G = (k/n) Z z(j) (1)
i=1
where k = basal area factor (m2/ha) n = number of sample pointsina0.25
ha plot
z(j) = number of sample trees associated with the sample point j.

The basal area factor was either 2.5 or 5.0. The number of sample points was
10 in most cases, but some had fewer points for various reasons.

Standard Error of the Mean Basal Area
The standard error of the mean in each basal area estimate (SE(a), m2/ha)
was calculated as,

n n
SE(a) = (k/n)"/2[(Z z(j)2 - (Z 2(j)%)/n)/(n-1)]"/2 (2)
=1 =1
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Stem Volume of Individual Trees
The stem volume of an individual tree (v, m3) was estimated by the volume
equations of Scott (1981), which have a general form,
v =a + bD< + dD<H' (3)
where D = dbh outside bark (cm); H = bole length (m) to a 10 cm top; a, b,
¢, d, e, and f = parameters specific to tree species.

Since the parameters of Scott’s original equations had the dimensions in
English units, they were converted to metric units.

Volume-Basal Area Ratio
We calculated the volume-basal area ratio (R, m) of each species in a forest
type as,
m z
R = (1/m) Z (X v{ij})/kz(j) (4)
i=li=1
where m = number of sample points in a forest type where the stem

volume of a species is measured and
v(ij) = stem volume of i-th sample tree of a sample point .

Stem Volume per Hectare

For each category of species, living or dead categories, and forest type, the
mean stem volume per hectare (V, m3/ha) was estimated as,

V=RG (%)

Standard Error of the Mean Stem Volume

The standard error of the mean (SE(v), m3/ha) for each estimate of stem
volume for a given forest type was calculated by,

SE(v) = R SE(a) (6)

since the expression of stem volume per hectare (Equation §) is a multiplica-
tive coding of the basal area estimate.

Stand Statistics Prior to the Budworm Outbreak

The stand statistics prior to the current outbreak of spruce budworm were
estimated from the living and dead trees. Let G denote the basal area of a
certain tree category before the outbreak. Also let G(L) and G(D) denote the
living and dead trees currently present. The quantities g and d are further
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defined as the growth and mortality of basal area during the budworm
epidemic. Then, we have,

GIL)=G +¢g-d (7)
or, equivalently,

G=G(lL)-g+d (8)
If we could assume that the tree growth is very small, Equation 8 becomes,

G=G(L)y+d 9

The exact quantity of trees that died during the outbreak is unknown.
However, if we could assume that most trees that are dead at present were
killed during the last decade, Equation 9 is approximately equivalent to,

G = G(L) + G(D) (10)

For fir and spruce, the first assumption is probably reasonable. Their
growth has been greatly suppressed by defoliation. However, we do not know
what portion of dead'stems were actually killed during the period; it is likely
that some of them succumbed before the budworm epidemic for other
reasons. Therefore, G(D) probably overestimates d. It means also that the
original stand statistic estimated by Equation 10 is slightly overestimated.

The situation may be more serious among nonhost species. Their growth
is rather accelerated during the outbreak because of the increased availability
of light and other resources to surviving trees (Seymour 1980). Therefore, g is
not negligible. As a result, the original stand statistic of nonhost species is an
overestimate.

Tree Mortality

The mortality of fir and of spruce was estimated from the quantity of dead
and living trees. It was defined as the proportion of basal area that died
during a budworm outbreak, and was estimated as,

M = G(D)Y/(G(L) + G(D)) (1)

where M is mortality. In other words, mortality here is the probability that a
unit of basal area is lost during the period. Uprooted trees were not included
in the mortality calculation, because the cause of death is less certain, and the
likelihood that it was from budworm damage was small.

The true tree mortality (M(t)) during a budworm epidemic would be,

M(t) = d/G = d/(G(L)- g + d) (12)
And for fir and spruce, it can be well approximated by,

M(t) = d/(G(L) + d) (13)
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If the basal area of currently dead trees (G(D)) is not equal to the true
quantity of trees that succumbed during the epidemic (d), those variables
may be related as,

GD)=d+e (14)

where e is the basal area that died prior to the budworm outbreak. The sign
of ¢ would be positive. From Equations 11, 13, and 14, we have,

M - M(t) = eG({L)/({G(L) + GID)G(L) + G(D) -¢)) (15)
Since ¢ is expected to be much smaller than both G(L) and G(D),
M - M(t) » O

Therefore, the mortality estimate given by Equation 11 will probably be
slightly overestimated.

The arcsine transformation was adopted in calculating mean mortality
values to compensate for the departure of frequency distributions of sample
plots among the mortality classes from normality. Whenever the mean tree
mortality is presented, however, it is expressed on the original scale.

Species Composition of the Forest

The species composition of a sample plot was expressed in two ways. In one
approach, three categories of forest composition were distinguished depending
on the proportion of nonhost species, by basal area, in a plot. They were: (1)
softwood forest (less than 5% nonhosts); (2) softwood-hardwood forest {be-
tween 5% and 35% nonhosts); and (3) hardwood-softwood forest (greater
than 35% nonhosts). The host species included fir, red-black spruce, white
spruce, eastern hemlock ( Tsuga canadensis (L..) Carr.) and white pine (Prnus
strobus L.). Hemlock and white pine are not defoliated as much as the other
host species, but were known to be attacked by the spruce budworm (Flexner
et al. 1983, Talerico 1984) and were, therefore, regarded as the secondarv
host species. Both white spruce and hemlock were poorly represented in
Park forests. All other species were considered as nonhosts, and consisted
mostly of hardwood trees. Those categories of forests are somewhat different
from the ones used in the forest tvping, but appeared most useful and were
used throughout the analyses.

RESULTS

Current State of the Forest

The quantity of living trees in the Park in 1983 was estimated by basal area
and by stem volume (Table 1). The total values for the entire area of the Park,
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and the mean values per hectare were calculated for each tree species. /¢
should be noted, however, that trees in two northern-most towns, a sprayed area,
and in hardwood stands are not included in those estimates.

In total, 6,953,000 £136,000 m3 (245,500,000 £4,800,000 ft3) of living
trees are currently present in all those forest types that were sampled. The
standard error is indicated for each estimated mean. (The statistics are also
given on a per hectare basis in Table 1.} In terms of basal area, the quantity of
living trees is 1,059,500 = 19,800 m2 (11,400,000 £ 213,000 ft2). The most
striking feature of the forest composition in the Park is the high abundance of

Table 1. Basal area and stem volume of living trees! in Baxter State Park in 1983.

Total Basal Total Stem

Basal Area For All Stem Volume For All

Area Forest Types  Volume  Forest Tyvpes
Species? {m2/ha) (x103m2) (m3/ha) (x103m3)
Picea rubens & 16.84(0.45)  628.4%16.9) 113.43.1) 4,230(110)

P. martana
Abies balsamea 3.38(0.19) 126.0 {(7.1) 20.5(1.2) 765 (44)
Betula papyrifera 2.69(0.20) 100.2 (7.6) 14.4(1.2) 538 (43)
Acer rubrum 1.75(0.15) 65.4(5.6) 10.5(1.0) 401 (38)
Betula 1.17¢0.15) 143.5 (4.0) 6.8(0.7) 255(25)
alleghantensis

Thuja occidentalis 1.05(0.15) 39.1(5.4) 5.1(0.7) 192 (26)
Pinus strobus 0.97(0.12) 36.1(4.5) 7.0(0.9) 260 (32)
Fagus grandifolia 0.37(0.10) 13.6 (3.6) 2.3(0.6) 84 (24)
Acer saccharum 0.30¢0.08) 11.2 (3.1) 1.7(0.4) 63 (17)
Pyrus americana 0.16(0).04) 5.9 (1.5) 0.9(0.2) 34(9)
Populus spp. 0.15(0.05) 5.4(1.8) 0.8(0.3) 30 (10)
Picea glauca 0.13(0.09) 4.9(3.4) 0.7(0.5) 28 (18)
Acer spreatum 0.12(0.04) +.5(L.5) 0.8(0.3) 30 (10)
Acer pensylvanicum 0.10(0.02) 3.7 (0.7) 0.6(0.1) 23(5)
Tsuga canadensis 0.10(0.05) 3.9¢0.2) 0.5(0.2) 20(9)
Prunus pensylvanica 0.04(0.01) 1.5 (0.4) 0.3(0.1) 9(3)
Pinus resinosa 0.04(0.02) 1.5 (0.8) 0.3(0.2) 11 (6)
Fraxinus spp. 0.03(0.01) 1.2(0.4) 0.2(0.1) 7(2)
Alnus spp. 0.02(0.01) 0.7(0.3y  0.1(0.05) 4(2)
All Living Trees 28.4000.53)  1,059.5(19.8)  186.5(3.6) 6,953(136)

I'Trees in hardwood forests were not sampled, and are not included in this table.

Five other species, U/mus americana, Quercus rubra, Ostrya ‘vﬁgthf:lﬂd, Betu/apopu/zﬁ//'a, and
Corylus spp. were also observed. However, basal areas and stem volumes of those species were
negligibly small.

3Standard error of the mean.
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afew species. Twenty four species of trees were recorded within the boundary
of the Park, but the four most common species constituted 85% of the total
stem volume. {In some cases, species were not distinguished and only genera
were recorded; e.g., Populus, Fraxinus. Therefore, the true number of tree
species will be greater than 24.) The spruces are especially important. Spruce
stem volume was estimated as 4,230,000 = 110,000 m3 (149,000,000 +
3,880,000 ft3). This alone represents 61% of the total stem volume in all forest
types. Fir, white birch (Betula papyrifera Marsh.) and red maple (Acer rubrum
L.) are also important. They constitute 11%, 8%, and 6% of total stem
volume, respectively. However, the volume of fir decreased greatly during
the current spruce budworm outbreak. Estimates of mean basal area and
stem volume of trees in each forest type are summarized in Tables A4 and AS.

Estimated Quantity of Dead Trees

The amount of trees killed during the budworm outbreak was estimated
from the inventory data (Table 2). Stem volume of all trees, both living and
dead, in the Park is 11,600,000 = 160,000m3. A volume of 6,953,000 m3 has
survived the budworm outbreak (Table 1) and the amount of trees of all
species that have died during the outbreak was 4,647,000 m3. This is 40% of
the original volume.

The mortality patterns of fir and of spruce are different. The total stem
volume of fir and of spruce (both living and dead) was 3,340,000 % 100,000
m3and 5,790,000 £160,000 m3, respectively. Dead stem volume is 2,570,000
*92,000 m3 for fir and 1,560,000 £91,000 m3 for spruce. Therefore, 77% of
fir volume and 27% of spruce volume died in the Park. When the proportion
of dead trees is calculated by the total basal area, we have 76% for fir and 26%
for spruce, almost identical to the figures for stem volume.

The stem volume of uprooted trees is small. The figures are 149,000 *
16,000 m3 for fir and 127,000 %17,000 m3 for spruce. Only 5% of dead fir and
8% of dead spruce were caused by windthrow.

Patterns of Tree Mortality

Patterns of tree mortality were analyzed according to the suggested hy-
potheses described earlier. Two approaches were used. First, variation of tree
mortality among host tree species, species composition of forest, and topo-
graphical factors were analyzed by nonparametric methods. Percentage
mortality values wre initially transformed by the arcsine transformation
with the intention of using one-way- or multi-way-analysis of variance.
However, our data showed that even the transformed values were not nor-
mally distributed (Kolmogorov-Smirnov test on pooled data for the entire
Park, p0.01, n=402 for fir and n=416 for spruce). Therefore, the Kruskal-
Wallis and Brown-Mood tests were adopted. In the following analyses,
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Table 2. Basal area and stem volume of living and dead trees! in Baxter State Park in
1983. The values are given by type of host to the spruce budworm.

Total Total
Basal Area Stem Volume
Basal For All Stem - For All
Tree Category Area Forest Types Volume  Forest Types
{m2/ha) (x103m?2) {m3/ha) (x103m3)
Abies balsamea
Living and Dead 14.25(0.43) §537(16)% 89.5(2.7)  3.340(100)
Living 1.37(0.19) 127(7) 20.5¢1.2) 765 (44)
Dead 10.95(0.38) 110(14) 09.0(2.5) 2,570 (92)
Uprooted 0.60(0.06) 22(2) 31.9(0.4) 149 (16)
Picea rubens & P. mariana
Living and Dead 22.89(0.63) 854(24) 155.2(4.3)  5,790(160)
Living 16.84{0.45) 627(17) 113.4(3.1)  4,230(110)
Dead 6.04(0.35) 224(13) 11.8(2.4) L300 (91)
Uprooted 0.49(0.006) 19 (2) 3.40.5) 127 (17)
Primary Host Species?
[.iving and Dead 36.95(0.66) 1,380(25)  243.3(4.4)  9,080(170)
Secondary Host Species3
Living and Dead 1.29(0.15) 49 (6) 9.5¢1.1) 354 (42)
Nonhost Species
Living and Dead 10.11¢0.39) 377(15) 58.1(2.3) 2,170 (85)
Betula papyrifera &
B. alleghaniensis 0.89(0.06) 34(2) 4.7(0.3) 175 (12)
Dead
All Living and 48.36(0.65) 1,8510(24)  310.9¢4.3) 11,600(160)
Dead Trees

1'Trees in hardwood forests were not measured, and are not included 1n this table.
2Primary hosts are Pucea rubens, P. mariana, P glauca, and Abies balsamea.
3Secondary hosts are Tsuga canadensis and Pinus strobus.

4Standard error of the mean

significant differences of the sample means were examined by those two tests,
unless otherwise stated. Unplanned comparisons of tree mortality, such as
Scheffe’s and Ryan-Einot-Gabriel-Welsch Multiple F tests (SAS Institute,
Inc. 19582), among different kinds of stands and sites were also done on the
transformed values.

Second, we attempted to explain the variation of percentage mortality and
the variation of dead basal area in fir and in spruce by multiple regression
analysis. A few investigators (Mott 1968, Batzer 1969, MacLean 1980) have
used multiple regression for the same purpose. Several site variables (slope
inclination, position on slope, aspect, and altitude) were included in the
regressors as well as basal area and stem volume of trees in the sample plots.
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Comparison Between Mortality of Fir and Spruce

The pattern of mortality distribution was not the same in spruce as it was
infir (Figure 2). More than 80 percent of the fir basal area was killed on more
than half the plots. On the other hand, there were but few plots where the
mortality of spruce exceeded 50 percent. In other words, the defoliation
tended to thin the spruces but to kill most of the firs. Figure 2 shows that the
frequency distribution of mortality percentages is negatively skewed (skew-
ness = -0.99) in fir but positively in spruce (+1.14). Fir mortality was
significantly greater (p«).01) than spruce.

Furthermore, higher mortality of fir was found in virtually every town,
both lower and higher elevation zones, and in almost every category of stands
(p0.001 or p0.01) (Table 3).

Comparison of Mortality by Species Composition of Forest

Fir mortality was nearly 100 percent in the softwood and the softwood-
hardwood stands but less in the hardwood-softwood forests (Figure 3). The
distribution curves of fir mortality again tend to be skewed to the left,
whereas the ones of spruce tend to show the opposite skewness. In fir, the
skewness of the mortality distribution curve becomes less pronounced with
an increasing proportion of nonhost species. Although a majority of plots
showed more than 90% mortality of fir in the softwood forest, the median was
about 40% in the hardwood-softwood forests. On the other hand, the skew-
ness becomes more emphasized with the increasing proportion of nonhost

H

o
Q
o

n=4/6
m=25%
k=+/ /e

)

- N
O O O

0 2040 6080 1000 2040 60 80 100
PERCENTAGE FIR PERCENTAGE SPRUCE
MORTALITY MORTALITY

RELATIVE FREQUENCY
OF PLOTS (%)

FIG. 2. Relative frequency distribution of percentage mortality in fir (a) and in spruce (b) for
plots in Baxter State Park. Sample size (n), mean mortality (i), and skewness (k) are indicated.
Median is shown by a triangle.
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Table 3. Comparison of mortality between fir and spruce in various areas of the Park
and in forest types. The stands were divided by the proportion of fir in primary hosts
and the one of nonhost species by basal area. The Kruskal-\Wallis test was used. The
significance levels are: *is0.05>p>0.01, ** is0.01>p>0.001, ** 15 0.001>p, and ns is
not significant.

Area or type of stand from Chi-square  signifi-  sample!
which samples were taken value cance size
Town
entire Park 380.62 +02(4106)
T3RI10 93.29 88
T3R9 83.29 82
T4R10 105.08 107
T4R9 9.54 29
TSR10 106.25 90
T5R9 1.70 ns 6
Elevation Zone
below 600 m 349,87 H47(301)
between 600 m and 870 m 37.15 S5
Forest Type?
{1} more than 50" fir 17.65 14
less than 5% [2] 309 - 50% fir 2115 16
nonhosts [3] 10" - 30" fir 5210 43
[4] less than 10" fir 36.21 25(42)
[5] more than 50 fir 112.26 g2
nonhosts [6] 30 - 50 fir 76.42 58
5 - 5% (7] 10% - 30" fir +0.07 40
[8] less than 107 fir 4.12 ns 13
more than 35 60.73 ok us
nonhosts

I\When the sample size for fir and for spruce differs, the one for spruce s indicated in parenthesis.
Stands are categorized by proportions of nonhost species and of fir basal arca among living trees.

species; in the case of spruce mortality, the median was about 30" in the
softwood ty pe, but it was close to 10”0 in the hardwood-softwood type. These
results strongly support the hypothesis that mortality of fir and of spruce
becomes smaller with increasing proportions of nonhost species.

The results of analyses for T4+R10 will be presented separately from the
ones for the entire Park in the following discussions, because topography and
species mixture of forests in T4R10 approximate much of the commercial
spruce-fir forest of northern Maine. Also, the tree mortality patterns appeared
to be somewhat different among towns, which are arbitrary but convenient
units for comparison.
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Asindicated in Table 4, tree mortality significantly differed (p).001) both
in firand in spruce among stands with varying proportion of nonhost species.
The higher the proportion of nonhost species, the smaller was the mortality
of both fir and spruce (p).05, Ryan-Einot-Gabricl-Welsch Multiple F test).
This pattern was evident both in pooled data for the entire Park and in
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FIG. 3. Relative frequency distribution of percentage mortality in fir (a, b, and ¢) and in spruce
(d, ¢, and f) for plots in three forest types.



Table 4. Tree mortabity i relation to proportion of nonhost species.

Entire Park

Town T4R 10

Mean Mean
Nonhost Mean! Red- Combined Red- Combined
Species Balsam Black Fir- Black Fir-
Proportion Fir Spruce Spruce Sample Spruce Spruce Sample
by Mortahty NMortality Mortahty Size Mortality Mortahty Size
Basal Arca (”n) (“n) {70) (”u) (o)
less than 5% 093 al 2a 45 a 101 40 a S4a 45
596 - 35% 85 b 25b 51 203 7a 67 b 35
more than 5% e 16 ¢ 36b us 14 b EhEe 27
Chi-square value? 104,607 3441 14.60 5.68
Significance* e A

'‘Mean mortality was calculated using the transformed value tarcsine transformation), then it was transtormed back to the onginal scale.

Two methods of nonparametric one-way analysis were used to testf the tree mortahity was unrelated to the proportion of nonhosts in stands The

more conservative result between the Kruskal-\Wallis test and Brown-NMood test 1s presented for each case.

JResult of unplanned comparisons among the means s idicated when tree mortahity s sigmificantly different among stands with varying

proportions of nonhosts. The same letter represents that the means are not significantly different at the 3% level. Ryvan-Emot-Gabriel-Welsch

Multiple F test (SAS Institute, Inc. 1982) was used.
is LOI>p>0.001,

Significance levels are: © s 0> p=>0001,

is 0.001>p, and ns s not sigmficant.
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T4R10. At the level of the entire Park, 93% of fir was killed in the softwood
forest, but mortality was only 52% in the hardwood-softwood forest. For
spruce, the mortality values in the softwood type and in the hardwood-
softwood type were 32% and 16", respectively. However, the relationship
between the proportion of hardwood and the mortality of fir and spruce is
slightly more complicated than that, and tended to show some irregular
patterns. When this hypothesis was tested separately for the remaining
towns, it was often found that the factor which showed statistical significance
for the whole body of data did not appear important in some of the individual
towns (Table 5). In other words, while certain generalizations can be made,
there is still much unexplained variation in mortality.

The hypothesis that the tree mortality is related to the proportion of fir
basal area among the primary host species in a sample plot was also examn-
ined. The results are shown separately for the softwood type (Table 6) and for

Table 5. Tree mortality in relation to site characteristics and species composition.

Town
Source of variation Entire

Park  T3R10 T3R9 T4R10 T4R9 TS5SR10 TS5R