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ABSTRACT

Budworm=-caused tree mortality
and stand recovery over a Z20-year
period following a spruce budworm,
Choristoneura fumiferana (Clem.),
outbreak were examined in an imma-
ture balsam £fir, Abies balsamea
(L.) Mill., stand in northwestern
New Brunswick. Tree mortality
peaked in the sixth and seventh
year of the budworm outhreak and
showed high variability within the
stand, ranging from 18 to 80% of
the total volume per hectare.
There was no clear relationship
between vwvolume loss and stand
characteristics, but mortality did
tend to have a strongly contagious
distribution in the stand. For
individual trees, the period of
defcoliation was coincident with
greatly reduced diameter growth
and virtually no height growth.
Within five yvears of cessation cof
defoliation, the crowns of surviv-
ing trees appeared fully recov-—
ered, and diameter and Theight
growth were similar te¢ that in
unaffected stands. Although
diameter growth showed a classic
response to the reductien 1n stand
density (thinning) and increased
substantially beyond predefolia-
tion levels, this growth was on
smaller trees (because of the
growth reductions
outbreak) and there were fewer
trees per hectare. Therefore, the
recovery in terms of volume per

during the

RESUME

La mortalit& des arbres provo-
quée par la Tordeuse, Choriston-
eura fumiferana (Clem), ainsi que
la régénérescence des peuplements
au cours des 20 anndes consécu-—
tives 4 une infestation, ont &té&
Btudiées pour un peuplement dimma-~
ture de Sapin baumier, Abies
balsamea (L). Mill,, dan le
nerd-ouest du Nouveau Brunswick.
La mortalité des arbres atteignait
son point culminant au cours des
gixiéme et septidme années de
1'infestation par la Tordeuse at
présentait une grande variabllité
4 travers le peuplement, allant de
18 4 80% du volume total & 1'hac-
tare. Il n'y avait pas de rela-
tion é&vidente entre la perte de
volume et les caractéristiques du
peuplement, toutefols la mortalité
ne tendait pags & avolr une distri-
bution fortement contagieuse dans
le peuplement. En ce qui a trait
aux arbres, la péricde de dé&folia-
tion coincidait avec une crois-
sance en diamétre fortement
réduite et l'absence virtuelle de
crolssance en hauteur. En
1'espace de cing années depuls la
cessation de la d&foliation, les
cimes des arbres survivants
paraissaient complétement regéné-—
rées, et la croissance en diamétre
et en hauteur &tait identique &
calle observée dans les peuple~
ments indemnes. Bien que la
croissance en diamétre alt mani-



hectare was poor, and only one
plot had regained its predefolia-
tion volume 15 years after defoli-
ation ceased. Projection of stand
development to age 75 years fur-
ther suggested that on average,
the plots which suffered budworm-
caused mortality and growth loss
would have only slightly more than
one-half the projected volume
without defoliation.

i1

fest& une réaction classique 3 la
réduction ae la densité& du peuple-
ment (8claircle), et ait substan-
stantiellement dépassé& les nlveaux

auntdrieurs & la défoliation, une
telle croissance s'observalt sur
les plus petits arbres (ce, 1

cause des pertes de crolssance au

cours de l'infestation) et il vy
avalt encore nmoins d'arbres &
Il hactare. Par couséquent la

régénérescence en termes de volume
4 l'nectare 8talt mEdiocre et, 15
années aprés que la d&foliation
eut cess&, une seule parcelle a
retrouvé son volume ant&rieur. La
projection du d&veloppement du
neuplement & 75 ans au—deld de son
dge actuel laissait voir qu'en
moyenne, les parcelles ayant souf~-
fert de mortalité par la Tordeuse
et de perte de croilssance auraient
eu 3 peine plus de la molti& du
volume projeté sans la défolia-
tion.



INTRODUCTION

Histcrical records and tree-
ring analyses have suggested that
numercus, extensive outbreaks of
the spruce budworm, Choristoneura
fumiferana (Clem.), have occurred
in the past over eastern North
America. Vast areas of forest
have been affected, but until
recently the affected forest had
little economic value. For vari-
ous reasons, surveys of the impact
of these outbreaks on forest pro-
ductlvity were at best patchy and
imprecise, and thus any large-
scale estimates of mortality loss-
es nust be viewed skeptically be-
cause of the lack of good survey
and inventory data. However, to
give a rough idea of the magnitude
of thege losses, the following
estimates are presented: (1) at
least 200 million cords of fir
( Abies balsamea (L.) Mill.) and
spruce (picea spp.) killed in
eastern Canada during the 1910's
and early 1920's, equivalent to a
mindimum of 40 to 50% of the host
trees presant (8walne and Craig-
head 1924); (2) 25-30 million
cords kilied in Malne during the
1909~19 outbreak (McLintock 1955);
and (3) 17 million cords killed .in
northwestern Ontatio from 1943 to
1955, or 587% of the host-tree vol-
ume (FElliott  1960). Tothill
(1921) estimated that 7,967 mil-
lion board feet (equivalent to
appreoximately 5,200,000 cords) of
fir and spruce died in New Bruns-
wick from 1914 to 1921. This
estimate was based on reconnais-
sance surveys and a 4% crulse .of
460 square miles In Northumberland
County, on which area 4% of the
spruce and 757 of the merchantable
fir {(or 56% of the total fir) were
dead.

Studies of the amount and rate
of budworm—caused tree mortality
are of two types: (a) annual

assessment of mortality on perma-
nent plots during and following an
outbreak, and (b) a single, post-—
mortem analyvsis of mortality.
Studies of the first type have
bean conducted for stands in New
Brunswick from 1955-61 (Basker—
ville 1960, MacDonald 1962, Mott
19681y, in Quebec from 1948-52
(MeLintock 1955), in  Minnesota
from 1957-66 (Batzer 1973), and
are ongolng during a current bud-

worm outbreak on Cape Breton
Island (Magasi 1978, MacLean
19793, Examples of postmortem

mortality studies include Craig—
head (1924, 1925}, Turner (1952),
Ghent et al. (1957), Blais (1958),
and Hatcher (1964). Both types of
study have shown a wide range of
mortality in various stands, from
approximately 33% to 100% of the
number of merchantable trees.

The hypothesis that wvariability
in budworm-caused tree mortality
in forest stands is related to the
structural characteristics of the
stand at the time of initiation of
the outhreak has been examined in
at least a cursory fashlon in a
number of these studies. {raig-
head (1925} determined that tree
vigor (as expressed by increment
at dbh) at the time of defoliation
was related to mortality, with
more rapld growth rates associated
with lower mortality; however, un-
der severe defoliation the rela-
tion broke down, presumably ba-
cause persistent sewvere defolia-

tion will kill even vigorous
trees. Craighead (1925) also
examined mortality in relation
I Mott, D.G. 1968. A study of

mortality in balsam fir stands
after attack by spruce budworm
in northwestern New Brunswick,
1656-~59, Contract Rep. 1,
Marit. For. Res. Cent., Freder-
icton, N.B.



to density, basal area, and per-
centage balsam fir, but found no
correlation. Turner (1952) deter-
mined that fir mortality was rela-
ted to percentage fir in the stand
and to actual basal area of fir
conslderad independently of cother
species. Ghent et al, (1957) used
a ncn-parametric rank correlation
method to relate mortality, on &
plot basis, to percentage of fir
basal area and to actual fir basal
area. Mot: (1968) in a multiple
regression analysis found that
‘mean tree' basal area was the
best of the L0 stand characteris-
tics studied for explaining varia-
tion in fir mortality, and also
noted a 'boundary-zone effect',
with lower mortality In the zomne
between forest and clear—cut open-—
ings, possibly due to outward dis-
persal of small larvae and/or
adults, Batzer (1969) also used
mathematical technigques to select
tree and stand characteristics re-—
lated to mortality, and found that
a combination of three stand at-
tributes (percentage of basal area
in spruce, percentage of Dbasal
area in non-host species, and
total basal area of fir) explained
56% of the variation in mortality.
Thus, mortality has been found to
be loosely related to a variety of
stand attributes, which generally
include some measure of Dbasal
area.

Although several studles have
examined tree mortality in budworm
gutbreaks in variocus reglomns, no
published studies have followed
stand recovery after the collapse
of an outbreak, in terms of fac-
tors such as stand growth, species
composition or productivity of the
survivors. In the case of imma-
ture stands or under certaln out-
break patterns, it 1is known that
substantial numbers of trees may
survive. How does the budworm af-
fect the long-—term stand producti-

vity in.these cases? In this pa-
per, budworm—caused tree mortality
and stand recovery over a 20~ year
period following the outbreak are
examined for 10 plots in north-
western New Brumswick. The early
losses were summarized by Basker-
ville (1960) on the basis of an
average for the 10 plots. The
present paper provides some de-
tails of the variation in moTFtal-
ity among plots, as well as des-
cribing recovery.

METHODS

The work reported here was part
of & cooperative program of ento-
mological and forest research be-
gun in the early 1950's on the
Green River Watershed in north-
western New Brunswilck. As part of
that project, about 5400 ha were
set aside and were neither protec-
ted from spruce budworm attack nor
logged, so that insect and forest
development in the absence of pro-
tection could be followed. This
area, known as the Kedgwick Check
Area {(Morris 1963), was near the
centre of the budworm outbreak
that began in the early 1950's,
and the forest recelved the full
impact of an uncontrolled budworm
outbreak.

Most of the date presented here
come from ten 0.04-ha (0.1 ac)
circular plots randomly located in
an immature stand in the 8-ha en-
tomological plot known as K~2 (see
Morris 1963 figure 1.1 for plot
location). These plots were es—
tablished in 1956, and every tree
was numbered and 1ts position
mapped. Records on each tree con~
sisted of dbh, crown class, and
defpliation by budworm. Defolia-
tion of current foliage was visu=
ally estimated on a subjective
scale, light {(0-25%), moderate
(26-75%), and severe (76-100%),
based on the proportion of foliage



present compared to the amount
that should have been present
under undefoliated conditions.

Trees were classed as dead only-
when the inner bark was dry and:

discolored on two sides of the
stem. Total height was recorded

for a sample of trees on each:

plot. The plots were measured
annually from 1936 to 1961 during
the period of peak mortality, and
again in 1965 and 1970; five plots
werg. also, remeasured in 1975. For
purposes of comparison, some data
and relationships were drawn from
twelve 0.01 ha (0.025 ac) plots,
located near the entomological
plot G-=5 (Morris 1963), that were
essantially unaffected by the bud-
worm outbreak. These plots were
in forest separated from the bud=-
worm outbreak by extensive clear
cut areas, and, although budworm
populations persisted in these
stands, they never reached seri-
ously damaging levels (Morris
1963}, O0f the 12 non-infested
plots, four were In each of three
stand deunsity classes, with 2470,
7400, and 12350 stems per hectate.
As 1in the plots damaged by bud-
worm, all trees were numbered and
mapped and individual tree records
were maintained. These plots were
established in 1955 and remeasured
in 1960, 1965, 1970, and 1975. .

RESULTS AND DISCUSSION

Initial Stand Conditions
The stands in the two study
areas orlginated from

mature stand destroyed in the bud-
worm outbreak of 1913-1919 (Vin=-
cent 1962, Baskerville 1975).
They are even-aged, dating from
releasa in the early 1920's, and
are on excellent sites, all well-
drained upland silty clay loams.
These stands have sustained wvery
little disturbance by man. Some

advance
growth that was present under the:

sawlogs were removed 1in the mid
1930's and early 1940's but cut-
ting was limited to scattered
large spruce that survived the
1913-1919 budworm outbrealk. The
logs wera hauled out by horses in
mid-winter, and consequently the
disturbance to the stands was
minimal.

In 1956, the stands in the
Kedgwick Chéck Area were under in-
tense attack from the spruce bud-
worm, but they still maintained a
continuous closed canopy. There
was a scattering of overstory
spruce that had survived the ear-
lier budwerm outbreak and had been
too small to attract the attention
of the sawlog cutters. However,
the stands were distinctly single-
story and apart from the dense
canopy, the most striking feature
was their apparent wuniformity.
Indeed, the plots were established
to examine the 1impact of budworm
in what appeared to be 2z uniform
forest/budworm envirounment. Des-
pite the remarkably uniform struc-
tural appearance of the stands,
the sample plots displayed a ra-
ther wide range of density and
species mixes (Table 1).

The 10 plots averaged 5620
stems per hectare of balsam fir,
540 stems of black spruce, Picea
mariana (Mlll) B.S.P., and 590
stems of white birch, Betula
papyrifera Marsh. There were a
few white spruce, P. glauca
(Moench) Voss, in the stands, but
in this raport these trees are
identified as "spruce” which
should be considered black spruce.
The basal area averaged 34 m?ha-!
and mean total wvolume was 162
moha=!  (Table 1).

Altheough the stands had suf-
fered considerable defoliation by
1956, few trees had been killed
according to records from the
entomological plots and on~the-
ground inspection.



Table 1. Mensurational characteristics of the 10 plots iIn 1956, before budworm damage

Plot Density, stems ha” ! Basal area, mlha”l Mean dbh, cm Total volume, m3ha_I
No.- Fir Spruce Birch Fir Spruce Birch Fir Spruce Birch Fir Spruce Birch
71 4420 1240 490 30.2 5.8 0.5 3.3 7.8 3.5 144 26 1
72 5120 150 860 30.5 2.7 2.2 8.7 15.3 5.7 143 16 10
73 7980 670 640 39.0 4.5 . 0.9 7.9 9.2 4.2 174 23 3
74 4820 270 170 33.4 1.2 0.2 9.4 7.4 3.9 163 5 1
75 4620 840 1560 28.8 6.8 3.8 8.9 10.2 5.5 137 35 17
76 6130 370 520 37.4 3.2 1.1 8.8 10.5 5.2 176 17 4
17 3769 420 520 35.9 2.4 2.3 11.0 8.5 7.6 183 11 i4
78 6350 540 440 39.4 4.4 0.8 8.9 10.1 4.9 185 23 3
79 5140 250 150 31.8 1.3 0.4 8.7 6.9 5.8 149 6 2
80 7910 670 540 38.1 2.8 1.0 7.8 7.4 4.9 169 13 4

Average 5620 54() 590 34.4 3.5 1.3 8.9 9.3 5.1 162 18 6
Percent

of total 83 8 9 88 9 3 87 10 3




Defoliation History

Since the plots were located on
an entomological sample area the
budworm population history of the
stands is well-established. Both
population numbers and defoliiaticn
of current foliazge were recorded
annually by systematic surveys of
the & ha stand. Data on budworm

density from 1930 to 1960 for

plots K-2 and G-5 have previously
been presented (Morris 1963, fig.
33.1), and defoliation history for
the stand as a whole is shown in
Table 2. However, it was evident
during the outbreak that there
were substantial variations 1n de-

foliation on a local scale that

would not be reflected in the es-

timate for K-2 as a whele (Morris.
variation

1963). Since : this
clearly would influence tree sur-
vival and stand development at the
~scale of the 10 small sample

Table Z. Defoliation history of
the 8 ha stand contain-
ing the 10 plots

Year . Defoliationl/
1948 0
49 0
50 20
51 45
52 91
53 98
54 28
35 : 34
56 92
57 48
58 2
59 2
60 2

61-75 0

L/ Defoliation expressed as a
percent of the total new
foliage on normal crowns.

plots, defoliation of each tree on
these plots was assessed annually
during the outbreak. Although the
observer for this task was spe-
cially tralned, analysis of the
individual tree defoliation as~
sessments from these visual esti=
mates showed such inconslstencies
as to preclude use of even an 'av-
erage’' defoliarion estimate for
each plot.

While there were discernible
variations 1in the intensity of
defoliation throughout the & ha
stand in which the ©plots were
located, the overall picture was

one of severe damage. By 1958,
the tops of all trees in all plots
were dead. From the air, the

stand was a typlcal "grey area" of
the type associated with extensive
mortality. The budworm population
in -this area collapsed of its own
accord in 1958, At that time the
crown of eavery surviving fir and
spruce tree showed a dead top and
a degree of openness in the lower
crown, depending on the intensity
of defoliation. With the cessa-
tion of defoliation the trees were
aither unable to recover and died,
or they showed incredible reccvery
of the crown and survived. The
crowns that survived looked normal
to the unpracticed eye by 1961,
four vyears after the defoliation
pressure ceaged.

Budworm Impact on the Forest

On average, the plots lost 647
of the original fir trees and 14%
of the original spruce Lrees to
budworm-caused mortality (Table
3Y. The range was from 34 to 847%
for fir and from -0 to 24% for
gpruce. The loss din terms of
initial basal area averaged 53%
for fir and 8% for spruce while
the volume loss was 51% for fir
and 8% for spruce (Table 3).
These losses were such that the
stands appeared truly devastated



Table 3. Total mortality from 1956-61 expressed as a percentage of the
initial stand condition
Density Basal area Tota% volume Merchantgble
stems ha m“ha ha~ volume, m~ ha
Plot Fir Spruce Fir Spruce Fir Spruce Fir Spruce
71 73 24 59 7 56 4 53 |
72 84 17 8l /i 80 43 80 45
73 78 22 68 & 66 4 63 2
74 34 0 25 0 24 0 24 c
75 b4 12 21 2 18 2 14 1
76 67 20 52 4 5C 2 47 <1
77 74 18 o8 13 7C 14 70 13
78 72 5 57 1 54 <1 51 0
79 67 10 71 2 70 1 7l 0
80 48 15 32 8 29 8 25 7
Average 64 14 53 8 51 8 50 7

from 1958-60. The dense canopy
had been greatly reduced by the
loss of trees, as well as by defo-
liation of survivors, and, as the
budworm population collapsed, the
stands tcok on an open appeaarance
with a distinct clumpiness to the
surviving trees.

The most striking feature of
the budworm~caused tree wmortality
was 1ts high variability in what
appeared to be a uniform stand.
Plots within 50 m of one ancther
showed the extremes of greatest
and least mortality. This varia-
bility in percent fir mortality
was mnot related to stand charac-
teristics such as density or the
proportion of fir in the stand
over the range of these factors
for the 10 plots (Fig. 1). It
would appear that 1in uncontrolled
outbreaks (5400 ha iIn the case of
the Kedgwick Check Area) budworm-
caused tree mortality overvides
normal wvarlations in stand dynam—
ics resulting from density and

species mix. It was expected that
the budworm would react to differ-
ences in stand character on the
local scale and that this would,
in turn, be reflected In tree mor-
tality rates, but if the popula-
tion did react to the forest cov-
er, the pattern was not detect-
abla. It appears that the local
variability in budworm deunsity (as
evidenced by defoliation and mor-—
tality) is either a random pheno-
menon or the insect 1s reacting
to a parameter of the forest that
was not measured in this study.

It 1s net possible to say
whether the differential mortality
resulted from differential vulner-
ability from plot to plot within
the stand and/or from random vari-
ations in the budworm population.
If the budworm pressure was, 1in
fact, the same from plot to plot
then the results would indicate
that there were factors of vulner-
ability that varied. However, in
the more likely case (based on
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observations at the time) that the
budworm pressure was not constant
from plot to plet, 1t seems most
reasonable that the wvariable mor-
tality was a function of wvariable
budworm pressure {such as might
result from uneven within-stand
adult dispersal) and was unrelated
to stand characteristics.

The variability of mortality
throughout the stand occurred cn a
scale even smaller than the 0.04~
ha plots. Within plots there were
striking patterns of wmortality
with sequential mortality tending
towards a contagious distribution.
Thus, ‘'holes' developed iIn the
stand  as mortality progressed
(Fig. 2). These holes tended to
become larger and larger, leaving
the surviving trees in an 1ncreas-
ingly clumped configuration. How=-
ever, once the budworm—caused mor-
tality had ceased, the pattern of
mortality in these stands was sim—
ilar to that in non-infested
stands (Figs. 3 and 4).

While there was wide wvariation
in total mortality from plot to
plet, the sequence of mortality in
time showed the same pattern on
all plots. The firgt dead trees
were recorded in 1957 and budworm—
caused mortality was thought to
have been complete by 1961. On

all plots the greatest mortallty

oceurred in 1959, the 'vear after

the budworm population collapsed.

In 1961, it appeared that all sur=-
viving stems had regalned suffi-
cient foliage to be subject only
to normal density~dependent mor-
tality and annual assessment on
the plots was discontinued. Sub-
sequent analysis of the 1961 to
1965 mertality data showed, how=

ever, that mortality in this per—:
icd was still somewhat higher than'

would be expected, 1f compared

with uninfested plots of similar.

density (Fig. 5). The pattern of
mortality in the least affected

plot was not mucn different from
that in a stand of similar density
that was not subjected to budworm,
The spruce mertality in absolute
terms was too small to plot on
Fig. 5.

In support o¢f the conventional
wisdom that fir is more vulnerable
to the budworm than black spruce,
about 64% of the fir trees died
whereas only 14% of the spruce
trees were killed by defoliation
(Table 3). Again there was varia-
tion from plot to plot in the pro-
portion of species dying but thils
could not be related to stand
characteristics. There was alsc a
definite pattern to the crown
class of the trees that died. In
general, dominant trees made up a
smaller proportion of wmortality
than they did of the stand before
it became infested, while sup=~

pressad trees formed a larger
proportion of the mortality
(Table 4). Mortality therefore

altered the crown class structure
towards a larger proportion of
doninant trees, almost to the
exclusion of suppressed trees.
Further, the tendency was for the
suppressed and intermediate trees
to die first. Both the timing of
death by crown class, and the
change In crown class structure
can be ssen In Figure 2. In this
figure, all the suppressed and
intermediate trees surviving in
1961 are elither black spruce or
white birch. Not & single sup-
pressed or intermediate fir ftree
survived beyond 1960.

The tendency for loss  of
suppressed and intermediate trees
seams contrary to the fact that
budworm tend to survive best in
the upper portions of open—-grown
crowns (Morris 1963). The appar-
ent paradox results from the fact
that larvae dropping from the lar-
ger crowns land on the lower crown
classes. Although the populations
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Table 4.

The distribution of number of softwood stems and basal area

per hectare by crown class for the initilal stand and for the

1956-61 mortality

Domi- Codom— Inter— Sup= Over-
Total nant inant mediate pressed story
(percent of total)
Initial stand 6165 stems ha 17 17 26 39 1
Mortality 3970 stems ha” 12 14 27 4t 1
Initial stand 37.9 m%ha”l 41 22 20 12 5
Mortality 18,7 wlha ™l 33 20 23 17 7
on the lower crown classes are Fir Spruce Birch
less dense than ocon the dominant Proportion
and codominant trees {Morris 1963) in 1956 (%) 83 8 9
they are sufficient to defollate Proportieon
and kill these weaker trees with in 1965 (%) 66 16 18
smaller crowns.
The tendency for the budworm to :

kill smaller-than-average trees is Table 5. The mean diameter breast

also
diameter of trees that died (Ta-
ble 5) with the initial mean diam—
eter (Table 1), In every plot but
one, thne mean diameter of fir
trees that died due to budworm
feeding was smaller than the mean
diameter of the stand before mor-
tality began. While this differ-~
ence was relatively small for fir,
it was large for ©black spruce
where the trees that died were on
avarage much smaller than the
average tree ' 1n the stand. An
exception was plot 72, where one
very large black spruce was killed

giving an unusually large mean
diameter of trees killed (Ta-
ble 5).

Because of -the differential
pattern of mortality, the stand

changed rather dramatically be-
tween 1956 and 1965 {Table 6). 1In
tarms of number of stems per hec-
tare the averape species mix
changed as follows:

shown by comparing the mean

height of trees dying
from 1956-61.,

Mean dbh, cm

Plot Fir Spruce
71 8o b.2
72 B.6 24,1
73 7.4 4,6
74 8.1 -
75 6.2 4.5
76 7.8 4eb
71 10.7 7.2
78 7.9 4.0
79 9.1 4.1
80 6.4 5.3

The change is consistent with high-

er mortality in fir than spruce.
Further, in terms of canopy struc-—
ture, the death of fir trees
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Table 6. Mensuraticnal characteristics of the plots in 1965 after
cessation of budworm-caused mortality
Density, stems ha ' Basal area, m°ha !

Plot Fir Spruce Birch : Fir Spruce Birch
71 1038 865 469 12.9 7.6 1.6
72 667 124 791 7.3 2.3 5.0
73 1606 494 568 16.4 6.6 1.7
74 2669 247 124 30.8 1.5 0.3
75 2224 692 1260 27.3 9.4 47
70 1952 272 395 21.7 4,1 2.3
77 865 346 395 14,0 3.2 3.2
78 1507 494 445 18.8 71 1.9
79 1507 247 99 10.8 2.1 0.7
80 3608 519 395 29.3 3.9 1.8
Average 1764 430 494 18.9 4.8 2.3
Percent 66 16 18 73 18 9

regsuited in & substantlial improve- Racovery of the Stands to the

ment in the relative crown posi- Present

tion eof birch trees. In 1956, In most respects, the stands

most of the birch trees were of have recovered remarkably well

intermediate crown position, and
appeared to be dying out of the
stand. In the plots not subject
to budworm attack, the birch con-
tent did decline sharply over the
study period, By contrast, the
birch only declined from 591 stems

per hectare to 494 stems in the
attacked plots. There was a simi-
lar, although less dramatic Im~

provemant 1n the crown position of
the black spruce as a result of
the differential survival of the

specles.

For both Ffir and spruce, the
loss of a number of trees of
smaller - than - average  diameter
resulted in an increase 1in the
mean diameter of the surviving
stand even without any diameter

growth.

from the damage inflicted by the
budworm in the 1950's. In 1978,
casual observation of the stands
described above would not detect
the past damage. The dead trees
have fallen to the ground and are
largely decayed. The crowns of
surviving trees are completely
filled out and appear normal. The
stands are more open than those
that were mnot damaged 1in the
1950's, but the major difference
is that the trees are substantial-
ly shorter than in the undamaged
stands (Fig. 6). :
Stem analysis of individual
trees has indicated that the
stands had comparable tree helghts
before defoliation began in 1951
(Fig. 7). By 1956 the trees in
the damaged stands were slightly
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Fig. 7. Development of height

over time for two trees
from the stand damaged by budworm
and one tree from the undamaged
stand, The effect of defoliation
from 1950 to 1958 is clear.
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shorter, for an equivalent diame-
ter, than the undamaged trees at
the start of the study, because
there had already been some top
killing of the trees by 1956 and
helghts were measured to highest
living leader. Figure 6 shows
that, despite full recovery of the
crowns, 20 years after the budworm
attack (age 50}, the total height
of the trees in the dumaged stands
‘remains 3 to 4 m less chan in the
undamaged stands. Budworm defoli-
ation typically begins at the top
of the crown, and therefore moder-
ate defoliation will result in the
death of the leader and luss of
one year's height growth. Persis-
tent defoliation will result in
the virtual elimination of height
growth for several years (Fig. 7).
With severe defoliation the pro-~
blem 1is exacerbated, as not only
is the leader prevented from
developing, but the top of the
tree can be gradually killed back,
resulting 1n an actual reduction
in total heilght. Thus, although
after defollation has ceased,
height growth continues and the
crown begins to recover, the limi-
tation of height growth during the
peried of defoliation results in a
loss of total height, In 1978
virtually every softwood tree iIn
the study plots exhibited bele
deformity of the type reported by
Stillwell (1956) for trees surviv-
ing a budworm outbreak.

The raecovery of fir crowns
after the budworm population col-
lapse In 1958 was startlingly
fast. Trees either refoliated ra-
pidly, with near full retention of
each year's follage untll a full
crown was estahlished In approxi-
mately four vears, or the tree
just withered and died. The lat-
ter phencmena Is probably related
to the vootlet response noted by
Redmond (1959) and Stillwell
(1960). Defoliated trees that had
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the capacity to regenerate roots
and foliage recovered rapidly.
Those that had retained some fo-
iiage, but which had suffered such
extensive root die-back that the
root  system could not recover
quickly, died as the recovering
crowns outstripped the damaged
root systems.

Under defoliation stress, some
diameter growth continues as Iong
as the tree survives, although at
a reduced rate. The reduction in
diameter growth can result in a
reduced size for a gilven age, but,
unlike the effects on height, de-
foliation can never make the diam=
eter smaller, The pattern of
diameter growth recovery is shown
in Figure 8. Figure 8A shows the
relationship of diameter growth to
tree slze for the period of most
intense defoliation and mortality,
1956-61. Plots that suffered
light, average, or heavy mortality
showed minimal diameter growth for
trees of all sizes during this
period of intense stress. By
comparison, an undamaged plot of
similar density showed a normal
diameter growth pattern substan-
tially greater than in the damaged
plots.

In the period following the
heavy mortality, 1961-65, diameter
increment on the damaged plots
exceaded that on similar sized
trees on an undamaged plot of the
same preoutbreak density (Fig.
8B). Diameter increment recovered
as rapldly as the crowns within
five years of the population col-
lapse. Following mortality,
intertree competition in the
stands was reduced, and those
plots which had suffered the heav—
iest mortality showed the greatest
diameter increment (Fig. 88, C,
D)., This effect became more pro-

nounced over time and, for the .

period 1970-75 (Fig. 8D), the
greatest diameter growth was on



the plet that suffered the most
mortality, followed by plots with
average mortality, least mortality
and those unaffected by budworm.
That 1s, the trees damaged by
budworm are now growing in normal
open~grown stands and diameter
growth shows the density-dependent

relatlonships that one  would
expect.
The individual trees that sur-

vived the budworm outbreak fully
recovered both height and diameter
growth within five years of the
budworm population collapse. Des-
plte this, the recovery of stands
on a per hectare basls has been
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disappointing. By 1975, only two
of the 10 plots had recovered 1in
terms of total volume per hectare
to the predamage level (Table 7).
That 1g, despite the complete
recovery of height growth, and the
increase in diameter growth of
individual trees, 15 years after
the budworm population collapse
the total volume per hectare was
less on most plots than 1t had
been before mortality occcurred.
The increased growth per tree was
not sufficient to offset the loss

per hectare. By contrast, the
total wvolume per hectare in the
undamaged stands has increased

total volume (m3ha‘1) on the

Table 7. The actual accumulation of -
damaged and representative undamaged plots and forecasts of
total volume at age 75.
Projectlion from
age 35 without
Total volume, mha~1 Projected budworm damage
to
Plot Age 35 Age 40 Age 45 Age 50 Age 55 Age 75  Age 55 Age 75
71 170 90 104 131 161 222 392 480
72 158 38 49 65 * 167 400 494
73 197 87 118 150 178 343 324 371
T4 168 130 168 204 * 284 406 500
75 172 154 196 228 * 317 398 488
76 194 107 135 170 * 410 348 360
77 194 76 97 123 145 208 446 545
78 208 110 133 167 194 273 348 367
79 135 51 63 87 115 231 398 492
80 182 135 161 * * 254 328 372
1/ 159 225 283 342 362 583
2/ 181 238 291 330 370 5315
3/ 208 256 318 362 390 489

* Plot not remeasured.

1/ Undamaged plot of low initial deﬁsity.
2/ Undamaged plot of medium initiall density.
3/ Undamaged plot of high initial density.



dramatically over the same perlod
despite the lower growth per tree
in these stands (Table 7).
Recovery of total volume in the
damaged stands is being limited in
two ways. First, the wvolume
growth of individual trees i1s not
as great as it would be in trees
that had not sustained damage.
The loss of several years height
growth as evidenced in Figures 6
and 7 means that some 3 to 4 m of
bole 1s 'missing' from the average
tree. This missing length would
now be near the base of the crown
where maximum radial increment is

laid down. Thus, the loss of
height growth in the 1950's has
made the trees in the damaged

stand less productive in terms of
velume growth simply because of
the absence of a substantial por-
tion of the base upon which volume
growth occurs {(Fig. 9). The twe
trees depleted 1in Figure 9 had
similar annual volume growth up to
the time of the budworm cutbreak
about age 28 years. The defolla~
tion drastically reduced annual
volume increment on the affected
tree, The figure also shows that
in at least two of the years of
the 1950's outbreak, the trees in
the unaffecred plot were, iIn fact,
affected. Further, the defolia-
tien 1in bhoth areas that began
about 1970 {age 50) has again
reduced wvolume growth on both
trees. Note that both the reduc-—
tion iIin volume increment and re-
covery occur rvapldly with little
or no delay. The second limiting
factor is that of stocking. It is
apparent that, for all but the
least severe mortallty lavels,
budworm-caused mortality reduced
the stand density to below full
stocking. While 1t 1s possible
that ¢ontinued rapid growth of the
individual trees will eventually
result in trees of sufficlent size
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to give full stocking again, this
will be dependent on the amount
and nature of the budworm—caused
mottality sustained. The question
of! full stocking is a2 major issue
that will be addressed in a sepa-—
rate paper making fuller use of
the undamaged plots.

Projected Future Development of
the Stands

‘Stands of the age described
here are now nearing maturity and
already form a substantial portion

off the annual harvest 1in New
Brpnswick. This class of stands
is. extensive in area (N.B. Forest

Inventory, 1958) and thus it is of
interest to speculate oun their
prebable development over the next
ZOf years as they mature and are
harvested. Predictions for each
plot were made using a simple
mensurational  model based on
performance of the 12 undamaged
plots during the 1955 to 1975
pericd. As a mensurational model,
it, assumes that growth relation—
ships that have existed over the
past 20 years will persist over
the next 20 years. The relation—
ship of total volume to number of

stems per hectare was strongly
lirear for each plot with the
slope depending on the initial

volume/density coundition. Stand
projections were obtained by esti-
mating the survival of stems per
hectare from a regression and then
reading volume per hectare from an
extension of the 20-year volume/
density relationship for the plot.
Survival for the past 20 years was

‘closely related to density (number

of trees per hectare) and this
relationship was used to forecast
future survival.,

‘For each of the 10 plots a
forecast was made of the probable
deﬁelopment from two initial con-
ditionst: (1) the stand at age 35
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with no damage from budworm and,
(2) the stand at age 55 as it had
survived the Ybudwerm outbresk.
These forecasts 1indicate several
interesting points. Only one plot
(number 76) showed an expected
growth to a higher total volume by
age 75 than it would have had
without budworm damage (Table 7).
All the other plots are predicted
to have substantially less volume
at age 75 than they would have lLad
without damage from budworm.

The forecast pattern of devel=-
opment of total volume for three

characteristic plots 1is shown 1In
Figure 10. Figure I1CA shows the
expected development of the plot

that suffered the greatest mertal-
ity. It is clear that the mortal-
1ty in the late 1950's reduced the
stocking iIn this plot to a level
that makes vecovery of total wvol-
ume per hectare lmpossible despite
exceptional growth per tree. At
age 75 thls plot is exvected to
have cnly 207 of the standing crop
1t would have had without budworm

damage. The plot with the Ileast
mortalicty (¥ig. LOB) is forecast
to reach a much greater volume
than the previous plot, but it

still will reach just ©65% of the
volume it might have had at age 75
without budworm damage. The fore-
cast development for the plot with
near ‘average' wmortalilty, along
with the actual and forecast
development of a non-infested plot
with simllar Initial stand condi-
tions are shown in Figure 10C. At
agae 75 the average plot is fore-
cast to have 45% of the volume it
might have had without Dbudworm
damage.

All of the forecasts
aged plots suggest open under-
stocked stands at age 73, In
fact, the forecasts range from 330
to 2200 stems per hectare with a
total volume vange of 107 te 410
moha~! . There were, until recent-

for dam—
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ly, large areas of softwood forest
in the Green River and XKedgwick
areas that developed following a
budworm cutbreak in the 1880's.
These stands had suffered the
1913-19 budworm outbreak as dense
immature stands (Morrils 1963,
Baskerville 1973). Virtually
every stem in these stands showed
evidence of deformity at about
10 m from the ground and stem
analysis tevealed this to be the
loss of leaders during the 1913-19
gutbreak (Stillwell 1956). Fur-
ther, there was a strong feeling
that these stands were under-
$tocked {(Vincent 1953). A review
of data for such 75-year-old
stands (1965 data) indicated a
range of 500-2500 stems per hec-
tare and 170-350 m per hectare.
The forecast development for the

gdamaged stands in this study is

similar to those that have had
'similar damage in the past.
CONCLUSIONS
The loss in this stand, due to

budworm—caused mortality durlng an

"similar to that described

juncontrolled budworm ocutbreak, was

in a manner
in the
literature, peaking in the sixth
and seventh year of defoliation as
budworm - outbreak collapsed.
spatial terms, these losses
showed high wvariability within the
stand. Budworm~caused mortality
ranged from 18 to 80% of the total
velume per hectare on the 10 plots
within a stand of about 8§ ha in
area. Although the plots showed
variation in stand structure there
was no clear velationship between
the extent of this volume loss and
characteristics of the stand.
Mertality tended to occur in dis-
tinct patches spreading over time
and thus to have a strongly conta-
glous distribution, Almost all
trees in  these patches were

distributed in time



killed. The variation in mortali-.
ty from plot to plot was thus re-.
lated to the extent to which such,
patches occurred in each plot.,
Furthermore, because of the conta-:
gious pattern of wmortallty, ploti
size strongly influences the range’
of mortality in the data, and the;
detectability of a relationship;
between that mortality and prede-
foliation stand conditions. ;
The spatial wvariability of,
mortality has I1mportant Implica-
tions for the study of stand
vulnerability to budworm attack.
Qur data suggest that within-stand
variability is high and apparently,
not rvelated to stand characteris-—
tics. If this is a common occur-
rence, then conventional large
scale, between—stand, sampling to
establish the characteristics of
stand wvulnerability could easily
lead te an artifact. Extensive
sampling might lead to statisti-
cally significant relationships
between mortality and average
gtand conditions. However, . the
interpretation of thege conditions
as the parameters of wvulnerabili-
ty, to be used gilviculturally to
reduce wvulnerability, could well
be erroneous if the mortality is
not functionally related to aver-
age conditions. f
Further explotration of the
concept of vulnerability, particu-~
larly with reference to its silvi-
cultural application, which will
occur at the within-stand level,
should address the causes of spa-
tial variation, rather than simple
statlistical expressions of aver-
ages over large areas. Since
these causes are related to some
functional budworm/stand interac-
tion it would appear that the
nature of these functional rela-
tionships nust be understood
before senslble silvicultural
prescriptions for reducing stand
vulnerablility can be preparad.
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The depression of
individual trees was colncident
with the period of defoliation,
and with cessation of defoliation,
the recovery of the surviving
trees was swift and complete,
That (s, in neither case was thare
a detectable lag in the response.
During the period of defoliation
diameter growth was greatly re-
duced, and height growth virtually
ceased. In fact, most surviving
trees were slightly shorter after
the outbreak collapsed than before
because the tops had been killed
back.

Within five years of the cessa-
tion of defoliation, the crowns of
the surviving trees appeared fully
recovered, and diameter and height
growth were gimilar te that in un-
affected stands. Diameter growth
showed a classic response to the
reduction in stand density (thin-

growth in

ning), increasing substantially
bayond pradefoliation levels. Al-~
though individual trees showed

good recovery of growth rate, this
growth was on a smaller tree be-
cause of the growth reductions
during the outbreak and there were
fewer trees per hectare. As  a
result, the recovery 1In terms of
volume per hectare was not com-
plete. Only one plot had regained
its predefoliation volume some 15
vears after defoliation ceased.

A projection of development to
age 753, on the assumption that the
existing density~dependent meortal-
1ty and growth-rate relationships
persist for 20 years, shows that
only one plot would reach the vol-
ume 1t would have had at that age
without mortality caused by bud-
WO The range was from 22 to
105% of the projected volume with-
out defoliation, averaging 60%.
The damaged stands will be more
open than unaffected stands, with
larger trees (on average), but the
stands will be substantially



understocked. RBased on these pro-
jections, 1t s&ppears that while
these immature stands have recov-

ered remarkably from the effects
of intense uncontrolled defolia-
tion, they will yield only slight-

ly more than one-~half of the pro-
jected volume at maturity.
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