Effects of Gypsy Moth on Radial
Growth of Deciduous Trees
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ABSTRACT. We investigated the effect of gypsy moth (Lymantria dispar L.) larval abundance on annual
radial growth of preferred, intermediate, and avoided host trees: northern red oak (Quercus rubral.),
sugar maple (Acer saccharum Marsh.), and white ash (Fraxinus americanaL.), respectively. Individual
trees were surveyed for gypsy moth larvae from 1979 to 1992 in a chronically infested forest on a
drought-prone site in southwestern Québec. Increment cores were collected from 156 oaks, 39
maples, and 39 ash, and annual radial growth indices from 1950 to 1992 were calculated for each
species. Growth was corrected for the influence of climate using regression models. For red oak, the
average number of gypsy moth larvae per tree explained 73% of the variance in growth not explained
by climate. Sugar maple and white ash growth was not correlated with gypsy moth larval numbers.
These results are consistent with gypsy moth host preferences and provide evidence that nonepidemic
levels of gypsy moth larvae can have a significant negative effect on the radial growth of individual trees.
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hardwood trees has been studied extensively in

Australia (e.g., Mazanec 1968, Readshaw and
Mazanec 1969, Mazanec 1974, Morrow and LaMarche 1978),
Europe (e.g., Klepac 1959, lerusalimov 1965, Ljapcenkov
1966, Rafes 1970, Magnoler and Cambini 1973, Kucherov
1990, Rubtsov 1996), and North America (e.g., Minott and
Guild 1925, Baker 1941, Rose 1958, Embree 1967, Brown et
al. 1979, Campbell and Garlo 1982, Gross 1991, May and
Killingbeck 1995, Muzika and Liebhold 1999). Kulman
(1971) provides a comprehensive review of defoliation by
many insect species on the radial growth of their hosts.
Dendroecological methods (Fritts 1976, Fritts and Swetnam
1991) allow oneto account for abiotic and biotic conditions
that affect annual radial growth in trees, such as climate and
tree age, and then isolate the contribution of a single factor,
such as insect defoliation, to radial growth. Several recent
North American studies have used dendroecological tech-

I HE IMPACT OF DEFOLIATING INSECTSON radial growth of

niques to investigate the effects of defoliating insects on
radial growth (Swetnam and Lynch 1989, Jardon et al. 1994,
Krause and Morin 1995, Krause 1997, Muzikaand Liebhold
1999, Naidoo and Lechowicz 1999, Zhang et a. 1999).

In this study, we used dendroecological techniques to
determine whether long-term radial growth differences of
tree speciesin an infested forest are related to gypsy moth,
Lymantria dispar L. (Lepidoptera: Lymantriidae) larval
counts. Thegypsy mothisanintroduced polyphagousfolivore
that feeds on the leaves of many North American trees and
shrubs (Doane and McManus 1980, Liebhold et al. 1995).
Gypsy moth larvae are classified as spring—early summer
feeders (Hunter 1991), and generally feed on foliage from
early May until the beginning of July (Jobin 1995). Because
theperiod of growthfor hardwoodtreesinnortheasternNorth
AmericaisfromMay to August (Fraser 1956, Ahlgren 1957),
we predicted that herbivory by gypsy moth larvae would
result in the reduction of radial growth in the same year that
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defoliation occurred. We also predicted that growth losses
wouldbegreater inpreferredtreespeciesthaninintermediate
or avoided species (Muzikaand Liebhold 1999). After hav-
ing established growth-climaterelationshipsfor thedifferent
tree speciesinthe absenceof gypsy moths, al4 yrtimeseries
of gypsy mothlarval numberson host treeswas used to assess
the impact of larval abundance on host species of varying
susceptibility to gypsy moth feeding.

Methods

Study Area

The study site was the south slope of Lake Hill, one of
seven small peaks that comprise Mont St-Hilaire (45° 32' N,
73° 09'W). Located in the St-Lawrence River Valley in the
vicinity of Montréal, Québec (Figure 1), Mont St-Hilaireis
covered primarily with old-growth deciduous forest and is
the largest remaining tract of the Great L akes-St-Lawrence
forest type (Hosie 1990, p. 22) that covered the valley prior
to European settlement. Asauniqueecol ogical and historical
site, Mont St-Hilaire was accorded UN Biosphere Reserve
statusin 1978, and access and activities on the mountain are
restricted so that its undisturbed character is maintained.
Forest typesonthemountainincludeol d-growth beech-sugar
maple (Fagus grandifolia Ehrh.—Acer saccharum Marsh.)
stands on deep moist soils, hemlock (Tsuga canadensis[L.]
Carriére) on steep, rocky slopes, yellow birch (Betula
alleghaniensis Britton) and red maple (Acer rubrum L.)
swampsin depressions, and northern red oak (Quercusrubra
L.) forestson drier sites (Maycock 1961).

The south slope of Lake Hill exhibits many of the
characteristics that Houston and Valentine (1977) ascribe
to sites prone to gypsy moth infestation. The soil is shal-
low and sandy or rocky, with an average depth of only 65
cm over bedrock (Rouse 1970). Although the peak isonly
297 m high, many areasare quite steep with open canopies,
resulting in scree slopes with little leaf litter. The south
slope has considerably higher air and soil temperatures
andismuch drier thanthe north slope (Rouse 1970). These
differences are reflected in the forest composition, where
red oak dominatesthe xeric forest on the south side, while
on the mesic north side, the predominant species are beech
and sugar maple (L echowicz 1983). Other important spe-
cies on the south slope are sugar maple and ironwood
(Ostrya virginiana [Miller] K. Koch), while white ash
(Fraxinus americana L.), beech, white birch (Betula
papyrifera Marsh.), and basswood (Tilia americana L.)
are minor components.

Coallection of Gypsy Moth Data

Thearrival and establishment of the gypsy moth in south-
western Québec and at Mont St-Hilaire have been well
documented. Widely scattered patches of gypsy moth defo-
liationwereobservedin 1972in partsof western Québec near
Mont St-Hilaire (Jobin 1995), but the first area-wide out-
break wasin 1977. Thefirst record of gypsy moth infestation
at Mont St-Hilaire was also in 1977, when 10 ha of Burned
Hill (a small peak adjacent to Lake Hill) were defoliated
(Jobin1978).1n 1978, theareaof defoliationincreased to 259

haand spread from Burned Hill to adjacent Lake Hill, where
123 hawere severely defoliated (L echowicz 1983). Thefirst
outbreak at Lake Hill ended after 1980, as indicated by no
further visible defoliation (M.J. Lechowicz, personal obser-
vation), and the very low number of larvae recorded on red
oak, the preferred host at the site (see below for information
on larval monitoring). This outbreak was followed by a
number of years during which gypsy moth larval numbers
werelow but gradually increasing. Larval counts (see below)
and severe defoliation of the canopy, as determined by
ground observations(M.J. Lechowicz, personal observation)
indicatedthat asecond outbreak occurred at L akeHill in 1989
and 1990.

The Lake Hill study site was established in 1979, theyear
after the first severe gypsy moth defoliation. Twenty-four
500 m? circular quadrats were randomly placed along four
altitudinal isoclineson the south and southeast slopesof L ake
Hill (Figurel). Eachisoclinehadfrom 3to 7 quadrats, and the
average distance between quadrats was about 200 m. In each
quadrat, al trees with adbh (diameter at breast height, 1.37
m) greater than 8 cm weretagged and identified to species. A
tarpaper skirt was placed around the trunk of each tree; such
artificial hiding placesare used by late-instar gypsy mothsas
daytime hiding places (Liebhold et al. 1986). The humber of
larvaeunder thetarpaper bandswasrecorded, usually onfour
separate occasions, when late instars were present, each
summer from 1979 through 1992. The number of gypsy moth
€egg masses present on each tree was also determined by
visually inspecting each tree trunk on one occasion in late
summer.

Collection and Analysis of Radial Growth Data

We selected three tree species with contrasting host pref-
erences to examine the influence of gypsy moth larvae on
radial growth. Northern red oak is a preferred host of the
gypsy moth, white ash is avoided, and sugar maple isinter-
mediate in susceptibility (Lechowicz 1983, Lechowicz and
Jobin 1983). For each species, two increment cores were
collected from al trees with gypsy moth records in the
twenty-four quadrats. The DBH of each tree was also mea-
sured. Cores were air dried and then mounted onto wooden
backings. To make the rings more visible, ash and oak cores
were planed, and maple cores were sanded. Cores were
crossdated visually (Stokesand Smiley 1968, p. 47); narrow
ringsin 1953, 1971, 1978, 1979, and 1988, and largeringsin
1981 made unambiguous crossdating possible in amost
every oak and ash core. Unequivocal crossdating of maple
coreswas more difficult dueto extreme suppression in some
trees, and missing or additional ringsin others. Any corethat
was damaged or that could not be crossdated was removed
fromtheanalysis; 14 oak, 19 maple, and 12 ash treesthus had
chronol ogiesbased on only one core. After cross-dating, ring
widthsweremeasured to thenearest 0.01 mm using adissect-
ing microscope with a sliding vernier scale. The age of the
tree (at breast height) was also recorded. For some cores,
estimating the age was not possible, either becausethetree’s
center wasrotten or because the corewastoo far off the pith.
Trees with only one age estimate were removed from the
analysis. Theyears 1950 to 1992 were measured on all cores;
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Figure 1. The Lake Hill study site at Mont St-Hilaire. In 1979, twenty-four 500 m? quadrats (represented as circles on
the contour map) were established on the south-facing slope of Lake Hill to monitor the gypsy moth infestation.
Alltitudes are in meters. The larger the symbol, the greater the average number of larvae per tree was during 1979
t0 1992. The difference in larval numbers between quadrats was mainly due to the percentage of red oak in the canopy
(Pearson correlation coefficient, r = 0.524, P = 0.015).
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1950 was the earliest year we could measure, since many
trees had just grown to breast height in the preceding few
years.

A standardized ring index was cal cul ated for each core by
fittingahorizontal linethroughthemean. Theresulting series
wereaveraged over all coresandtreesfor each speciestogive
the standardized ring index chronology. We used the mean of
each series(i.e., astraight linewith slope =0 and y-intercept
= mean of series) instead of a more flexible hypothetical
growth curve for two reasons. First, many tree-ring studies
arefocused on theyear-to-year variation in ring width dueto
climate, and thusother sourcesof variation such aslong-term
growth trends must be removed (e.g., Blasing et al. 1988,
Innes and Cook 1989, Graumlich 1993, Payette et al. 1996).
Standardizing by the mean of aseriesensurespreservation
of trends that may be of interest, while at the same time
removes growth rate differences among individual trees
and among species. Second, we used only a subset of the
yearsthat any given tree had been growing, therefore any
fitted growth curveswould have been biased by thelack of
growth data prior to 1950. We feel this bias would have
outweighed any positive effects standardi zation by growth
curves may have had.

Climate and Gypsy Moth Analysis

All statistical analyses were conducted using SAS,
Release 6.04. For each chronology, 128 candidate vari-
ables were screened with Pearson correlation coefficients
to identify potential growth-limiting climatic conditions.
It isimportant to emphasize that this stage of the analysis
represented a preliminary and exploratory phase in which
no hypotheses were tested, nor statistical relationships
developed. Rather, the objective was to attempt to reduce
thelarge number of variablesthat could potential ly impact
radial growth. The variables included monthly average
temperatures and total monthly precipitation, precipita-
tion during different periods of the growing season, dis-
crete climatic conditions such as winter thaw and drought
lengths, and modelled monthly values of soil water. All
candidate variables were calculated for the period begin-
ning in September of the previous year and continuing
until September of the current year. Studies on the effect
of climatic conditions on radial growth of trees often
report different climatevariablesbeing limiting to growth,
and all of the variables considered here have been corre-
lated with growth (e.g., Fritts 1976, p. 349-351, Pilcher
and Gray 1982, Graumlich 1993, Lane et al. 1993, Yin et
al. 1994, Jenkins and Pallardy 1995, Payette et al. 1996).
Soil water valueswere model ed using ForHym, a process-
based model of forest soil water content with inputs of
monthly precipitation and temperature data, as well as
descriptivesitedatasuch asforest typeand soil depth (Yin
etal. 1994). All climaterecordswere obtai ned fromthe St-
Hubert airport weather station, about 20 km northwest of
the study site. From 1950 to 1992 several weather stations
werealsoinoperationfor short periodsat Mont St-Hilaire.
Datafromthese stationswere collated and compared to St-
Hubert data from the same time. Regression analysis
showed that the two data sets agreed closely and correc-

tion factors for the St-Hubert data were unnecessary
(Naidoo 1997).

To establish a baseline model of tree growth in the
absence of gypsy moth, the period 1950 to 1975 was used
to generate a regression model of radial growth based on
climatic variables. The year 1975 was selected as the end
of this period because the status of the gypsy moth popu-
lation on Lake Hill during the years immediately preced-
ing the first outbreak in 1978 is not known. Since it is
possible that the gypsy moth was present at undetectable
levelsin 1976 and 1977, these years were not used in any
regression analyses. The years 1978 to 1992 were used as
the post-gypsy moth period; i.e., the period during which
gypsy moth were known to be present at Lake Hill.

From the initial set of candidate variables screened in
the exploratory stage, the 20 variables having the highest
Pearson correlation coefficients with each growth chro-
nology were selected for further analysis. From this pool,
a multiple regression model of growth with two climatic
variables was developed for each chronology, using the
SAS procedure RSQUARE (SAS Institute Inc. 1989,
p.1399). Thefinal model wasselected based on: (1) alarge
coefficient of determination (r2); (2) the absence of corre-
lation between the two climate variables; and (3) the
absence of differences in the means of the two variables
betweenthetwotime periods. Weused t-teststo determine
whether there were any significant differences in the
means of the climate variables between the two periods.
All variablesused in regression model s showed no signifi-
cant differences between the two periods (P < 0.05), thus
climatic conditions most limiting to growth were assumed
to be equivalent. The year 1953 was excluded in all
regression analyses because of a known forest tent cater-
pillar outbreak at Mont St-Hilaire that would have weak-
ened the climate-growth relationship [preliminary analy-
ses indicated that growth in 1953 was significantly lower
than climate-predicted val ues, see Naidoo (1997) for more
detail].

We initially used Ordinary Least Squares (OLS) regres-
sion to estimate regression parameters for all three species.
Portmanteau Q-tests (Proc ARIMA, SASInstituteInc. 1993)
were used to test for autocorrelation in the residuals of each
regressionmodel. Autocorrel ation at lags 1-6 wasnot present
in the residuals of either the oak or maple growth-climate
regression models. For ash, however, there was significant
first-order autocorrelation in the residuals of the growth-
climate model. This invalidates the use of OLS regression,
due to violation of the assumption of independence in the
residuals. For ash we then constructed a regression model
thatincorporated afirst-order autocorrel ated error termusing
Proc AUTOREG (SASInstituteInc. 1993). Proc AUTOREG
computes parameter estimates for regression models where
the data are time series and the error terms from OLS
regression are autocorrelated. The iterative methods used to
estimate regression parameters are described in detail in
Harvey (1990). We used the Maximum Likelihood estima-
tion method asthisisthought to be more efficient in estimat-
ing parameters for small sample sizes.

Forest Science 47(3) 2001 341



The addition of the autocorrelated error term resulted in
the coefficient of oneof the climate predictorsfor ash growth
becoming non-significant, thereforethisvariablewasdropped
fromtheequation. Theregression model scan besummarized
asfollows:

Vi = AXypy t ApX2y + B+ 1)
(for red oak and sugar maple); and
Yo = Ay +B+ARD+ 2
(for white ash) where

y; = radia growth at timet

climate variables at timet

Xty X2
A A, A, = regression coefficients

B = intercept
0, = errortermat timet

AR(1) = first-orderautoregressiveprocessuptolagp
(Box and Jenkins 1970, p. 9)
SRR EPE L L ?Pep
and @ = autoregressive coefficient.

Examination of theresidualsfromall regression equations
revealed that they were normally distributed and showed no
trend (i.e., no autocorrelation was present), thus satisfying
the linear regression assumptions of normality and
homoscedasticity (Zar 1999, p. 332).

The pre-gypsy moth regression models were then
used to generate predicted radial growth values in the post-
gypsy moth period. Thesewere plotted against actual growth
values, and the residuals (predicted subtracted from actual,
i.e., thecomponent of growth not explained by climate) were
regressed against gypsy moth larval numbers. For each tree,
the greatest number of larvae that were recorded during one
of the several summer counts was used as our measure of
larval abundance. Thisvalue was averaged over all treesfor
each species, log transformed, and used in the regression
analyses. Undoubtedly, defoliation and larval abundance or
density will not always be strongly correlated (factors lead-
ing to thisexpectation aresummarized by Mason et al. 1997).
However, our measureof larval abundance on oak washighly
correlated with the number of egg masses counted the previ-
ousyear (Spearman’sr:r =0.76, n =13, P =0.002), and egg
mass density has explained a significant amount of the
variation in subsequent defoliation in several studies (e.g.,
Williams et al. 1991, Liebhold et al. 1993).
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Figure 2. Gypsy moth population levels at Lake Hill, Mont St-
Hilaire. Solid lines and symbols are logged values of the mean
maximum larval count per tree of each species (three to five larval
counts were made each summerfrom 1979 to 1992; the maximum
larval count refers to the highest count of each summer for an
individual tree). Dashed lines are estimates of the same measure,
using data from Jobin (1978), Madrid and Stewart (1979), and
Lechowicz (1983).

Results

Gypsy Moth Population

Aerial photographs of severe defoliation (Jobin 1978)
indicated that the first gypsy moth outbreak at Lake Hill
began in 1978, the year before larval counts on individual
trees began, and continued through 1980 (Figure 2). The
average number of larvae on oak trees in 1979 and 1980
was over 1.5 orders of magnitude higher than the average
number of larvae on oak treesin 1984 and 1985, the years
of lowest larval abundance. Larval counts on oaks in-
creased steadily from 1985 until 1990, at which point
abundance was even higher than counts in 1979-1980.
The last 2 yr of the series (1991 and 1992) had very low
gypsy moth larval counts.

The average number of larvae on sampled trees varied
greatly between species. Oak was heavily attacked during
the two outbreaks, averaging 104.5 larvae per tree (range
0-697), while maple averaged 14.0 (0-204) and ash 3.1
(0-51) larvae per tree. In the years between the two
outbreaks (1981-1988), oak averaged 7.1, maple 2.5, and
ash 0.5 larvae per tree.

Radial Growth Chronologies

Pre- and post-gypsy moth ring index chronologies varied
significantly for red oak but not for sugar maple or white ash
(Table 1). Sample sizes for the three tree species varied

Table 1. Descriptive statistics for ring width chronologies of red oak, sugar maple, and white ash.

Pre-gypsy moth (1950-1975)

Post-gypsy moth
(1978-1992)

Portmanteau

Mean (SD) ring 1st order 5 Mean (SD) ring
Species Mean age (range) width (cm) autocorrelation® Q-test: X°, DF (P)* width ( cm)
Red oak (n = 156) 74 (45-171) 0.134 (0.022) 0.33 8.81,6(0.184) 0.093 (0.019)"
Sugar maple (n = 39) 91 (49-155) 0.113 (0.025) 0.27 11.47, 6 (0.075) 0.118 (0.034)
White ash (n =39) 67 (44-133) 0.119 (0.026) 0.65 16.83, 6 (0.010) 0.134 (0.032)

*  First-order autocorrelation and portmanteau Q-tests for autocorrelation at lags 1-6 were for the standardized ring index chronologies.

T Significantly lower than mean of pre-gypsy moth period (¢-test, P < 0.001).
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Figure 3. Standardized ring index chronology for red oak, sugar
maple, and white ash.

because of differencesin speciesabundanceat Lake Hill and
because many mapl e trees were excluded due to difficulties
in crossdating. From 1950 to 1972, the three species show
very similar growth patterns (Figure 3). All three decreased
ingrowthin 1953, most likely dueto severedefoliation by the
forest tent caterpillar, Malacosoma disstria Hubner (Lepi-
doptera: Lasiocampidae) (Naidoo 1997, Martineauand Beique
1953).

After 1953, maple and ash experienced aperiod of slow
but constant growth during the 1960s. Oak growth showed
asimilar pattern, although growth after 1966 was higher
than that of either ash or maple. All three chronologies
were significantly correlated with each other in the pre-
gypsy moth period of 1950 to 1975 (Pearson correlation
coefficients, oak with maple: r = 0.67, n = 26, P < 0.001;
oak with ash: r = 0.42, n = 26, P < 0.05; maple with ash:
r=0.79, n= 26, P < 0.001). Beginning in 1973, however,
a different pattern emerged. From that point on, oak
growth declined steeply and eventually ended with 3 yr of
very low radial growth in 1978, 1979, and 1980. These
years coincide with the first gypsy moth outbreak at L ake
Hill. After 1980, oak growth increased and eventually
stabilized at alevel significantly below its pre-gypsy moth
average(Table1). Ash and mapleal so experienced growth
declinesbeginningin1973. Theash declinewasmuch less
severe than that of oak, and was also less prolonged.

Whereas oak growth was depressed from 1978 to 1980,
ash growth rebounded immediately after 1978, and in-
creased to the highest observed level in 1981. Maple
exhibited adeclineintermediateto that of oak and ash, and
likeash did not experience aprolonged growth depression.
There was no significant difference between mean ring
width before and after the gypsy moth infestation for
either ash or maple (Table 1). The decoupling of the
species’ growth chronologies is reflected in the Pearson
correlation coefficientsfor 1978 t0 1992: although ash and
maple were still significantly correlated, oak and maple
and oak and ash were no longer significantly correlated
(oak with maple: r =0.42, n = 13, P > 0.05; oak with ash:
r =-0.27,n =13, P > 0.05; maple with ash: r =0.54, n =
13, P < 0.05).

Climate Model

The regression models developed for growth chronolo-
giesinthe pre-gypsy moth period were highly significant for
al three species, with coefficients of determination (r2)
ranging from 0.63to 0.70 (Table 2, Figure 4). Summer soil
water values (or correlates thereof) are predictors in each
model, and oak was the only species to have a temperature
variableincluded (daytime high temperature in January was
apositive predictor of growth).

I mpact of Gypsy Moth

The growth-climate relationship for red oak was not as
strong in the post-gypsy moth period (1978t0 1992) asit was
in the pre-gypsy moth period (Figure 5). Oak ring index
values were lower than predicted in all years, and there no
longer appeared to be a linear relationship between the
predictor variables and growth. The greatest deviations of
actual from predicted values were in outbreak years: 1978,
1979, 1980, 1989, and 1990. Growth of white ash and sugar
maple was still closely predicted by the pre-gypsy moth
growth equations, and the residual s from climate models of
these two species were uncorrelated with log-transformed
maximum larval counts (Pearson correlation coefficients,
maple: r =-0.061, n = 15, P = 0.836; ash: r =0.202, n = 15,
P =0.488). For red oak, however, log-transformed maximum
larval counts were a significant predictor of oak residual
growth (Figure 6), accounting for 73% of the variance unex-
plained by climate between 1979 and 1992.

Table 2. Regression models of standardized ring index on climate (n = 25). ? represents an annual growth ring

incm.

Species Predictors Regression equation r F P

Red oak X,: Daytime Jan. temp. (°C) Y =1.1186+0.0029.X, + 0.0436.X, 070  25.8 0.0001
X,: Precipitation in second quarter

of growing season (mm)

Sugar maple  X;: June rain (mm) Y=0.4951 + 0.0035X, +0.0022X, 0.63 18.4  0.0001
X,: July rain (mm)

White ash X,: Modeled July soil water (cm) Y=0.4951 + 0.0035X, + 0.0022.X, 0.67 —* —*
X,: Ist order autoregressive

process of error term

*  Parameters estimated by Maximum Likelihood method, therefore /”and p values not available. Both X and X, in the regression equation were significantly

different from 0 (z-tests, P < 0.01 in both cases).
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(em), 1950 to 1975, with 1953 excluded. Predicted values were
generated using climate data (cf. regression equations in Table
2). Line of equality is also shown. Symbols are years.

Discussion

Pre-Gypsy Moth Growth

Summer soil water, or a correlate thereof, was an impor-
tant predictor of radial growth for all three speciesinthe pre-
gypsy moth period. On avery dry, rocky slope such as the
south slope of Lake Hill, soil water inthe summer islikely to
be limiting for growth. Many previous dendroecological
studies have found correlates of summer soil water to be
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important predictors of radial growth (e.g., Lane et al.1993,
Yin et a. 1994, Jenkins and Pallardy 1995). Modeled soil
water values were significant predictors for ash growth, but
did not replace their concomitant precipitation values in
climate modelsfor oak and maple. Thisresult isin disagree-
ment with that of Yin et a. (1994), who found that replacing
precipitation variables with modeled soil water values sub-
stantially increased the predictive power of regression equa-
tions for growth. This could be due to the ForHym model
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Figure 6. Losses in oak growth attributable to defoliation by
gypsy moth after the effects of climate have been removed.

being an aspatial model parameterized on aflat sitewith deep
soil, whereas L ake Hill is a south-facing slope with shallow,
rocky soil over impermeable bedrock. Resultant modeled
soil water values may not be as accurate asthosefor flat sites
for which the model was developed.

Differencesin predictor variables of growth for the three
species can be attributed to differences in life history or
autecological traits, since al were growing at the same site.
Of the three species, only red oak had atemperature variable
asapredictor of growth. Red oak isat the northern limit of its
distribution (Burns and Honkala 1990), and so may be more
likely to suffer severe cold damage than sugar maple, a
species with a somewhat more northerly range (Caméet al.
1994). Higher temperatures in January may thus indicate
more favorable conditions for oak, as damage due to ex-
tremely low temperatures would be less severe. A multiple
regression model for earlywood width in red oak from North
Carolina had December and February temperatures as sig-
nificant positive predictors (Tainter et al. 1984). The coeffi-
cient of determination (r2) for the four-variable model was
0.464. A five-variable multiple regression model for late-
wood width for the same oaksincluded July precipitation as
a significant positive predictor. This model had an r2 of
0.609. Response function analyses of the oaks Q. robur L.
and Q. petraea (Mattuschka) Liebl. showed that climate
accounted for between 5 and 72% of the variance in annual
radial growth, with about half of the models having signifi-
cant response el ementsfor summer precipitation (Pilcher and
Gray 1982). Our regression model of growth accounted for
69% of the variancein pre-gypsy moth radial growth, which
isat the upper end of the range reported for Quer cus species.

The percentage of variance in growth explained by the
sugar maple model (62%) was also well within the range
reported in the literature. Studies on the effect of climate on
maple radial growth had climate variables explaining be-
tween 19.5-65.7% (Payetteet al . 1996), 24—79% (Laneet al.
1993), 49-90 % (Bauce and Allen 1991) and 83% (Yin et a.
1994) of thevarianceinradial growth. It should be noted that
most of thesegrowth modelshad far morepredictor variables
than our models. Wechoseto useonly two predictorsbecause
theaddition of evenrandom variablesto amultipleregression

equation can artificially inflate the amount of variance ex-
plained by the model (Draper and Smith 1966, p. 63). There
was little consistency in predictor variables between litera-
ture modelsfor mapleradial growth. Many different climate
variablesfrom both the current and previousyear werefound
tobesignificant predictorsof growth, although six of thenine
models for which standard climate variables were used did
include some measure or correlate of summer soil water.

Radial growth in white ash was positively influenced by
modelled soil water in July. Of thetwo other studieswefound
that model ed white ash radial growth from climate, both had
some correlate of summer soil water as predictors (L uken et
al. 1994, Han et al. 1991).

Post-Gypsy Moth Growth

Radial growth of both sugar maple and white ash was not
substantially different in the post-gypsy moth period thanin
the pre-gypsy moth period. Mean annual growth rates were
similar, and climate models continued to predict growth
reasonably well. As both these species are nonpreferred
hosts, thislack of responsetothearrival of thegypsy mothon
the siteisnot surprising. Effects of gypsy moth outbreakson
sugar maple, anintermediate host, werenegligiblein Muzika
and Liebhold (1999). There was some evidence that white
ash, an avoided host, experienced a growth increase during
yearsduring and subsequent to thefirst and second outbreaks
(Figure5: 1979, 1980, 1981, and 1989 arethe only yearsthat
are higher than was predicted from climate). This was also
supported by adifferent analysisof the same system reported
elsewhere (Naidoo and Lechowicz 1999), where we argue
that increased nitrogen transfer during and subsequent to
outbreaks favoured the growth release of ash, a nitrogen-
demanding tree. Working with defoliation and radial incre-
ment data from the northeastern United States, Muzika and
Liebhold (1999) al so found evidencethat ash speciesshowed
radial growth increases in response to defoliation of nearby
preferred gypsy moth hosts, in their case oaks of various
Species.

Oak radial growth after theinvasion of the gypsy moth
was lower than the climate-predicted values for all years
between 1978 and 1992. Not only was radial growth much
lower than predicted, but it was no longer linearly related
to the climate variables identified as most limiting to
growth in the pre-gypsy moth period. Rather, gypsy moth
larval numbers seemed to be the primary influence on oak
growth from 1978 to 1992. In this study we observed
growth losses in outbreak years of between 29.6 and
56.0%, for an average of 43.8%. A European study that
al so computed climate-predi cted radial growth valuesfound
that upland oaks had radial growth losses of about 40%
after near-total defoliation from outbreaks of gypsy moth
and other Lepidoptera (Rubtsov 1996). Both of these
values are less than the 52.2% (Minott and Guild 1925)
and 58.0% (Baker 1941) values reported for red, scarlet,
black, and white oaks in New England following defolia-
tion of 81 to 100% of the canopy. Overestimation of the
effect of gypsy moth defoliation on growthinthesestudies
islikely, since drought conditions which are often associ-
ated with severe outbreaks al so result in poor growth, and
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distinguishing between these two factorsis difficult with-
out quantifying both (Koerber and Wickman 1970). Baker
(1941) also reported on additional plotsof black and white
oak where severe defoliation resulted in growth declines
of only 33to 43%. Inthese cases, however, years of heavy
defoliation were not associated with drought conditions.
Rainfall was average or even above-average in these
years, which likely mitigated the negative effects of gypsy
moth defoliation. Other studiesreport radial growth losses
of 32 to 50%, but no mention of climatic conditions is
made in these cases, therefore comparisonsare difficult to
make (Brown et al. 1979, May and Killingbeck 1995).

Our results suggest that endemic levels of gypsy moth
larvae, presumably feeding at low intensities on the trees
in which they were counted, can have a significant nega-
tive effect on radial growth of a preferred host. This
underscoresthepotentially adverse consequencesof gypsy
moth infestations during nonoutbreak years. Mason et al.
(1997) have reported similar reductions in growth of
Douglas-fir and Grand fir due to low-intensity herbivory
by Douglas-fir tussock moth and western spruce bud-
worm. For oaks (Quercusspp.), only one other study could
be found that attempted to relate the abundance of larval
defoliatorsto radial growth of host trees over anumber of
years. Inthiscase, theauthors(Varley and Gradwell 1962)
investigated the influence of temperature and rainfall on
growth of Quercus robur, but found no significant corre-
lations. They then constructed an index of growth, using
the mean growth rate of each tree, and devel oped asignifi-
cant regression model for growth on caterpillar density for
an 8 yr period. Growth decreased linearly with increasing
caterpillar density, even though only 2 of the 8 yr were
years of heavy damage (i.e., outbreak years).

Muzika and Liebhold (1999) reported reduced radial
growth of oaks, including red oak, in years of gypsy moth
defoliation as well as in the year after defoliation. Their
analysis did not correct for the effect of climate on radia
growth, although their use of nonhost radial growth chro-
nologies allowed for detection of the effects of defoliation.
Astheir defoliation time series was only 5 yr, it is probable
that trees in this time period did not experience a complete
gypsy moth population cycle of outbreak, collapse, buildup,
and second outbreak. Our radial growth chronologies coin-
cided with this cycle, as indicated by the larval count data
from the same treesthat comprised the growth chronol ogies.
Therefore our results complement thethorough, region-wide
evaluation of gypsy moth defoliation on many different tree
species of Muzika and Liebhold (1999) by providing site-
specific, long-term evidence that gypsy moth larvae influ-
ences climate-corrected radial growth of a preferred host,
northern red oak, over awide range of abundance levels.

Several alternate hypotheses exist for the long-term re-
duction in radial growth of red oaks following the initial
gypsy moth outbreak, thuspotentially confusing therelation-
ship between gypsy moth numbers and radial growth in
nonoutbreak years. The first of these is that crown dieback
and reduced vigor (Campbell and Sloan 1977) fromtheinitial
outbreak are causing theradial growth patterns after thefirst
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outbreak. Heavy defoliation from thefirst outbreak did seem
toresult in prolonged growth reductionsin oak, possibly due
to crown dieback. Since oak trees can take up to 10 yr to
recover from a severe defoliation episode (Campbell and
Sloan 1977), delayed recovery and reduced crown vigor
could havebeenresponsiblefor the reduced growth observed
in oaks between thetwo outbreaks (1981-1988). However, if
crown dieback werethe solefactor affecting radial growthin
thisperiod, there should have been atimetrend in the growth
chronology, such that astreesgradually recovered and began
reallocating more resources to growth, the annual growth
rings increased in width from 1981 to 1988. No such strict
increaseisnoted inthe oak growth chronology, althoughitis
possible that a climate-dieback interaction was occurring.
This possibility cannot be discounted, nor can it be tested
withour data. However, duetothestrength of therel ationship
between theresidual growth from the climate modelsand the
number of gypsy moth larvae on defoliated trees (Figure 6),
we submit that low-intensity gypsy moth defoliation is the
morelikely explanation for the radial growth pattern of oaks
after the initial outbreak. It should also be noted that our
model of residual growth and gypsy moth numberswasbased
not only on the period between outbreaks, but also on larval
numbers during both outbreaks and also after the second
outbreak. Crown dieback would not have been an issue
during the first outbreak, and presumably was of secondary
importance during the second outbreak.

Another possibleexplanation for reduced growthinoak is
the potential change in competitive relationships between
species in the stand. Mortality and reduced competitive
ability of oaksin relation to white ash and sugar maple could
have led to agrowth rel ease of these nonpreferred species. It
is possible that increased light availability and reduced root
competition from dead and unhealthy oaks could have in-
creased the competitive abilities of ash and maple and pre-
vented oaks from increasing their growth rates back to
preinfestation levels. However, this type of release due to
changesin competitive statuswas not reflected in the growth
chronologies of both ash and maple. Although ash did seem
to experience a dight increase in growth after the first
outbreak, maple did not. Any canopy openings should have
elicited aresponse from sugar maple, a species readily able
to exploit gapsin the canopy, as well asincrease its growth
once released from competition (Canham 1985). Since this
did not occur, there most likely waslittle change in competi-
tive status between species, and so growth reductionsin oak
after theinitial outbreak were probably not due to increased
competition by white ash and/or sugar maple.
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