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Abstract

Although spatial variation in climate can directly affect the survival and reproduction of forest insects and the tree species
compositions of forests, little is known about the indirect effects of climate on outbreaks of forest insects through its effects
on forest composition. In this study, we use structural equation modeling to examine the direct and indirect effects of climate,
water capacity of the soil, host tree density, and non-host density on the spatial extent of Lymantria dispar outbreaks in the
Eastern USA over a period of 44 years (1975-2018). Host species were subdivided into four taxonomic and ecologically
distinct groups: red oaks (Lobatae), white oaks (Lepidobalanus), other preferred hosts, and intermediate (less preferred)
hosts. We found that mean annual temperature had stronger effects than mean annual precipitation on the spatial extent of
outbreaks, and that indirect effects of temperature (via its effects on oak density) on defoliation were stronger than direct
effects. The density of non-host trees increased with increasing precipitation and, consistent with the ‘associational resistance
hypothesis’, defoliation decreased with increasing density of non-host trees. This study offers quantitative evidence that geo-
graphic variation in climate can indirectly affect outbreaks of a forest insect through its effects on tree species composition.

Keywords Structural equation model - Host composition - Lymantria dispar - Climate change - Resource concentration
hypothesis - Oaks

Introduction

Outbreaks of foliage-feeding forest insects often extend
over large regions and represent important disturbance fac-
tors that can have cascading impacts on forest ecosystem
processes (Lovett et al. 2002). Despite extensive research,
considerable uncertainty exists about the role of biotic and
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abiotic agents in triggering these outbreaks (Berryman 1996;
Esper et al. 2007). Compared to temporal patterns, more
certainty exists about the determinants of outbreaks through
space. Specifically, the spatial distribution of host trees is
known as a major determinant of the geographical extent
of forest defoliator outbreaks (Candau and Fleming 2005;
Hartl-Meier et al. 2017), but climate may also constrain the
distribution of defoliation as well (Williams and Liebhold
1995; Jepsen et al. 2008; Candau and Fleming 2011), par-
ticularly in an era of global change where both tempera-
ture and precipitation are expected to vary considerably
compared with past climate regimes (Battisti and Larsson
2015). These environmental effects might manifest directly,
for example by influencing developmental rates and survival
of defoliating insects (Roland et al. 1998; Thompson et al.
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2020), or indirectly, by changing tree community compo-
sition and abundance. Researchers have simultaneously
considered the effects of forest composition and climate
on forest insect outbreaks (Cooke and Roland 2000; Gray
2008; Seidl et al. 2011; Robert et al. 2020), but parsing to
what extent these factors affect insect outbreaks directly and
indirectly would represent a key advance for predicting cas-
cading effects on forest systems worldwide.

In addition to the distribution of hosts, non-hosts may
play a role in determining the outbreak range of forest her-
bivores. The association of biological diversity with stability
is a concept that has attracted even the earliest ecologists
(e.g., Elton 1927), and has long been applied to insect-plant
systems to hypothesize that diverse plant communities are
less prone to insect herbivore outbreaks (Pimentel 1961;
Jactel et al. 2021). The term “associational resistance” is
used to describe increased the resistance of target plants
to herbivory when surrounded by non-host plant species
(Atsatt and O’dowd 1976; Sholes 2008). Tests of the asso-
ciational resistance hypothesis have yielded mixed results
when applied in forest ecosystems, with some studies con-
firming negative effects of tree diversity on outbreaks, while
others indicating either no effects or even positive impacts
(Koricheva et al. 2006). However, Jactel and Brockerhoff’s
(2007) applied meta-analysis across 119 studies and con-
cluded that tree diversity more often reduces herbivory.
Unfortunately, there are statistical issues that constrain
quantification of associational resistance from data on insect
outbreaks in stands of varying tree diversity. Specifically,
host tree density is typically collinear with non-host den-
sity, especially at small scales, and this precludes fitting of
models using multiple regression to isolate effects of host
and non-host plant densities (Guo et al. 2019).

Here we use Lymantria dispar as a model system for
exploring the direct and indirect effects of climate, host tree
density, density of trees that are immune to L. dispar feed-
ing, and other abiotic determinants on the spatial extent of
L. dispar outbreaks. This is an ideal system in part because
forest defoliation caused by L. dispar has been mapped
annually in the eastern USA since the 1970s (Morin and
Liebhold 2016). Furthermore, because of the massive extent
of defoliation caused by this species, considerable informa-
tion already exists about site characteristics that are asso-
ciated with the frequency of outbreaks. Lymantria dispar
is a highly polyphagous insect known to feed on over two
hundred species of trees (Liebhold et al. 1995), and the pro-
portion of forest composition represented by preferred hosts
is known to be a primary determinant of forest susceptibility
to L. dispar (Campbell 1974; Herrick et al. 1986; David-
son et al. 2001). Further, chronically dry sites are known
to often support more frequent L. dispar outbreaks (Smith
1985). However, most of these studies have evaluated the
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relationship between environmental factors and L. dispar
defoliation in individual stands rather than across macro-
scale regions.

We use the long-running survey of L. dispar outbreaks
in the eastern United States to test how environment (e.g.,
temperature, precipitation) and tree community composition
simultaneously drive this phenomenon across 253,411 km?
of forest habitat. While we expect both sets of predictors to
be important, we hypothesized that forest tree community
composition is the more immediate driver, with climate pri-
marily affecting the extent of outbreaks through modulating
abundances of host and immune trees and a weaker direct
effect on the defoliators themselves.

Methods
Study system

Though L. dispar is highly polyphagous folivore, it is known
to exhibit a range of preferences for host species, with dif-
ferences in preference closely associated with the tree taxo-
nomic groupings (Liebhold et al. 1995). Of the host spe-
cies in eastern North America that L. dispar prefers, oaks
(Quercus spp.) are the most abundant (Liebhold et al. 1997).
Other common genera of preferred hosts include Populus
spp. (poplars and aspens) and Betula spp. (birches). Less
preferred host trees include many maple (Acer) species, and
most pine (Pinus) and hickory (Carya) species, and trees
that are immune to L. dispar feeding include cypresses
(Cupressus spp.), ashes (Fraxinus spp.), and most dogwood
species (Cornus spp.; Liebhold et al. 1995).

There are two sections of oaks present in North America,
red oaks (Lobatae) and white oaks (Lepidobalanus); while
oak species in both sections are primary hosts, these two
groups have divergent effects on the population dynamics of
L. dispar. One of the dominant factors affecting the dynam-
ics of L. dispar populations when L. dispar densities are
low, is predation of pupae by small mammals, especially
the white-footed mouse (Peromyscus leucopus; Elkinton
and Liebhold 1990; Elkinton et al. 1996). Red oak acorns
are a critical winter food source for these small mammal
predators (Wolff 1996b; Jones et al. 1998; Elias et al. 2004;
Clotfelter et al. 2007). Red oaks produce acorns in mast
seeding events, i.e., in spatially synchronous events with
high inter-annual variability, which are a major influence
on the population cycles of white-footed mice (Wolff 1996b;
Elias et al. 2004). Red oak acorns drop to the forest floor in
autumn but do not germinate until spring, making them ideal
for building a cache of winter food (Hadj-Chikh et al. 1996).
In contrast, because white oak acorns germinate in the fall
(Fox 1982), they can only rarely be successfully cached as a
winter food source (Steele et al. 2001) and consequently they
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play a minor role in the dynamics of mammalian predators
of L. dispar. Another potential source of diverging effects
of red oaks and white oaks on L. dispar population growth
are differences in foliage suitability. By comparing studies
on the suitability of different tree species, Liebhold et al.
(1995) categorized L. dispar’s potential host species in
North America into three relative ranks, referred to here
as “preferred hosts”, “intermediate hosts”, and “immune”.
However, published field and laboratory experiments com-
paring the suitability of foliage based their conclusions on
many different measures of L. dispar performance, making it
difficult to quantify differences in the relative suitabilities of
each host species (Liebhold et al. 1995), and there is no clear
difference in suitability between the red-oak and white-oak
sections. Thus, we had no a priori expectation that differ-
ences in the suitability of red and white oak foliage would
influence geographic variation in L. dispar outbreaks.

Analysis of direct and indirect effects on Lymantria
dispar outbreaks

We evaluated geographic variation in the mean annual spa-
tial extent of L. dispar outbreaks in the northeastern USA
from 1975-2018. Outbreak populations defoliate host trees
and annual presence of defoliation provides a measure of
habitat suitability for L. dispar population growth. The
annual presence of defoliation across the study region was
determined based on maps sketched during low-altitude
reconnaissance flights carried out by State and Federal agen-
cies. The aerial surveys were conducted in July, the month
of peak Lymantria dispar defoliation, before trees could
flush new leaves. Ground checks were completed where
the cause of defoliation was uncertain, and defoliation was
attributed to L. dispar if confirmed by the presence of its
life stages (Liebhold et al. 1997). The resulting defoliation
maps were compiled into sequential annual raster maps in
a geographic information system (Liebhold et al. 1997).
The raster maps were initially created with a resolution of
2 x 2 km, and within each cell, defoliation was scored as
present or absent (presence if > 50% of raster cell area was
defoliated). However, based on the sparseness of tree species
composition at fine spatial scales (see next paragraph), we
aggregated (summed) the defoliation data (km? defoliated)
across 32 x 32 km quadrats. We then averaged the annual
defoliation data across the 44-year study period. Defoliation
was thus expressed as the total area in each 32 X 32 km cell
that was defoliated, averaged across all years of the survey
(1975-2018). Given that these estimates of defoliation are
formed from aggregated data on the presence/absence of
defoliation, the estimates are best considered relative, not
absolute, measures of defoliated area. Lymantria dispar has
continually expanded its range since the time of its introduc-
tion in 1869 so our analysis was limited to the region that

had already been invaded by the beginning of the time series
(1975). The invaded region was defined by the area of the
1975 US Department of Agriculture L. dispar quarantine
which is designated at the county level and published annu-
ally (US Code of Federal Regulations, Title 7, Chapter III,
Sect. 301.45).

Tree species composition and stand treatment estimates
were determined across the study area using data from 2013
for each state from the Forest Inventory and Analysis (FIA)
program of the U.S. Department of Agriculture (USDA),
which is designed to assess forest conditions across the USA
(Bechtold and Patterson 2005). Prior to 1999, FIA collected
data regionally using a periodic measurement system with
sample designs that varied slightly by region. Generally,
inventories were conducted in each state every 6-18 years,
depending on the state and region. Beginning in 1999, FIA
moved to an annual inventory approach where a complete,
systematic sample of each state is completed annually
(Bechtold and Patterson 2005). Historic data from 11 states
in the eastern United States were extracted from the FIA
database (DataMart link—https://apps.fs.usda.gov/fia/datam
art/datamart.html). The relative abundance of L. dispar host
trees and trees immune to L. dispar feeding showed little
change between 1990 and 2013 (Appendix S1, Table S1).

The FIA sampling design is based on a tessellation of
the US into 2428 ha hexagons with at least one permanent
plot established in each hexagon. For every plot falling in
forest land, measurements (species, diameter, height, condi-
tion, etc.) are taken for every tree in four 7.32-m fixed-radius
subplots. Under the FIA sampling design, each 32X 32 km
quadrat contains approximately 42 FIA plots; however, no
tree sampling is performed at plots that are not forested.
We determined that > 10 forested survey plots were needed
within each quadrat to adequately characterize tree spe-
cies composition (Bechtold and Patterson 2005) and then
selected the finest resolution that would allow most quad-
rats to meet the criterion. This led to our selection of the
32 %32 km resolution. Sixty-four of 443 quadrats (16.4%)
had too few (< 10) forested FIA survey plots and were
excluded from further analysis. In the remaining 379 quad-
rats, we expressed the abundance of red oaks, white oaks,
other preferred hosts, intermediate (less preferred) hosts, and
immune tree species (Liebhold et al. 1995) based on their
basal areas. Because acorns from red oaks (section Lobatae)
are especially critical for the winter survival of granivorous
rodents (Shimada and Saitoh 2006), including major preda-
tors of L. dispar, we subdivided the basal areas of oaks into
red oaks and white oaks (section Lepidobalanus) to consider
their separate effects on L. dispar dynamics.

Geographic variation in climate among the 32X 32 km
quadrats was assessed based on mean annual temperature
and precipitation over the 44-year study period (1975-2018).
Temperature and precipitation values in 1 km raster format
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were obtained from the PRISM climate mapping project
(http://www.prism.oregonstate.edu/index.phtml), which pro-
vides data through interpolation of historical weather data
from stations located throughout the conterminous USA.
The 1-km? resolution climate data were spatially aggregated
by calculating averages for each 32 X 32 km quadrat.

Given that soil moisture availability appears to play an
important role in the distributions of temperate tree species
(Iverson and Prasad 1998; Morin et al. 2007), we acquired
spatial data on the available water capacity of soil from
the USGS STATSGO data base. Available water capacity
(AWC) represents the volume of water available to plants if
the soil is at its capacity (USDA, NRCS 2019). We acquired
the AWC data as a 1:250,000-scale geographic information
system (GIS) layer and formed average values of AWC for
each 32 x32 km quadrat. Given high collinearity of AWC
taken at different depths, we only used water capacity meas-
ured at 100 cm in our analyses.

We examined the direct and indirect effects of environ-
mental factors (temperature, precipitation, and AWC) and
host tree composition on L. dispar outbreaks using piece-
wise structural equation modeling (pSEM). This approach
is often more appropriate for ecological data than traditional
variance—covariance structural equation modeling because
it is more flexible in accommodating violations of model
assumptions such as multivariate normality and independ-
ence of errors (Lefcheck 2016). Here, the ability of pSEM to
accommodate spatial autocorrelation was the primary reason
this approach was chosen.

Our first step was to formulate an a priori model of
expected causal relationships between variables (full
model provided in Appendix S2: Figure S1). We postu-
lated direct effects of temperature, precipitation, and AWC
on the basal areas of each category of host tree. We also
specified directed paths between the basal areas of each tree
species group, temperature, and precipitation on L. dispar
defoliation. Thus, the model is a general test of mediation
of environmental effects on defoliation through changing
tree abundances. We also specified bivariate correlations
between the basal areas of each tree group to account for
any potential covariance between the basal areas of different
tree groups unaccounted for by the climate variables or soil
water capacity.

To account for spatial autocorrelation, we fit the specified
relationships using spatial autoregressive error models for
each of the component regressions within the pSEM using
the ‘errorsarlm’ function in the spatialreg package (Bivand
and Piras 2015) in R version 4.0.3 (R Core Team 2020).
Spatial weights were determined as the Euclidean distance
between quadrats using the “dnearneigh™ function in the
spdep package (Bivand and Wong 2018). We assessed model
assumptions visually, and subsequently all tree abundances,
defoliation extent, and AWC were subsequently square-root
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transformed. We tested for excessive multicollinearity using
variance inflation factors (VIFs) computed using the Nagel-
kerke R?, which we also used as an indicator of the vari-
ance explained for each response. An alternative method of
accounting for forest land area would be to model the pro-
portion of defoliated forest area, but this exercise did not
lead to qualitatively different conclusions and further vio-
lated several assumptions of the models. Therefore, we have
treated land area using an ANCOVA-like approach. Differ-
ences in area of forested land between each grid cells were
accounted for by including forest land area (km?) as a covari-
ate in the models with tree basal areas and defoliated area.
We specified correlations between the basal areas of each
tree group to account for any potential relationships between
the basal areas of different tree groups unaccounted for by
the climate variables or soil water capacity. The strength of
direct vs. indirect effects on defoliation was examined based
on standardized regression coefficients obtained by multiply-
ing each coefficient by the ratio of the standard deviation of
the predictor over the standard deviation of the response.

The goodness of fit of the structural equation model was
evaluated using two measures. First, we applied Shipley’s
test of directed separation, where the significance (i.e., P
value) of all unspecified paths is summarized in a single
Fisher’s C statistic as in (Shipley 2009). We can compare
this statistic to a y’-distribution with 2k degrees of freedom,
where k=the number of tests of directed separation. A non-
significant P value would suggest that there are no signifi-
cant missing paths, i.e., that we have correctly specified the
structure of the model. Second, we used the newly proposed
metric based on log-likelihood (Shipley and Douma 2020).
Here, we consider two models: the proposed model and
a saturated model, or one in which all possible paths are
included. Then, the individual log-likelihoods of the sub-
models in each of the saturated and unsaturated models are
summed, and their difference is obtained. Finally, this value
is multiplied by —2 to yield a » statistic directly, which can
be compared to a y*-distribution with the degrees of freedom
determined by the difference in the likelihood degrees of
freedom of the saturated and unsaturated models. This new
test asks whether the saturated model is more likely than
the proposed structure, implying that the inclusion of one or
more of the missing paths would improve the likelihood of
the saturated model given the data. Statistical code for these
analyses is provided in Appendix S3.

Results

Across the study region, 19.8% of the basal area of all for-
est trees was comprised of preferred L. dispar host species,
59.6% was comprised of intermediate hosts, and 20.6%
consisted of species that are immune to L. dispar damage
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Table 1 Percentages of the basal area of all forest trees composed
of preferred Lymantria dispar hosts (subdivided into red oaks,
white oaks, and other preferred hosts), intermediate hosts, and trees
immune to L. dispar feeding (boldface), and the three most dominant
species within each group

Host and immune tree groups and their dominant % of basal area

species of all forest trees
Red oaks (section Lobatae) 7.7
Quercus rubra 5.6
Quercus velutina 1.3
Quercus coccinea 0.7
White oaks (section Lepidobalanus) 6.0
Quercus alba 3.6
Quercus prinus 2.2
Quercus bicolor 0.1
Other preferred host trees 6.0
Betula papyrifera 2.2
Populus tremuloides 1.1
Populus grandidentata 0.8
Intermediate host trees 59.6
Acer rubrum 15.7
Acer saccharum 8.7
Tsuga canadensis 7.6
Immune trees 20.6
Abies balsamea 5.8
Betula alleghiensis 39
Fraxinus americana 3.7

(a) Temperature (°C)

32-4,
[ ]so0-6s
[ es-80
Bl si-9s

B ss-11.2
DE Bl 13-133

Fig.1 Maps of a mean annual temperature (°C), b mean annual
precipitation (mm), and ¢ mean available water capacity (AWC) of
the soil. State abbreviations: CT, Connecticut; DE, Delaware; ME,

(b) Precipitation (mm)

(Table 1). Of the preferred L. dispar hosts, red oaks, white
oaks, and other preferred hosts were similar in their den-
sities, representing 7.7%, 6%, and 6% of the basal area of
all forest trees, respectively. The intermediate-host group
contained the three most dominant species in the study
region, Acer rubrum, Acer saccharum, and Tsuga canaden-
sis (Table 1).

Mean annual temperatures tended to be warmest along
the southeastern portion of the study region, along the coast
with the Atlantic Ocean (Fig. 1a). The spatial pattern in
mean annual precipitation was less coherent than that of
temperature, though precipitation tended to be higher in the
eastern and mid-latitudinal portion of study region, and in
the high-elevation areas of the Appalachian Mountain Range
(Fig. 1b; elevation not shown). AWC was perhaps the most
spatially coherent environmental variable that we consid-
ered, with AWC tending to increase with increasing latitude,
though AWC was also high in a small portion of the south-
eastern corner of the study region (Fig. 1c).

The two dominant groups of L. dispar host trees, red
oaks and white oaks, differed considerably in their distri-
butions. Although both were relatively rare in the extreme
northern and western portions of the study region, white
oaks tended to be most abundant in the southern portion
of the study region, whereas red oaks were most abundant
at mid-latitudes (Fig. 2a, b). The other preferred hosts of
L. dispar (mainly birches and aspens) were generally most
abundant where oak densities were low, in the extreme north
and western portions of the study region (Fig. 2c). Interme-
diate hosts were fairly evenly distributed, except that their

857.7 - 966.3

[ | 966.4-1079.9
[ 1080.0- 1156.2
B 1156.3 - 12274
B 12275- 13338
B 13339 - 15210

Maine; MD, Maryland; MA, Massachusetts; NH, New Hampshire;
NJ, New Jersey; PA, NY, New York; Pennsylvania; RI, Rhode Island;
VT, Vermont; VA, Virginia; WV, West Virginia
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(a) Red oaks

LLLLL
ol

|0-100.9

[ 1101-2516
[0 251.7 - 380.5
[ 380.6 - 491.1
I 491.2 - 600.6
I 600.7 - 865.5

(d) Intermediate hosts

| 227 - 654
[ 1655-881
[ 882 - 1039
[ 1040 - 1196
N 1197 - 1374
I 1375 - 1629

(b) White oaks

(c) Other preferred hosts

|0-82.6
[ 1827-2185
[ 218.6 - 364.4
[ 364.5 -511.9
I 512 -679.8
I 679.9 - 982.6

|0-126.9

[ 1127-219.8
[ 219.9-3146
[ 314.7 - 416.8
N 416.9 - 528
I 528.1 - 693.9

(e) Immune trees

142 - 304
[ 1305-413
[ 414 - 527
[ 528 - 689
I 690 - 907
I 908 - 1359

Fig.2 Maps of the mean basal areas (m?) of a red oaks (Lobatae), b white oaks (Lepidobalanus), ¢ other preferred Lymantria dispar hosts, d
intermediate host trees, and e) trees that are immune to L. dispar feeding. All displayed values are square-root transformed

densities were low in the southeastern portion of the study
region (Fig. 2d). Tree species that are immune to L. dispar
feeding occurred throughout the study region but reached
their highest densities in the extreme north (Fig. 2e).

Our original structural equation model contained exces-
sive multicollinearity (VIF> 10) due to correlations between
forest area and the basal area of intermediate hosts and tem-
perature. Understanding effects of temperature was a central
goal of our study, and accounting for differences in amount
of forest area among quadrats was necessary to eliminate
the bias for cells with more forested area to have more area
defoliated. In contrast, the basal area of intermediate host
trees was not expected to strongly affect L. dispar densities.
Thus, we reduced multicollinearity to an acceptable level
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(maximum VIF=8.48) by removing intermediate host trees
from the structural equation model. Its removal resulted in
no qualitative differences (See Appendix S4: Fig. S4).

The simplified structural equation model (intermediate
hosts removed) fit the data well (based on our two met-
rics of goodness-of-fit: C,=0.74, P=0.69; and ;(21 =0.16,
P=0.69), and revealed both direct and indirect relationships
between climate and area of forest defoliated by L. dispar
(Fig. 3). The model explained an extremely high proportion
of variance (R?=0.85) in defoliation. We found a signifi-
cant and positive direct relationship between temperature
and defoliation, i.e., areas with higher temperatures (Fig. 1a)
tended to have increased defoliation (Fig. 4, Table 1). Simi-
larly, increasing temperature increased the abundance of
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R?=0.85
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______________________ —_————-—
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Red oaks*

R?=0.73

[

White oaks*

R?=0.73

1

Other '
referred Immune i
phosts* trees* |
R’ = 0.65 R2=0.75| |

Fig.3 Structural equation model examining relationships between
(square-root transformed) mean annual spatial extent of Lymantria
dispar defoliation (km?), climate (mean annual temperature and pre-
cipitation), soil available water capacity (AWC), and (square-root
transformed) basal areas (m?) of red oaks, white oaks, other preferred
L. dispar hosts, intermediate hosts, and trees that are immune to L.
dispar feeding. Straight arrows represent hypothesized causal paths
that were statistically significant (P <0.05), whereas curved arrows
represent correlations between categories of trees that were signifi-

both red and white oak hosts approximately equally (based
on comparison of their standardized regression coefficients)
and reduced other hosts to a lesser degree (Table 2).

The indirect effect of temperature on defoliation through
tree groups—computed by multiplying the standardized
regression coefficients of the adjacent paths—showed that
the effects of temperature on defoliation were stronger
through white oaks (0.572x%0.279=0.160) than red oaks
(0.489%x0.193=0.094). Critically, the combined indi-
rect effect of temperature through both sections of oaks
(0.160 + 0.094 =0.254) was stronger than the direct effect
of temperature on defoliation (0.172).

Further, we found a negative effect of precipitation on L.
dispar defoliation, but precipitation was a weaker predictor

cant. Non-significant paths and correlations are not shown. To indi-
cate the strength of each relationship, the thicknesses of the arrows
were scaled based on their standardized regression coefficients. The
R? values for each component model are displayed in the boxes of
each response variable. The covariate forest area (km?) was used as a
predictor variable in all variables representing areas: tree group basal
areas and defoliated area. For each of these predictor variables, aster-
isks indicate if forest area was a significant predictor

of both defoliation and tree abundances than was tempera-
ture (Table 2, Fig. 3). However, increasing precipitation was
associated with increasing basal area of immune trees, and,
in turn, the basal area of these trees had a significant nega-
tive effect on L. dispar defoliation (Table 2, Fig. 3). Based
on standardized regression coefficients, the direct effect of
precipitation on defoliation was weak (—0.081), and the indi-
rect effect of precipitation on defoliation through its effect on
immune trees was even weaker (0.190x —0.084 =-0.017).
Soil water holding capacity was not significantly related to
the abundances of any tree group. The covariate, forest area
(km?) in each grid cell, as expected, was a significant pre-
dictor of the abundances of all tree groups and L. dispar
defoliation (Table 2).
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]0-13
I 1.4-2.9
3-46

P 47-6.3
Bl64-83
B s4-11.7

Fig.4 Map of the (square-root transformed) mean annual spatial
extent (km?) of Lymantria dispar defoliation from 1975 to 2018

Table2 Results of spatial error models examining putative causal
relationships between climate variables (30-year annual mean tem-
peratures and precipitation), basal areas (m?) of trees categorized by

Discussion

Climatic conditions, mainly through the effects of tempera-
tures on phenology, are major drivers of the distributions
of temperate tree species distributions in North America
(Morin et al. 2007). Climate is also thought to constrain
the distribution and outbreak ranges of defoliating insect
species through its direct effects on insect survival, phenol-
ogy, or reproduction (Martinat 1987; Candau and Fleming
2005; Johnson et al. 2010; Battisti and Larsson 2015). Using
piecewise structural equation modeling (pSEM), we revealed
novel quantitative evidence that geographic variation in cli-
mate (primarily mean annual temperature) indirectly affects
the spatial extent of forest defoliation by a forest insect via
its effects on tree species composition more than it directly
affects insect populations. Our finding suggests that, while
climate has an overarching role in determining the mean
spatial extent of L. dispar outbreaks, it does this primarily
by altering the degree to which forests are composed of pre-
ferred host species. Although climate has long been known
to be a major determinant of tree species composition, the
extent to which climate affects the extent of forest insect

Lymantria dispar feeding preferences or their effects on populations
of L. dispar predators (red oaks vs. white oaks), area of forest (km?),
and mean area (km?) of forest defoliated by L. dispar per year

Response variable Predictor Coef SE z value Std. Coef P Lobatae), white oaks
(Lepidobalanus)alue
Red oaks Temperature 47.720 6.697 7.126 0.488 <0.001
Red oaks Precipitation —0.180 0.086 —2.090 —0.091 0.037
Red oaks AWC 1.167 13.957 0.084 0.003 0.933
Red oaks Forest area 0.298 0.040 7.509 0.317 <0.001
White oaks Temperature 62.099 7.269 8.543 0.572 <0.001
White oaks Precipitation —0.184 0.096 —1.928 —0.084 0.054
White oaks AWC 14.842 15.708 0.945 0.034 0.345
White oaks Forest area 0.320 0.045 7.139 0.307 <0.001
Other preferred hosts Temperature —20.908 5.209 —-4.014 —0.305 <0.001
Other preferred hosts Precipitation 0.015 0.068 0.220 0.011 0.826
Other preferred hosts AWC —18.935 11.182 -1.693 —0.069 0.090
Other preferred hosts Forest area 0.117 0.032 3.658 0.177 <0.001
Immune Temperature 1.568 7.082 0.221 0.015 0.825
Immune Precipitation 0.399 0.0903 4.416 0.190 <0.001
Immune AWC 11.791 14.565 0.810 0.029 0.418
Immune Forest area 0.413 0.041 9.979 0.416 <0.001
Defoliation Red oaks 0.003 0.001 4.376 0.193 <0.001
Defoliation White oaks 0.003 0.001 6.501 0.279 <0.001
Defoliation Other preferred hosts <0.001 0.001 0.449 0.015 0.653
Defoliation Immune —0.001 0.001 —2.042 —0.084 0.041
Defoliation Temperature 0.219 0.074 2.949 0.172 0.003
Defoliation Precipitation —0.002 0.001 —-2.42 —0.081 0.016
Defoliation Forest area 0.001 0.001 2.551 0.104 0.011

The basal areas of each tree group, area of forest defoliated, and available water capacity of soils (AWC) were square-root transformed
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outbreaks directly versus indirectly through its effects on for-
est composition is rarely if ever known. While effects of for-
est management (e.g., selective harvesting) on tree-species
composition cannot be completely discounted, it is unlikely
that it explains the geographic variation in tree distributions
observed in this study. Forest-stand treatments were limited
to an estimated 9% of the forest land across our study area
within 5 years of the forest inventory plot visits (USDA For-
est Service 2021).

Defoliation increased with the abundances of both red
and white oaks, consistent with previous research indicat-
ing that high oak abundance predisposes forest stands to L.
dispar defoliation (Herrick et al. 1986; Liebhold et al. 1994).
Despite the greater importance of red oaks, compared to
white oaks, in affecting the population cycles of the white-
footed mouse (Wolff 1996a; Elkinton et al. 1996; Jones et al.
1998; Elias et al. 2004; Clotfelter et al. 2007), the chief
predator of L. dispar (Elkinton and Liebhold 1990; Elkinton
et al. 1996), the effects of red-oak abundance and white-
oak abundance on L. dispar defoliation were approximately
equal (Table 1). While temporal variation in small mam-
mal populations may profoundly affect L. dispar dynamics
(Elkinton et al. 1996), spatial variation in mammal abun-
dance may play a lesser role in determining spatial variation
in L. dispar densities. In contrast, densities of hosts, either
white or red oaks, may strongly drive spatial variation in L.
dispar abundance.

The positive direct relationship detected here between
mean annual temperature and defoliation (Fig. 3) suggests a
similarly positive relationship between temperature and L.
dispar population growth. Considerable information exists
about direct effects of temperature on L. dispar population
dynamics. Low winter temperatures are known to decrease
survival of over-wintering egg masses (Andresen et al.
2001). Conversely, high summer temperatures adversely
affect the development and survival of L. dispar larvae
(Thompson et al. 2017), but the portion of L. dispar’s range
where temperatures regularly become hot enough to nega-
tively affect its larvae, L. dispar’s southeastern range edge
(the coastal plain of Virginia), is outside of the current study
region. Thus, it is not surprising that we only detected a
positive effect of increasing temperature on defoliation.
Though our analysis indicates a direct positive influence of
temperature on defoliation (Fig. 3), it is possible that some
of this relationship arose through indirect impacts on natural
enemy populations. For example, Reilly et al. (2014) found
a negative effect of increasing temperature on larval mortal-
ity caused by the entomopathogenic fungus Entomophaga
maimaiga and this could conceivably contribute to a positive
association of temperature with defoliation.

One possible explanation for the fact that defoliation
did not increase with the abundance of other, non-oak host
trees is that these other species represent a relatively small

fraction of host tree basal area (~30%). In addition, the high-
est abundances of these other preferred host trees (mainly
aspens and birches) tended to occur in colder portions of
the study region (Figs. 1, 2). In our study region, much of
the state of Maine, and smaller northern or high-elevation
portions of New Hampshire, Vermont, and New York were
predicted to have low climate suitability for L. dispar due
to a lack of degree days sufficient for L. dispar to complete
prediapause development prior to the onset of winter (Gray
2004). In addition, cold winter temperatures along the U.S.-
Canadian border (in the Great Lakes region) have been found
cause high rates of overwintering mortality in L. dispar egg
masses (Streifel et al. 2019). That aspens and birches tend
to occur where the climate is of low suitability for L. dispar
may explain why these species have not been defoliated as
frequently and extensively as oaks.

Consistent with Jactel and Brockerhoff (2007) finding
that increasing tree diversity reduces herbivory on focal
species in most study systems, higher abundances of trees
that are immune to L. dispar feeding leads to a reduction
in defoliation by L. dispar. In our study region, there was
a significant positive relationship between the abundances
of immune trees and annual precipitation. Associational
resistance from immune trees, combined with the effect of
spatial variation in climate on the abundance of these trees,
indicates that regional climate variation may influence the
strength of associational resistance (Fig. 3).

One possible explanation for why associational resistance
could occur with an herbivore species as highly polypha-
gous as L. dispar is this species’ poor dispersal ability. Adult
females are flightless, and passive wind-borne dispersal of
neonates (“ballooning”) is the primary means of larval dis-
persal (Mason and McManus 1981; Liebhold and Tobin
2006). Ballooning larvae may be less likely to be transported
to a preferred host-tree species in forest stands with high
densities of immune trees. Given the limited dispersal ability
of L. dispar, however, further research carried out at finer
spatial resolution than the 32 km raster cells used in this
study is probably necessary to fully evaluate whether host-
tree species that are preferred by L. dispar can benefit from
associational resistance (i.e., occurring near immune trees).

Our finding that higher long-term mean temperatures had
positive direct and indirect effects on the mean annual spatial
extent of L. dispar outbreaks suggests that future climate
warming may cause increased L. dispar defoliation within
our study region. In using predictions from spatial regression
models to make predictions about effects of environmental
changes through time, we are carrying out a ‘space-for-time
substitution’, a long-used practice in ecology that nonethe-
less can lead to erroneous conclusions because it assumes
spatially replicated data represent measures of local equilib-
rium conditions and that site-level temporal dynamics can be
ignored (Damgaard 2019). Our predictions about the effects
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of climate change on forest defoliation should be interpreted
with caution, but nonetheless they represent fruitful avenues
for future research.

The strongest effects of temperature on defoliation were
indirect effects mediated by positive effects of temperature
on oak abundance. But given that the region is undergoing
a decline in oak dominance, due to a host of factors (e.g.,
fire suppression, deer browsing, invasive species; (Horsley
et al. 2003; Nowacki and Abrams 2008; Dey 2014) includ-
ing reduced growth and increased mortality of oaks due
to L. dispar defoliation (Morin and Liebhold 2016), the
most potent pathway through which rising temperatures
could increase L. dispar defoliation—by increasing oak
abundance—may be blocked. However, it is possible that
increasing temperatures along the northern edges of the
study region could make these areas more climatically suit-
able for L. dispar evidenced by phenological modeling (Gray
2004) and by the direct effect of increasing temperature on
defoliation found in this study. As the northern portions of
the study region are likely to become more suitable for L.
dispar with continued warming, aspen and birch species
that remain abundant in these areas in future decades may
become more susceptible to frequent and widespread defo-
liation by L. dispar.

The results of our study have broader implications for our
understanding of how climate, and changes in climate, might
influence the intensity of insect outbreaks. Our results sug-
gest that changes in climate may have greater indirect influ-
ences (via effects on the tree-species composition of forests)
on forest defoliator outbreaks than direct influences (e.g.,
on insect physiology or survival). Because changes in forest
composition can be expected to be lagged in response to
climate change (Bertrand et al. 2011; Schneider et al. 2015),
changes in defoliator outbreak intensity likely will not imme-
diately follow changes in climate, but instead the changes in
outbreaks may be quite delayed. Developing accurate long-
term projections of changes in forest composition, therefore,
is key to predicting the intensity of defoliator outbreaks in
the coming decades.
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