
Synchrony of Winter Moth (Operophtera Brumata) 
Larval Eclosion With Bud-Break of Different 
Tree Species in New England and Its Effect on 
Defoliation

Citation
Brinkman, Rachel. 2017. Synchrony of Winter Moth (Operophtera Brumata) Larval Eclosion 
With Bud-Break of Different Tree Species in New England and Its Effect on Defoliation. Master's 
thesis, Harvard Extension School.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:33813410

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available 
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you.  Submit a story .

Accessibility

http://nrs.harvard.edu/urn-3:HUL.InstRepos:33813410
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Synchrony%20of%20Winter%20Moth%20(Operophtera%20Brumata)%20Larval%20Eclosion%20With%20Bud-Break%20of%20Different%20Tree%20Species%20in%20New%20England%20and%20Its%20Effect%20on%20Defoliation&community=1/14557738&collection=1/14557739&owningCollection1/14557739&harvardAuthors=036a477545e9bbc9a6ec266ccd2855a2&department
https://dash.harvard.edu/pages/accessibility


 

 

 

 

Synchrony of Winter Moth (Operophtera brumata) Larval Eclosion with Bud-Break of 

Different Tree Species in New England and its Effect on Defoliation  

 

 

 

 

 

Rachel A. Brinkman 

 

 

 

 

A Thesis in the Field of Sustainability and Environmental Management  

For the Degree of Master of Liberal Arts in Extension Studies  

 

 

Harvard University  

March 2017 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 2017 Rachel A. Brinkman 



 

 

 

Abstract 

 

Forest pests are particularly responsive to the influence of climate change, rapidly 

bringing about shifts in herbivory intensities, changing their distribution and outbreak 

frequency, altering their relationships with natural enemies, and generally reducing 

biodiversity.  It is not uncommon for spring defoliating insects to cause the death of host 

trees or to cause a devastating loss for fruit crops as they consume leaves and flowers.  

One spring feeding insect, winter moth, defoliates newly emerged spring leaves and 

flowers in a wide variety of deciduous tree species in New England.  It has been noted 

that phenological synchrony between bud-break and larval eclosion is critical for the 

fitness of many spring-feeding insect herbivores, yet it is currently not well understood if 

the synchrony of winter moth eclosion with host tree bud-break influences the feeding 

habits of the winter moth caterpillar.   

To further knowledge about this synchrony, this study monitored egg hatch timing 

in the landscape with different host tree species and categorized the resulting defoliation 

damage.  The primary hypothesis was that defoliation damage by winter moths to 

different tree species is largely determined by the synchrony of larval hatching with bud-

break.  A second hypotheses evaluated was that eggs laid on rough, dark colored bark will 

hatch earlier then eggs laid on smooth, light colored bark.  Twelve different tree species 

located within the Arnold Arboretum’s woody plant collections in Boston, Massachusetts 

were selected to compare winter moth larval densities to defoliation severity.  Refining 

the measure of egg hatch date variation by taking into account bark type and the 



 

 

directional aspect of the tree trunk (north or south) required a critical analysis with 

attention to tree species variation within this study.  The analysis of winter moth larvae 

defoliation damage on different host trees in relation to the stage of bud-break was 

achieved by observing tree buds and recording budburst stage, number of feeding 

caterpillars, and percent defoliation throughout the spring season.   

The egg hatch timing on different types of tree bark and in varying sun exposure 

levels was analyzed finding texture, color, directional aspect and sun exposure to play 

significant roles in timing of winter moth egg hatch. Tree species and bud-break stage 

played a significant role in the amount of defoliation received, suggesting that the 

synchrony of bud break with egg hatching is an indicator for the severity of defoliation 

levels.  The two Malus species were some of the first trees to break bud.  Malus 

prunifolia exhibited the highest levels of defoliation at 88%, while Quercus coccinea was 

one of the later species to bread bud and only ended up with 20% defoliation.  Larval 

densities decreased swiftly once the tree leaf stage became fully developed, at bud-break 

stage 4, well before the larvae pupated.  This strongly suggested that larvae disperse to 

other food sources as tree leaves expand, supporting the idea that larval defoliation 

damage to tree species has some dependency on the synchrony to tree bud-break.   
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Chapter I 

Introduction 

 

Climate change is affecting the environment around us.  Invasive species are a 

major concern, particularly when they have devastating effects on the local flora and 

fauna (Lovett, Canham, Arthur, Weathers, & Fitzhugh, 2006; Logan, Regniere, & 

Powell, 2003). There are growing numbers of exotic pests with significant negative 

influence on eastern North American forests including chestnut blight (Endothia 

parasitica), which has eliminated mature chestnuts (Castanea dentate) from American 

forests, gypsy moth (Lymantria dispar) which has caused major defoliation on oak trees 

in eastern forests; emerald ash borer (Agrilus planipennis) which is spreading across the 

North east destroying ash (Fraxiness spp.) trees within a couple of years from infestation; 

and hemlock woolly adelgid (Adelges tsugae Annand) which is spreading across the 

northeastern forests eliminating eastern hemlocks (Tsuga Canadensis) (Alalouni, 

Schadler, & Brandl, 2013; Lovett et al., 2006; Churchill, John, Ducan, & Hodson, 1964).   

Tree defoliating insects such as winter moth and gypsy moth exhibit severe 

outbreaks causing short-term effects to forests, including reduced productivity of leaf 

area and seed crop, increased light penetration to the forest floor, and reduced 

transpiration which consequently will increase the water depletion from forests (Alalouni 

et al., 2013; Lovett et al., 2006).  Severe defoliations in a forest can raise stream water 

nitrogen concentrations due to accumulated insect feces, unconsumed green foliage, dead 

caterpillars, and increased leaching of nitrogen from damaged foliage (Lovett et al., 

2006).  Many hardwood trees that have been defoliated can regrow their leaves which 
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will allow them to survive several years of spring defoliation without dying (Lovett et al., 

2006; Tikkanen & Julkunen-Tiitto, 2003).  However, if these trees are already stressed 

from other factors such as drought or other pest attack, they may not be able to survive a 

single year of defoliation (Lovett et al., 2006). 

Forests’ pests are particularly vulnerable to disruption from climate change 

(Logan et al., 2003).  Climate change is having and will further have a variety of 

influences on insects such as shifts in herbivory intensities, changing distribution and 

outbreak frequency, changing relationships with natural enemies, and a general decrease 

in biodiversity (Jepsen, Hagen, Ims, & Yoccoz, 2008; Logan et al., 2003).  Plant 

populations cannot expand their ranges as quickly as insects do, and therefore, changes in 

appropriately timed critical life stage events, or phenological synchrony, between 

herbivores and their host plants may be a significant pathway for climate change to 

influence insect ecology (Watt & MacFarlane, 2002).  However, a problem with 

predicting potential impacts that climate change can have on exotic species is that it is 

fundamentally more difficult to forecast than for native host-pest interactions (Logan et 

al., 2003).  Also, unlike agriculture systems where management responses can change 

host plant assemblages, forest ecosystems fixed in place are far more vulnerable to pests 

(Logan et al., 2003).   

With the changing climate the intensity and severity of insect pests is becoming 

more of a concern.  Insects that were previously not known to cause significant damage 

to their hosts are becoming more worrisome because they are expanding their area of 

distribution, escalating herbivory intensities, increasing outbreak frequencies, and 

modifying their relationship with natural enemies.   
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Research Significance & Objectives 

Winter moth (Operophtera brumata L.) is a prime example of a pest that is being 

significantly influenced by climate change.  In its native Europe, it has been expanding its 

range of distribution and has also been reported to be adding to its list of preferred host 

species (Jepsen et al., 2008).  Historically winter moth has been temperature limited; 

however, it is now increasing its easterly and northerly ranges in Europe (Jepsen et al., 

2008).   

Winter moth larvae defoliate newly emerged spring leaves and flowers in a wide 

variety of deciduous tree species in New England.  Examining how winter moth 

synchrony with bud-break affects the extent of defoliation damage will contribute to 

filling some gaps in knowledge needed to predict economic and ecological influencing 

factors of winter moth.  Monitoring egg hatch synchrony with different host tree species 

and categorizing the resulting defoliation damage will allow better understanding of how 

this synchrony influences which tree species receive more damage.  Climate change 

strongly influences tree phenology and therefore, may also affect the extent of damage by 

winter moth defoliation including possible range of distribution of the moth and which 

tree species receive the most defoliation damage.   

My objective is to evaluate how the synchrony of winter moth hatching with tree 

leaf out affects defoliation damage inflicted upon different host tree species in New 

England, particularly in the Arnold Arboretum’s woody collection.   
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Background  

For more than a decade the invasive European winter moth, has defoliated forests 

in eastern Massachusetts (Simmons, Lee, Ducey, & Dodds, 2014).  Winter moth is a 

relatively recent addition to the list of invading pests of New England and knowledge of 

its ecological and environmental effects on the forests of this area is sparse (Elkinton, 

Boettner, Liebhold, & Gwiazdowski, 2015; Simmons et al., 2014; Elkinton et al., 2010).   

Winter moth was first discovered in Massachusetts in 2003 but is presumed to have been 

present since the 1990s because of corresponding forest defoliation (Elkinton et al., 

2010).  Winter moth has also been found in Rhode Island, Connecticut, eastern Long 

Island, New York, New Hampshire, and Maine (Elkinton et al., 2010).   

This is not the first time that winter moth has been found in North America.  It 

was discovered in Nova Scotia, Canada in the 1930s and in areas on the west coast in the 

1970s (Simmons et al., 2014; Elkinton et al 2015).  Nova Scotia suffered major impacts 

to hardwood forests, British Columbia experienced defoliation to urban shade trees, and 

Oregon battled the winter moth effects on their orchards (Roland & Embree, 1995).  In its 

native habitat of Europe, populations of this insect fluctuate on a cyclic basis resulting in 

only occasional outbreaks (Tikkanen & Julkunen-Tiitto, 2003), so is not as destructive as 

it is in North America. 

 

Winter Moth Biology and Life Cycle 

Winter moth is named for its adult life cycle phase.  In New England the adult 

white/grey moth emerges in early to mid-November from pupae buried in the ground.  

The males hatch first, taking flight to search for female moths (which hatch a few days 
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later) for mating (Varley & Gradwell, 1956; Peterson & Nilssen, 1998; Elkinton et al., 

2015).  The female moths are flightless and upon emergence from their pupa will crawl 

up any available vertical surface, often tree trunks, where they emit a sex pheromone to 

attract males (Varley & Gradwell, 1956; Peterson & Nilssen, 1998; Elkinton et al., 2015).  

Once the moths mate the females begin to lay their eggs in bark crevices up the trunk of 

the tree and onto the tree branches and buds (Varley & Gradwell, 1956; Peterson & 

Nilssen, 1998; Elkinton et al., 2015).  The winter moth eggs over-winter on the trees and 

then in early spring, usually in April, when they are close to hatching, the eggs change 

color from orange to blue (Elkinton et al., 2015; Embree, 1970).  Tiny larvae emerge 

from the eggs and begin to crawl up the tree to the buds (Elkinton et al., 2015; Embree, 

1965).  The larvae can also produce silk strands that carry them on the wind (called 

ballooning) and potentially to other trees (Elkinton et al., 2015; Holliday, 1977).  Since 

the female moths cannot fly, this ballooning of the larvae is the main mode of 

transportation to spread the pest to new locations (Elkinton et al., 2015; Embree, 1970).  

The newly hatched larvae then enter buds that are just beginning to open and begin to 

feed on tender leaf and flower tissue (Eidt & Embree, 1968).  The larvae continue to feed 

for several weeks, proceeding through five instar stages, then pupating in late May or 

early June (Holliday, 1977; Eidt & Embree, 1968).  When the larvae are ready to pupate 

they drop to the ground and form a cocoon in the soil for the summer and early fall 

months until November emergence (Elkinton et al., 2015; Horgan, Myers, & Van Meel, 

1999).  
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Factors Influencing Winter Moth Defoliation 

In New England’s climate, the longer cold winter temperatures hold the winter 

moth eggs in dormancy, and then the warming spring temperatures allows eggs to hatch 

into foraging caterpillars taking advantage of the swelling leaf buds.  Extensive damage 

to the tree occurs when caterpillars are feeding inside the buds prior to leaf expansion 

(Simmons et al., 2014).  Combining this ability with the lack of natural parasitoids in 

New England, there is very little to halt the constant yearly outbreaks of winter moth.  

The severe defoliation from winter moth in New England can lead to a significant 

decrease in annual radial tree growth and also, the potential to change the dynamics of 

forest composition because of increased light levels where trees have been defoliated 

(Simmons et al, 2014).   

Caterpillar host preference and the extent of defoliation are closely related to the 

synchrony (simultaneous action) between egg hatch and budburst (Simmons et al., 2014).  

In Europe, and possibly in North America also, the variation in bud-break (emergence of 

new leaves) can be as much as two weeks apart for oak species alone (Feeny, 1970).  It is 

not uncommon to see higher caterpillar populations on the earlier bud-bursting trees than 

the later ones, which can allow the trees with later leaf-out to escape defoliation (Feeny, 

1970).  On the other hand, if the winter moth eggs hatch too early before bud-break, the 

delicate first instar larvae will starve to death because they cannot penetrate closed buds 

(Feeny, 1970).  The early egg hatch is likely required for caterpillars to complete their 

larval cycle before the oak leaves toughen and become a poor food source, that is, before 

the leaves increase in tannins and decrease in nitrogen and protein (Visser & Holleman, 

2001; Feeny, 1970).    
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Not all trees species break bud at the same time and in fact, within tree species 

there can be a large variation in phenology (Visser & Holleman, 2001).  This synchrony 

mismatch may be the explanation why winter moth defoliation damage seems to be 

strongest on particular tree species and even within a single population, the extent of 

damage may vary between different microclimates (Gwiazdowski, Elkinton, Dewaard, & 

Sremac, 2013; Visser & Holleman, 2001).  In fact, first and second instar winter moth 

larvae seem to be able to disperse from tree to tree for five days until a suitable one is 

found (Holliday, 1977; Cumming, 1961; Briggs, 1957).  In England, larvae appear to 

have a preference for colonizing trees with more advanced buds (Holliday, 1977).  A 

study on apple trees showed that there were greater densities on the varieties that broke 

bud earlier (Holliday, 1977).   

 

Climate Effects on Tree Phenology  

 Phenology is the study of the timing of life cycle or developmental events such as 

when a plant flowers or when it leafs out in the spring (Polgar & Primack, 2011).  The 

timing of temperate trees and shrubs is highly sensitive to temperature, and analysis of 

phenology records from around the world demonstrate that bud-break or leaf-out tends to 

happen earlier in warmer years (Polgar & Primack, 2011).  The sensitivity of phenology 

to temperature makes observed changes in phenology an excellent indicator to illustrate 

concerns in climate change (Polgar & Primack, 2011; Hanninen, 1995).  Furthermore, 

these phenological changes affect the length and timing of the growing season and plant-

animal interactions, such as habitat ranges, so have substantial effects on the dynamics of 

ecosystems (Polgar & Primack, 2011; White, Running, & Thornton, 1999).   
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 The combination of temperature and photoperiodic cues seem to be responsible 

for when a plant species breaks-bud (Polgar & Primack, 2011).  Studies at the Hubbard 

Brook Experimental Forest in New Hampshire have documented phenology changes over 

the past five decades; American beech (Fagus grandifolia), sugar maple (Acer 

saccharum), and yellow birch (Betula alleghaniensis) have advanced their leaf-out by 

five to ten days (Richardson, Bailey, Denny, Martin, & O’Keefe, 2006).   

 

Climate Effects on Larval Eclosion   

The life cycle of most insects, including winter moth, is very sensitive to 

temperature changes in order to time their life events to that of their preferred hosts 

(Curry & Feldman, 1987).  One of the ways to estimate the shifts in insect life events is 

through monitoring growing degree days (GDD).  GDD is a calculation based on the 

summation of daily temperatures above a low-temperature threshold and is often used as 

a reference to predict when phenological events such as flower timing or insect 

emergence will occur (Hibbard & Elkinton, 2015). GDD provide estimates of the rate of 

development for various insects with reasonable accuracy and there have been several 

studies showing GDDs predict the synchrony of larval emergence with host tree bud-

burst (Curry & Feldman 1987; Visser & Holleman, 2001).  Winter moth population 

densities are greatly influenced by this synchrony (Embree, 1965; Jepsen et al. 2009) 

because it determines whether the larvae are able to consume sufficient tree foliage of 

high nutrient quality.   

Exposing winter moth eggs to various chilling and warming treatments has 

demonstrated that the developmental threshold for winter moth is 4°C; eggs chilled 
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below this temperature would hatch at a lower GDD (Kimberling & Miller, 1988).  Eggs 

cultured at 14°C needed 470 (±47) growing degree days for 50% egg hatch, but eggs 

chilled for two weeks at 1°C only needed 382 (±33) growing degree days, and eggs 

chilled for twelve weeks at 1°C needed even fewer growing degree days at 156 (±12) 

(Visser & Holleman, 2001; Kimberling & Miller, 1988).   Additionally, the date of 

oviposition has no effect on timing of egg hatch and that there is little to no GDD 

accumulation effects on the eggs in November and December (Hibbard & Elkinton, 

2015).  There may be a difference in egg hatch on different tree species because of the 

thermal boundary layer effects of the bark (Hibbard & Elkinton, 2015).  Further, winter 

moth hatch timing has desynchronized with oak bud burst due to global climate change, 

causing earlier bud-break relative to winter moth hatch (Visser & Holleman, 2001). 

Many studies have shown that changing climates can alter plant nutrition as well 

as phenology (Buse, Good, Dury, & Perrins, 1998). In some plant species, an increase in 

temperature and atmospheric CO2 causes an increase in leaf tannin content, leaf 

toughness, and a decrease in foliar nitrogen content (Buse et al. 1998, Dury, Good, 

Perrins, Buse, & Kaye, 1998, Vanbergen et al., 2003).   

 

Winter Moth at the Arnold Arboretum 

The purpose of this study was to determine how the synchrony of larval eclosion 

with host tree bud-break will affect which tree species are fed upon and secondly, if this 

synchrony has any influence on the extent of damage done to these trees species.  In turn, 

this information will help understand if the changes in climate causing desynchronization 

will affect which tree species that the winter moth defoliates and also how severe this 
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pest will become.  The ideal location to perform this study is a site that contains both a 

collection of different tree species and a large number of same tree species gathered from 

varying locations to represent the wide range of genetic diversity within a tree species.  

The Arnold Arboretum is one of these ideal locations as it holds an extensive collection 

of woody plant species that have been acquired from all over the world where the climate 

is similar.   

The staff at the Arnold Arboretum has been battling the winter moth pest for the 

past eight years.  Currently, they use bug barrier traps to monitor winter moth population 

levels and then use this information to plan spraying schedules in an attempt to minimize 

winter moth defoliation damage in the core woody plant collections.  Although winter 

moth damage has affected a large variety of woody plant species at the Arnold 

Arboretum, the Arboretum’s research documentation has not yet adequately compared 

the extent of winter moth defoliation damage to individual species in relation to timing of 

bud-break and to the correlation of winter moth caterpillar feeding.  The probability for 

introduction of invading insect species, such as winter moth, into new areas of North 

America is high enough to justify a substantial effort to fully understand the relationship 

between the synchronization of herbivore pest and host.    

 

Research Question, Hypotheses and Specific Aims 

The overall question to be answered is whether the degree of synchrony of egg 

hatch with bud-break has any influence on the extent of larval feeding damage to host 

tree species.  To evaluate this, two hypothesizes were tested with specific aims identified.  

 The primary hypothesis: Defoliation damage by winter moths to different tree species 

is largely determined by the synchrony of larval hatching with bud-break.  This 
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research determined if the tree species that receive the most damage are the same 

ones that broke bud as the caterpillars were hatching. Different tree species do not 

break-bud at the same time.  Even within the same tree species bud-break can be 

separated by many days.  In Europe, winter moth caterpillars have evolved to time 

their egg hatch to match the bud break of oak species to take advantage of fresh 

young leaves that are high in nitrogen and low in tannins.  However, with climate 

change shifting tree phenology, the winter moth also appears to be shifting its 

preferred host species (Visser & Holleman, 2001).  In New England, winter moths 

feed upon a large variety of deciduous tree species and it is important to understand 

how bud-break timing influences the density of larvae in the amount of damage they 

cause on different tree species.   

 The secondary hypothesis: Eggs laid on rough, dark colored bark will hatch earlier 

then eggs laid on smooth, light colored bark.  Ideally this would be separated into 

four categories (dark rough, dark smooth, light rough and light smooth bark), but the 

trees available to study may limit this range.  This hypothesis was developed to refine 

the temperature-based prediction of egg hatch date variation (Hibbard & Elkinton, 

2015) by taking into account other variables such as the substrate upon which they 

were laid.  There is a large variety in bark types in the assortment of tree species that 

the winter moth caterpillars feed upon.  Some trees are covered with smooth light 

colored bark as in beech and birch species while others have rough dark bark as in 

oak and apple trees.  Since there is a difference in larval eclosion on the south and 

north facing sides of oak trees by as many as three days (Hibbard & Elkinton, 2015), 

it is possible that bark type also influences larval eclosion.   
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Specific Aims 

 

Testing these hypotheses required methods to: 

 

1. Establish when winter moth egg hatch occurs in order to measure hatching synchrony.  

This can be accomplished through creating a graph in order to discover the hatch days 

and exclude outliers.   

2. Establish a standard for what bud-break entails.  

3. Establish a scale to quantify the rate of defoliation damage. 

4. Select tree species to collect data from:  it is necessary to select a variety of tree 

species in order to accurately monitor how the winter moth caterpillar will respond to 

the differences between tree species.  The differences between tree species may 

include bud-break timing, leaf thickness, leaf nutrition, size of leaf, and other 

morphology. 

5. Develop a graph or multiple graphs to clearly illustrate tree preference based upon 

graphing tree bud-break and winter moth egg hatch dates. 
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Chapter II  

Methods 

 

Monitoring when the winter moth eggs hatch in the spring and quantifying the 

extent of defoliation would significantly help determine if winter moth egg hatch 

synchrony with host tree leaf out is closely correlated to the degree of defoliation caused 

by the caterpillars. To accomplish this goal, a number of different deciduous tree species 

at the Arnold Arboretum were observed throughout the spring season.  The tree species 

were selected throughout the Arboretum but avoided collections that may have been 

exposed to winter moth control treatments.  Most of the data collected focused on when 

the eggs hatch and when different tree species break bud, along with periodic 

examinations of defoliation damage to tree species throughout the spring season.   

 

Calculating Growing Degree Days 

 Growing degree days (GDD) can be used to assist in estimating growth rates or 

life cycle stages in many organisms that are primarily controlled by temperature (WSU, 

2016).  GDD indices measure heat accumulation for a variety of purposes, such as 

comparing seasons from year to year, estimating plant phenology events, and predicting 

important insect life cycle events (NEWA, 2016; WSU, 2016).    There are several 

formulas that can be used to calculate GDD.  However, the different formulas will 

provide somewhat different outputs (NEWA, 2016).  A common method to calculate 

GDD is the average method, or min and max method, that uses the daily maximum and 

minimum temperatures with a lower developmental threshold level: 
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In this formula n is the number of days from January 1st (or other start date), Timax is the 

daily maximum temperature on day i, Timin is the daily minimum temperature on day i, 

and Tth is the lower developmental threshold for the organism being studied (NDAWN, 

2016).  GDD will accumulate whenever half of the min and max temperature differential 

is greater than the threshold temperature.  However, this common method of calculating 

GDD underestimates actual development because, if the daily average temperature is 

under the lower developmental threshold temperature, it does not count any GDD for that 

day.  Therefore, in this study a method similar to the sine wave method was used in 

calculating GDD because of its ability to more accurately follow the natural daily 

temperature fluctuations, and because it accounts for time spent above the lower 

developmental threshold even when the average daily temperature is below the threshold 

(ISU, 2016).  This is essentially identical to the method used by Hibbard and Elkinton 

(2015): 

 

In this formula n is number of days from January 1st, m is the number of samples taken 

per day, i is the day the measurements were taken, j the time of day the measurements 

were taken (Curry and Feldman, 1987).   

 The threshold temperature (Tth) used in this study was 3.9°C to be consistent with 

other research papers on winter moth (Hibbard & Elkinton, 2015; Embree, 1970).  The 

Hibbard & Elkinton (2015) study referred this method of estimating GDD as the bihourly 

method since temperature readings were taken every two hours. To calculate in GDD for 
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this study a HOBO U30 Station recorded temperature every fifteen minutes throughout 

the day.  Since the daily GDD for this study used 96 temperature readings it was referred 

to as the exact method, and is comparable to the bihourly method (Table 1). 

 

Table 1. Growing degree day methods.  Comparison of three GDD calculations using the 

same temperature data. 

 

 

Hatch Timing on Different Types of Tree Bark 

To monitor egg hatch timing on selected species of trees with different bark color 

and texture to determine if bark type is influencing hatch dates, 50 eggs on the north side 

and 50 eggs on the south side of a tree trunk were marked off with black permanent 

marker and the number of eggs hatched was recorded.  Monitoring began twice a week 

beginning mid-March and continued until all eggs hatched.  The number of eggs hatched 

was also recorded twice a week.   

The tree species selected was also based upon which trees received a Bugbarrier 

Tree Band® (from Enirometrics.ca) the previous fall.  The Arnold Arboretum erects 20 to 

30 bud barriers every November to monitor the winter moth populations to target pest 

control areas the following spring.  The bug barriers were designed to trap the wingless 

female moths on sticky tape that is wrapped around the tree trunk with the sticky side 

facing outwards.  A fiber barrier was also attached to prevent the moth from going around 



16 

 

the sticky surface.  A side effect of these fiber barriers was that the female moth tended to 

lay eggs where she encountered the fiber barrier thus creating a ring of eggs around the 

tree trunk (Figure 1 and 2).  Six trees were selected out of all the trees that received bug 

barriers, because they had adequate egg numbers found under the fiber barrier.  Tree 

species selected were Betula pubescens (Arnold Arboretum accession number 669-51-A), 

Carpinus laxiflora (accession number 908-85-A), and Fagus sylvatica ‘Pendula’ 

(accession number 14597-A) for their smooth light colored bark and compared to Malus 

‘Marshall Oyama’ (accession number 163-52-A) and Quercus velutina (accession number 

329-2015-A) with their dark rough bark, and Acer saccharum (accession number 331-

2015-A) with its rough light colored bark (see Table 2).   

 

Table 2. Tree species bark types and sun exposure. 

Tree Species 
Bark 

Color 

Bark 

Texture 

Sun 

Exposure 

Acer saccharum Light Rough Shade 

Betula pubescens Light Smooth Sun 

Carpinus laxiflora Light Smooth Sun 

Fagus sylvatica 

'Pendula' 
Light Smooth Shade 

Malus 'Marshall 

Oyama' 
Dark Rough Sun 

Quercus velutina Dark Rough Shade 
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Figure 1.  Winter moth eggs on tree trunk. This figure depicts egg clustering found under 

a tree barrier on a crabapple tree. 

 

 

Figure 2.  Winter moth eggs on fiber barrier. This figure illustrates the inside of a bug 

barrier used to monitor winter moth populations. 

 

Defoliation Synchrony  

The next set of observations made was the presence of winter moth caterpillars on 

these tree species in relation to the stage of leaf-out. Eleven tree species were chosen to 

be monitored based on their location within the Arnold Arboretum and accessibility of the 
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tree’s branches.  The majority of the trees selected were located in the south end of the 

Arboretum where there would not be any large applications of chemical winter moth 

treatments.  The shape and size of the tree was important when selecting the tree species 

because the tree buds needed to be accessible with a ladder and pole pruners.  The trees 

chosen were Betula papyrifera, three species of Acer, and two different species of 

Carpinus, Fagus, Malus, and Quercus.  Three individuals of each tree species was chosen 

as replicates, bringing the sample size to 36 trees (Table 3).   

 

Table 3.  Trees species. 

Tree Species Common Name Origin

Acer platanoides Norway Maple Europe 1021-57*A 553-53*A 207-66*A

Acer rubrum Red Maple North America 207-2005*C 203-69*A 1294-61*B

Acer saccharum Sugar Maple North America 187-2006*C 672-2010*A 610-2010*A

Betula papyrifera Paper Birch North America 1001-85*B 22864*D 980-82*D

Carpinus coroliniana American Hornbeam North America 293-97*B 293-97*A 106-79*A

Carpinus turczaninowii Korean Hornbeam China 431-80*C 137-96*A 269-2008*A

Fagus grandifolia American Beech North America 22798*F 23178*A 607-2010*A

Fagus sylcatica European Beech Europe 245-64*A 2097-65*A 63-2005*C

Malus orientalis Crabapple N. America & Europe 1330-77*A 213-2001*A 212-2001*A

Malus prunifolia Pearleaf Crabapple Asia 19297*B 502-43*A 254-80*A

Quercus coccinea Scarlet Oak North America 693-2010*A 7598*J 298-97*M

Quercus palustris Pin Oak North America 697-2010*A 805-87*B 696-2010*A

Arnold Arboretum Accession Numbers

List of tree species and their individual Arnold Arboretum accession numbers for the 36 

trees selected for the defoliation synchrony section of this study. 

 

 

Three terminal buds from each tree were collected every other week over a ten-

week period and the buds were dissected by carefully separating all leaves and leaf scales 

in order to count any caterpillars present.  The instar stage of the caterpillars (larvae) was 

also recorded based on the larvae head size and color.    
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Figure 3.  Winter moth larvae at first instar on a stage 1 Bud. Photograph was taken by 

Heather Faubert on May 11, 2016. 

 

The overall tree leaf-out stage was recorded on a scale from one to five (Figure 4) 

and the percent defoliation was recorded based on the amount of leaf tissue consumed 

(Figure 5).   

           

 
Figure 4. Bud break-scale.  Bud scales fully closed (0), bud scales opening showing 

leaves (1), leaves emerging from bud scales (2), unopened leaves fully free of scales (3), 

opened leaves fully emerged and open but not expanded (4), and fully opened leaves (5). 

 

     0       1    2  3  4  5 
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Figure 5.  Leaf defoliation scale. 
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Chapter III 

Results 

 

A series of observational data was collected throughout the spring season.  

Statistical software JMP® 12.1.0 was used to perform logistic regression and whole 

model fit tests for analysis on both hatch timing on different types of tree bark and 

defoliation synchrony.  Logistic regression analysis was chosen for the winter moth egg 

hatch timing trials because egg hatching is a binomial response where eggs are either 

hatched or unhatched. 

 

Hatch Timing on Different Types of Tree Bark 

 Logistic regression analysis demonstrated that growing degree days (GDD) is a 

statistically significant predictor for winter moth egg hatch (Effect Likelihood Ratio tests: 

chi square = 4020.00, p<.0001 with df = 1).  The odds ratio of 1.09 indicated that for 

every unit increase in GDD the odds of the winter moth eggs hatching rises by 8.9 

percent.   Performing a generalized linear fit model with a binomial distribution and logit 

link function, GDD was estimated prediction profiler to be 195 when 50 percent of the 

winter moth eggs had hatched (Figure 6). 
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Figure 6.  Prediction profiler for egg hatch and GDD.  Used to estimate the GDD where 

50 percent of all eggs hatched across the six tree species on both the north and south 

sides. 

 

After performing a logistic regression analysis it was found that, for the six trees 

analyzed, the timing of egg hatch between the different species over the two month of 

data collection was significantly different (Effect Likelihood Ratio tests:  chi square = 

115.68, p<.0001 with df = 5).    Eggs laid on C. laxiflora increased the odds of hatching 

by 2.19 over A. saccharum, 1.32 over B. pubescens, 1.39 over F. sylvatica ‘Pendula’, 

1.82 over Malus ‘Marshall Oyama’, and 2.01 over Q. velutina.  The eggs laid on B. 

pubescens increased in hatch odds ratio by 1.66 over A. saccharum, 1.06 over F. sylvatica 

‘Pendula’, 1.39 over Malus ‘Marshall Oyama’, and 1.53 over Q. velutina.  The eggs laid 

on F. sylvatica ‘Pendula’ increased in hatch odds ratio by 1.57 over A. saccharum, 1.38 

over Malus ‘Marshall Oyama’, and 1.44 over Q. velutina.  Eggs laid on Malus ‘Marshall 

Oyama’ increased in hatch odds ratio by 1.20 over A. saccharum and by 1.10 over Q. 

veultina.  Finally, the eggs laid on Q. velutina increased in hatch odds ratio by 1.08 over 

A. saccharum.  However, the timing of egg hatch between Betula pubescens and Fagus 

sylvatica ‘Pedula’ was not statistically significant (p= 0.51).  Similarly, the difference 
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between Malus ‘Marshall Oyama’ and Quercus velutina were not statistically significant 

(p=0.25), as were Quercus velutina and Acer saccharum (p= 0.33).  See table 4 for the 

odds ratio showing the increase in odds of egg hatch on level 1 tree species over the level 

2 species and Figure 7 for the sum of hatched eggs over the study showing the smooth 

barked tree species having higher level of egg hatching then the other tree species. 

 

Table 4. Odds ratio for egg hatch on different tree species.   

 

 

The smooth light colored bark of the Betula and Carpinus tree species were first 

to reach two percent color change in eggs color change from orange to blue.  However, 

the Acer, Fagus, and Malus species quickly caught up and all species, except the 
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Quercus, reached between four and seven percent egg hatch by the end of March (March 

30th) when the growing degree days had accumulated to 160.  Almost all of the initial egg 

hatching occurred on the south side of the tree trunks.  The Acer was the only tree species 

to have any hatched eggs on the north side of the trunk by March 30th.  The Carpinus, 

shortly followed by the Betula, was the first tree species to reach 50% of eggs hatched by 

the beginning of May.  Mean percentage of hatch for all six tree species at each data 

collection date are illustrated in Figure 8.  Carpinus was also the first tree to reach one 

hundred percent egg hatch on April 13th when the GDD accumulated to 221.  Two days 

later (April 15th) the GDD increased by seven and all of the eggs on the smooth barked 

trees were 100% hatched.   

 

 

Figure 7.  Tree species egg hatch summary. Graph depicts the total sum of all hatched 

eggs from all collection dates. 
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 A logistic regression analysis was performed to compare the effects of the 

direction the tree trunks faced to the timing of egg hatch (Figure 9).  The egg hatch 

timing between the different tree species showed a statistically significant difference in 

hatch timing found between the south and north sides of the tree trunks (Effect 

Likelihood Ratio tests: chi square = 429.188, p<.0001 with df = 1).   

 

 

Figure 8. The mean percentage of egg hatch for all tree species by date and GDD.  The 

percent egg hatch was graphed dates on the left and GDD on the right to illustrate that 

both time and GDD influenced hatch rates.  Note that on April 4th and April 6th the 

temperature was cold so the GDD did not increase but the eggs continued to hatch.  Each 

error bar is constructed using one standard error from the mean. 
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Figure 9.  Growing Degree Days for percent egg hatch on the south versus north side of 

tree. 

 

A)        B)  

Figure 10. Prediction profiler for egg hatch and GDD. Using logistic regression analysis 

the prediction profiler shows the estimated GDD for 50 percent egg hatch.  The left figure 

(A) illustrates the north side of all the tree species eggs to be 207 GDD; the right figure 

(B) shows the south side of all the tree species eggs to be 185 GDD.   

 

The eggs on the south side of the tree trunks were the first to hatch and reached 

100% before the north side of the trees.  Using the logistic regression prediction profiler, 

the GDD for 50% hatched on both the south and north side of trees’ trunks were 
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estimated.  The mean GDD for fifty percent egg hatch was 207 for the north side of the 

tree trunks and 185 for the south side (Figure 10).  The south side of every tree species 

had a higher hatch rate then the north side at every GDD measured (Figure 11).  

There was some difference between trees located in shady areas and trees growing 

in more sunny, open locations (Effect Likelihood Ratio tests: chi square = 38.045, 

p<.0001 with df = 1).  This logistic regression analysis indicated that the odds ratio was 

1.36, meaning that the odds of eggs hatching in sun exposed locations are 1.36 greater 

than the odds of hatching in shady locations.    

 

 

Figure 11. Percent of egg hatch on the south versus north side of trunks for six species. 
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Similarly, there was a very small difference between trees with light and dark 

colored bark (Effect Likelihood Ratio tests: chi square = 31.366, p<.0001 with df = 1).  

The logistic regression analysis indicated that the odds ratio was 1.21 meaning that the 

odds of eggs hatching on light colored bark are 1.21 greater than the odds of hatching on 

dark colored bark.    

Additionally, there was some difference between trees with smooth and rough 

textured bark.  Again, using logistic regression analysis there was statistical significance 

found (Effect Likelihood Ratio tests: chi square = 95.49, p<.0001 with df = 1).  The 

logistic regression analysis indicated that the odds of eggs hatching on smooth textured 

bark are 1.48 greater than the odds of hatching on rough textured bark.    

 

Defoliation Synchrony 

Malus orientalis and Malus prunifolia were the first tree species to break bud.  

The first occurences were noted on April 8th (GDD 202) when one Acer rubrum, one 

Carpinus coroliniana, all three Malus orientalis, and all three Acer prunifolia had 

reached or exceeded stage 1 on the leaf-out scale.  The Acer platanoides was the next 

species to break bud and quickly caught up to the Malus species by April 24th (GDD 

296).  By May 8th (GDD 363) all tree species had broken bud with Malus prunifolia 

being the only species with leaves fully emerged at stage 5.  On May 22nd (GDD 515) 

Acer rubrum, Quercus coccinea, and Quercus palustris were the only tree species 

without fully emerged leaves at stage 4 but reached stage 5 by May 29th (GDD 623) 

(Figure 12). 
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One Acer rubrum, one Carpinus coroliniana, all three Malus orientalis, and all 

three Acer prunifolia were the first species to have winter moth larvae found on their 

buds, and this was noted on April 8th (GDD 202).  However, the two Malus species had 

up to six times more larvae found per bud than the Acer and Carpinus. Two weeks later 

on April 24th (GDD 296) all tree species but Fagus sylvatica and Quercus palustris had at 

least one larva found per bud on one of the three tree replications.  

 

 

Figure 12. Mosaic plot of tree species bud-break by date.  Mosaic plot that shows the 

proportions of bud-break stage for each tree species on each of the dates that data was 

recorded. 

 

By May 8th (GDD 363) all tree species had larvae present on their buds, with Acer 

platanoides having at least twice as many larvae the other species (Figure 13).  The last 
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measurement taken on May 22nd (GDD 515) does not include Acer platanoides because 

the location where this species resided was compromised by a pesticide application toxic 

to winter moth larvae and therefore would not have provided accurate numbers.   

 

 

Figure 13. Mean larvae numbers per tree species.  Bar graph depicting the mean larvae 

counts for each tree species on the four dates sampled that larvae were counted. 

 

Percent defoliation was not documented until May 8th at GDD 363 when tree 

leaves had emerged from the buds enough to be visible (bud-break stages 3 and 4).  On 

May 8th Malus prunifolia had the highest percent defoliation with all three replicates 

showing defoliation levels averaging 33%, followed by Acer platanoides with an average 

defoliation level of 20% (Figure 14).  The next data recorded was two weeks later on 

May 22nd (GDD 515) where Malus orientalis took the lead in highest defoliation at 86% 

followed by Betula papyrifera at eighty percent and then Acer saccharum at 75% 
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defoliated (excluding Acer platanoides).  The tree species with the lowest level of 

defoliation was Carpinus turczaninowii at 26% then Quercus coccinea at 36% defoliated 

(excluding Acer platanoides).   

 

 

Figure 14.   Mean percent defoliation per tree species. 

 

The last measurements taken on May 29th (GDD 623), before the winter moth 

larvae pupated, showed a decrease in some of the defoliation percentiles as compared to 

the previous data collection.  As the leaves expanded to their full size, the holes enlarge 

with the leaves so the defoliation levels should not decrease unless the tree is growing 

new leaves to replace the ones damaged.  At the end of the winter moth larval stage 

Malus prunifolia was 88% defoliated. This was the highest amount of defoliation, 

followed by Malus orientalis and Betula papyrifera at 80% and then Quercus palustris at 
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60% defoliation (excluding Acer platanoides).  The tree species with the lowest levels of 

defoliation were Carpinus turczaninowii at 17%, then Quercus coccinea and Fagus 

sylvatica at 20%, and finally Fagus grandifolia at almost 30%. 

Using JMP® a whole model fit test was performed with percent defoliation as the 

response and the four model effects being tree species, GDD, bud-break stage, and larval 

number per bud.    The analysis of variance model was statistically significant [F(18, 475) 

= 59.91, p = <0.0001].   Furthermore, the effects test showed that all four of the effects 

significantly influenced percent defoliation response: tree species (F= 10.145, p <0.0001; 

GDD (F= 38.082, p<0.0001); bud-break stage (F= 17.736, p<0.0001; and larval number 

per bud (F= 12.105, p<0.0005) (Table 5). 

 

Table 5. Effects Test of percent defoliation for whole model.   
Source Nparm DF Sum of 

Squares 

F Ratio Prob > F  

Tree 

species 

  11 11 32660.364 10.1454 <.0001*  

GDD    1 1 11145.099 38.0824 <.0001*  

Bud break    5 5 25953.541 17.7364 <.0001*  

Larvae    1 1 3542.593 12.1049 0.0005*  

JMP® fit model output for percent defoliation as the response with tree species, GDD, 

bud-break, and larval numbers per bud being the effects.   

 

 

 

There for the effects are significant indicators for the response variable of percent 

defoliation, they were examined individually.  Logistic regression was used to examine 

how each of the four effects influence the probability of defoliation.  The likelihood ratio 

test for tree species indicated that the tree species has a large effect on the probability of 

defoliation (chi-square = 384.36, p<.0001 with df = 187).  The likelihood ratio tests for 
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GDD, bud break stage, and larval number, respectively, indicated that the GDD has a 

large effect on increasing the probability of defoliation (chi-square = 661.298, p<.0001 

with df = 17), with similar results for  bud break stage (chi-square = 619.435, p<.0001 

with df = 85), and the number of larvae per bud (chi-square = 56.049, p<.0001 with df = 

17).   

The number of larvae found per tree species differed, so a one-way ANOVA was 

conducted to demonstrate that tree species significantly affected the number of larvae 

found  [F(11, 483) = 8.15, p = < 0.0001].  Figure 15 depicts the differences in larval 

number per bud between tree species. 

 

 
Figure 15. Mean number of larvae (± SE) per bud on different tree species. Bars with the 

same lower case letter are not different by Tukey’s HSD test (P > 0.05). 

 

Also, the number of larvae found on leaves at their different stages of bud-break 

differed [one way ANOVA; F(5, 489) = 41.11, p = < 0.0001].  Larval numbers differed 
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between leaf out stages, with mean number increasing sharpley from stage 0 to 1 to 2 and 

then slightly from 4 to 5 (Figure 16).  

 

 

Figure 16. Mean number of larvae per bud (± SE) for each stage of bud-break. 

 

Table 6.  The bud-break stage with the highest number of larvae.  The significance that 

each leaf out stage had on larval numbers for the twelve different tree species.   

 

Tree Species 

Significance 

Value 

(p-value) 

Stage With 

Highest Larval 

Numbers 

F Ratio DF 

Acer platanoides < 0.0001 4 13.78 3 

Acer rubrum 0.0035 2 4.40 5 

Acer saccharum 0.0016 3 5.00 5 

Betula papyrera 0.0004 4 7.56 4 

Caprinus 

coeoliniana 
< 0.0001 2 9.52 5 

Carpinus 

turczaninowii 
0.71 2 0.59 5 

Fagus grandifolia < 0.0001 2 7.55 4 

Fagus sylvatica < 0.0001 3 33.73 4 

Malus orientalis 0.12 4 1.94 4 

Malus prunifolia < 0.0001 2 14.72 3 

Quercus coccinea < 0.0001 3 39.66 5 

Quercus palustris < 0.0001 4 13.62 4 
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The effect bud-break stage had on larval numbers was analyzed for the different 

tree species.  The one-way ANOVA for this trial found that every tree species, except 

Carpinus turczaninowii and Malus orientalis, showed significance for the effect leaf out 

stage had on larval numbers (Table 6). 

The effect that leaf out stage had on larval numbers was looked at for the different 

days (GDD) that data was collected.  A one-way ANOVA found that GDD, except GDD 

363 and 623, significantly varied for the effect leaf out stage had on larval numbers 

(Table 7).  The tree species used were grown from wild collected plant material from 

North America, Europe, and Asia.  Logistic regression analysis showed there was no 

statistically significant effect on the proportion of defoliation a tree received due to their 

origin from these three regions  (chi-square = 1.677, p<0.432 with df = 2).   

 

Table 7.  Bud-break stage with the highest larval numbers per bud.  The significance that 

larval numbers had on bud-break stage for the GDD on which data was collected. 

Growing Degree Day Significance Value 

(p-value) 

Stage With Highest Larval 

Numbers 

202 < 0.0001 2 

296 < 0.0001 4 

363 0.059 4 

515 0.028 4 

623 - Only level 5 

 

However, when looking within the individual genera there were some differences, 

so the analysis was redone by comparing each of the tree species within a genus.   Acer 

rubrum and Acer saccharum were collected from North America and Acer platanoides 

from Europe.   Defoliation differences in relation to the native origins of the three Acer 

genera were not significant (chisquare = 0.907, p = 0.341 with df = 1).  The North 
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American Acer saccharum had the highest defoliation percentiles, but if the Acer 

platanoides had not been contaminated with pesticides, its defoliation levels might have 

been very different.   

The North American Carpinus coroliniana was found to have a significantly 

higher proportion of defoliation then the Asian Carpinus turczaninowii (chi-square = 

9.382, p = 0.0022 with df = 1). The proportion of defoliation on North American Fagus 

grandifolia was not statistically significant from the European Fagus sylvatica (chisquare 

= 0.81, p = 0.368 with df = 1).  The Malus species used were from all three locations: 

Malus prunifolia was collected from Asia and the Malus orientalis from both North 

America and Europe.  As with the Acer trees, the native origin did have a significant 

effect on the proportion of defoliation (chi-square = 18.040, p = 0.0001 with df = 2).  The 

European Malus levels of defoliation was greater than the North American Malus. Both 

Quercus species used were collected from North America so no comparison could be 

conducted.  Overall, out of the four species that a comparison could be made, there was a 

significant increase in defoliation levels for one North American species and one 

European species.   
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Figure 17. Defoliation and bud-break stage of tree species per GDD.  At the first GDD measurement (201.6) shown in this Figure the 

winter moth eggs were 63% hatched. 
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Figure 18.  Larvae numbers and bud-break stage of tree species per GDD. 
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Chapter IV 

Discussion 

 

This study observed how the synchrony of winter moth larval eclosion with host 

tree bud-break will affect which tree species are fed upon and secondly, if this synchrony 

has any influence on the extent of damage done to these trees species.  The overall 

question addressed is whether the degree of synchrony of egg hatch with bud-break has 

influence on the extent of larval feeding damage to host tree species.  This information is 

crucial to understand if the winter moth invasion to New England, along with changes in 

climate desynchronization, will affect which tree species the winter moth defoliates and 

also how severe this pest could become.   

 

Climate Change Effects on Insect Pest Phenology 

Winter moth have historically been associated as a defoliator of oak trees in 

Europe and it was theorized that the winter moth evolved to hatch from eggs just as the 

oak tree buds are breaking from their winter dormancy.  In New England the winter moth 

does not hatch with the bud-break of oak tree species but appear to hatch earlier, when 

Malus tree species and other early species break bud.  This seems to agree with previous 

research that suggests that longer periods of winter temperatures at 1°C or colder leads to 

egg hatching at lower growing degree days (Visser and Holleman, 2001; Kimberling & 

Miller, 1988 Hibbard and Elkinton 2015).  The spring bud-break phenology is influenced 

by temperature particularly for the earlier bud break species (Menzel et al, 2006).   
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In Europe climate change has resulted in earlier bud-break apparent in almost 

eighty percent of plant records, with the mean advancement is estimated to be two and a 

half days earlier per decade (Menzel et al., 2006; Menzel & Fabian, 1999).   As climate 

change continues and tree species leaf out earlier, there is likely going to be shifts in tree 

species affected by winter moth.  Even within early bud-breaking species like Malus, past 

research has documented winter moth preference towards the apple species that break 

earlier than other species (Holliday, 1977; see also Roland, year).  Malus species 

subjected to winter moth feeding by the first two instar larval phases result in a decrease 

of fruit production and in deformed fruits (Holliday, 1977).  Apple orchard growers may 

wish to select species that are less susceptible to winter moth damage but need to take 

into account that the larval preferences may change as climate continues to change 

(Holliday, 1977).   

The winter moth egg hatch is often spread out over a two-week period with sun 

exposure and bark type influencing the thermal boundary layer effect where the eggs 

were laid, which is also thought to have some influence over hatch timing (Hibbard & 

Elkinton, 2015).  Here I confirm their report that eggs on the south-facing side of a tree 

trunk hatch 2-3 days sooner than eggs on the north side.  Based on this report I 

hypothesized and my results confirm that eggs laid on trees found in shady woodlands 

would hatch later than eggs on trees in sunny open areas.  To confirm this finding, this 

study would benefit from a repeat trial with more trees in each sample of various tree 

species and a broader range of species types in sunny and shady locations.   

Similarly, it was expected that the higher solar absorption on dark colored versus light 

colored tree bark would result in earlier egg hatch on darker colored tree bark species.  
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However, this was not the case as the light colored bark had slightly earlier hatch dates 

than the dark colored bark in this study.  Other features of the tree’s bark may moderate 

temperature since this study found that tree bark type influences winter moth egg hatch 

timing.  For example, most of the dark colored bark trees tend to have rough furrowed 

bark, such as seen in the Quercus and Malus species, which may create protective 

thermal boundary layers.  Most of the smooth bark trees were also lighter in color, 

causing the winter moth eggs to hatch earlier than those on the rough textured bark trees.  

Some cherry species have smooth dark bark but were not included in this study; including 

them could help separate these confounding effects.   Smooth dark barked cherry trees 

have naturally shiny bark that may act as a reflective surface and that may also influence 

solar absorption and thus bark temperature.  Further research on the influence of bark 

type and sun exposure would be beneficial to further the understanding of egg hatch 

timing and may also help decide winter moth control methods. 

 

Synchrony of Hatch with Tree Budburst 

It was thought that if the winter moth eggs hatched too early before bud-break, the 

delicate first instar larvae will starve to death because they cannot penetrate closed buds 

(Feeny, 1970).  This study found that in New England there are crabapple tree species, 

such as some Malus, that break bud more than a week before the winter moth eggs start 

to hatch, thus providing an early potential food source.  Many papers refer to how winter 

moth hatch is synchronized with their host plants in Europe.  However, Visser and 

Holleman (2001) reported that winter moth hatch timing has desynchronized with oak 
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bud-burst due to global climate change causing earlier bud break relative to winter moth 

hatch. 

In this New England study the invasive winter moth was not synchronized with 

observed Quercus species bud burst.  The newly hatched caterpillars need their host tree 

buds to be open enough for the larvae to enter between the protective bud scales in order 

to feed on the tender young leaf and flower tissues (Varley & Gradwell 1956; Visser & 

Holleman, 2000; Feeny, 1970).  This year the Quercus trees at the Arnold Arboretum in 

Boston, Massachusetts broke bud two to three weeks after the majority of the winter 

moth eggs were hatched.  However, this did not seem to deter the caterpillars, since they 

were capable of feeding on many different species of broad leaf trees, including oaks. At 

the Arnold Arboretum the winter moth caterpillars have been observed to feed on many 

species such as: Acer, Aesculus, Amelanchier, Betula, Carpinus, Corylus, Fagus, 

Fraxinus, Malus, Prunus, Quercus, and Syringa.   

The Arboretum has not yet determined if the winter moth caterpillar will feed 

upon all trees within genera such as Acer or Quercus but there seems to be some 

preferences.  For example the Acer, Carpinus, and Malus genera selected for this study 

showed significant differences in defoliation of the species within each genus.  Acer 

platanoides was a far more preferred tree species than other maples and other tree 

species, but was not the earliest species or the earliest maple species to break bud (Figure 

16).   Malus prunifolia was the next most preferred tree species (Figure 16) and it was 

also one of the first species to break-bud.  The other crabapple, Malus orientalis, was not 

far behind in bud break and had the third highest mean larval numbers with the other two 

maples, Acer rubrum and Acer saccharum (Figure 11).  The two Carpinus species were 



43 

 

some of the earlier trees to break bud (Figure 11) but were relatively low on number of 

larvae found per bud (Figure 16).  These results suggest that there is some species 

selection among the available food sources that is more involved than just 

synchronization of egg hatching with bud-break alone.   

However, this synchrony does appear to greatly affect defoliation.  As Figure 18 

shows, the tree species that broke bud the earliest (Malus) had the highest percent 

defoliation.  One of the Malus orientalis that was completely defoliated did not re-leaf 

out like the other defoliated trees and died.  It is likely that there are other factors 

involved that resulted in the death of the tree.  When the dead tree was taken down there 

were no obvious factors like disease or borer pests, but previous summer water stress 

may have weakened the tree to the point that it did not have enough reserves to put out a 

second set of leaves. 

It is noteworthy that the larval densities dropped precipitously on most tree 

species as leaf out became complete (Fig. 17) and well before the winter moths pupated. 

This finding confirms that reported by (Pepi, Broadley, & Elkinton, 2016) which showed 

that many larvae disperse from various host trees as the leaves expand and larval 

densities dropped in mid-instar. Pepi et al. (2016) showed that larval dispersal differed 

between tree species and may in response to production of tannins and other phenolics in 

some tree species. The lack of such chemicals in Malus may explain why defoliation is so 

high on that genus.   
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Climate Change Effects on Insect Pests and Host Trees 

Like many insects, the winter moth’s life cycle is very sensitive to temperature 

changes in order to time its life events, such as egg hatching in time with the spring 

season, to take advantage of the young new leaf tissues (Curry & Feldman 1987).  Many 

locations around the world have noted a shift in tree phenology with climate change. 

Likewise, winter moth also appears to be influenced by the shifting climate and its 

selected host tree species changing, such as, to Carpinus trees instead of Quercus in some 

European locations (Vanbergen et al., 2003).  

 Climate change seems to have particularly strong influence on forests pests like 

winter moth, which in turn influences factors like population distribution and herbivory 

intensities (Jepsen et al., 2008; Logan et al., 2003).  One influence climate change has on 

distribution is that the less intense cold temperatures not only allows plants to grow in a 

larger geographical range, but it also allows pests to spread their distribution much more 

quickly than the response of plant life bringing pests into contact with new host plants 

(Elkinton et al., 2015; Elkinton et al., 2010).  Winter moth currently seems to be located 

in the geographical range that matches zone 5b and warmer on the USDA plant cold-

hardiness zone map based of years 1974-1986 (Elkinton et al. 2010) (Figure 19).  

However, the updated plant cold-hardiness zone map based on years 1976-2005 suggest 

these zones are changing (Figure 19), allowing winter moth distribution to spread further 

inland and further north to new territory, exposing new host trees to the pest (Elkinton et 

al., 2015).  

The spring of 2016 in eastern Massachusetts experienced unusual spring 

temperatures which likely influenced the severity of winter moth larvae defoliation on 
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particular host tree species (US Climate Data 2016).  In March temperatures were 

unusually warm, reaching 25°C on March 9th, more than 10°C higher than historically 

average highs for March temperatures, accumulating many GDD before the temperature 

dropped down to more typical temperature for that time of year (US Climate Data 2016).  

Similarly, April experienced warm temperatures at the beginning of the month in the 

upper teens, around 17/18°C for a few days, before dropping down to the negatives on 

April 3rd reaching as low as -7°C on April 6th before coming back up to positive numbers 

that same day.  Almost half of the winter moth eggs were hatched before the April 

temperature plummeted over twenty degrees.  These cold April temperatures provided a 

unique opportunity to discover if cold temperatures had any fatal effects on the young 

winter moth larvae.  Malus buds were collected the day after the cold temperatures were 

experienced.  Forty buds collected were at stages 1 and 2 of bud-break and were dissected 

to discover if the cold weather had any fatality effects on the larvae.  Fifty percent of the 

buds examined had live winter moth larvae and only one dead larva was found.  This 

suggests that instar winter moth larvae can tolerate temperatures under 20°C for a couple 

of days without any ill effects.   

 Tree leaf-out timing is very sensitive to spring temperatures which can 

affect bud-break (Polgar & Primack, 2011).  This appeared to be the case for some 

species, particularly the Quercus tree species which did not break bud until early May 

when many of the larvae had already reached instar level 3 or more than half of their 

caterpillar life cycle phase.  This late bud-break may have been the reason why the two 

Quercus species in this study were not completely defoliated by the winter moth as larvae 

pupated less than two weeks after Quercus broke bud.  However, there does seem to be 
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tree species preference once all tree species have leafed out.  During the last week of data 

collection before the larvae pupated, the tree species with the most larval numbers were 

Quercus palustris and Acer saccharum (Figure 19). 

 

 
Figure 19. Plant cold hardiness zone maps for northeastern North America.  (A) The 

upper map is from the period 1974-1986 (Elkinton et al. 2010; Elkinton et al. 2015); and 

(B) the lower USDA map is more recent from the period 1976-2005 (Elkinton et al. 

2015).  The zones are calculated from the average absolute minimum winter 

temperatures. 
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Potential Effects on Forest Species Dynamics  

Tree defoliating insects (such as winter moth and gypsy moth) that exhibit severe 

outbreaks cause short-term effects to forests including reduced productivity of leaf area 

and seed crop, increased light penetration to the forest floor, and reduced transpiration 

which consequently will increase the water depletion from forests (Alalouni et al., 2013; 

Lovett et al., 2006).  Severe defoliations in a forest can considerably raise stream water 

nitrogen concentrations collected from insect feces, unconsumed green foliage, dead 

caterpillars, and increased leaching of nitrogen from damaged foliage (Lovett et al., 

2006).   

Many hardwood trees that have been defoliated can regrow their leaves, which 

will allow them to survive several years of spring defoliation without dying (Lovett et al., 

2006; Tikkanen & Julkunen-Tiitto, 2003).  However, if these trees are already stressed 

from other factors, such as drought or other pests, they may not be able to survive a 

single year of defoliation (Lovett et al., 2006). The severe defoliation from winter moth 

in New England can lead to a significant decrease in annual radial growth and also, the 

potential to change the dynamics of forest composition because of increased light levels 

where trees have been defoliated (Simmons et al., 2014).   

Not all trees species break bud at the same time and in fact, within tree species 

there can be a large variation in phenology (Visser & Holleman, 2000).  This study 

supports the conclusion that this synchrony mismatch in part explains variation in winter 

moth defoliation damage between tree species.   Further, among those tree species the 

extent of damage may vary because of different microclimates (Gwiazdowski et al, 2013; 

Visser & Holleman, 2000).  In Europe and New England the variation in bud-break can 
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be as much as two weeks apart for host tree species, thus caterpillar populations can be 

higher on the earlier leafing out trees than the later ones, allowing later leaf-out trees to 

receive less defoliation (Feeny, 1970).   

 

Research Limitations and Caveats  

The trial of egg hatch timing on different types of bark would likely have had 

better statistical support if the sample size was larger and a greater range of bark types 

and locations such as trees deep in woodlots or trees with dark smooth bark included. 

There were only six trees used for the study of bark types and exposure and not all 

possible combinations of bark color, bark texture, or sun exposure were represented.  Due 

to lack of appropriate trees with bud barriers, three combinations were missing in the 

study:  Light rough bark with sun exposure, dark smooth bark in shade, and dark smooth 

bark with sun exposure.  Ideally, there should be at least three replications bringing the 

total number of trees to twenty-four.  If this could be accomplished in future studies, 

statistical analysis may show significantly earlier egg hatch dates for the trees located in 

sunny locations verses the ones residing in shade.  Similarly, for bark type, smooth dark 

bark may absorb heat from the sun better than the other bark types leading to earlier egg 

hatch dates.   

There were also difficulties with the selection of buds harvested for the analysis of 

defoliation synchrony.  The buds and later leaves needed to be randomly harvested from 

the tree; however, on tall trees it was not possible for every bud to have the same 

likelihood of being chosen since the upper canopy was out of reach even with the ladder 

and pole pruners used to harvest the buds.  A better collection method to adequately 
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randomize the bud selection needs to be developed, particularly because there seems to 

be some variation of defoliation intensities between the upper and lower canopies.  With 

a better collection method the percent defoliation numbers may increase when the upper 

canopies are included in the study. 

After leaf-out the harvesting of buds changes to the harvesting of leaves and there 

must be steps taken to harvest only the leaves that would have emerged from the terminal 

buds.  This is to ensure consistency in the material collected so that the same type of buds 

containing similar numbers of leaves are selected to be used for observations throughout 

the study.  Lateral buds may have different number of leaves per bud than terminal buds.  

Also winter moth larvae may prefer one type of bud over the other.  However, the main 

concern or limitation for this study is the potential for large amounts of data variation 

between samples on the same tree species.  To avoid this problem, the sample size may 

need to be more than just the three buds we harvested per tree. 

The trees selected for this study were chosen carefully to eliminate risk of 

tampering from the public and risk of receiving insecticides that would alter results.  

However, the three Acer platanoides and one Acer saccharum were exposed to 

insecticides and the data collected from these trees could not be included in the results.  

This was particularly disappointing with the Acer platanoides because it appeared to be 

quickly increasing in larval numbers per bud and may have ended up with the highest 

levels of defoliation.  The rest of the trees selected were located in the south end of the 

Arboretum, where there was not any significant application of chemical winter moth 

treatments.  A repeat of this study with uncontaminated Acer platanoides may show that 
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it is the preferred species of feeding winter moth larvae, even though A. platanoides 

breaks bud after other tree species that have a closer synchrony to the egg hatch. 

 

Questions for Further Research 

Research on a greater variety of tree and shrub species would be of value to 

contribute to the literature on winter moth.  Further studies on tree species preferences 

with the influencing factors of egg hatch synchrony and climate change effects is needed 

for complete understanding on which trees in which years will receive the most 

defoliation damage.  Other potential species that were not in this study are Aesculus sp., 

Fraxinus sp. (ash trees), Syringa sp. (lilac shrubs), Vaccinium sp. (blueberry shrubs), and 

other species of Malus such like the varieties grown for eating apple.   

Another research question to investigate is if delayed hatching of winter moth 

larvae will result in less defoliation damage.  Since climate change is influencing plant 

phenology it is also likely that synchrony with winter moth larval eclosion is also 

affected.  Determining if decreased defoliation damage occurs when larval eclosion is 

delayed is necessary to make informed speculations about the possibility of winter moth 

becoming more or less of a threat to tree species as climate factors change.  Monitoring 

egg hatch synchrony with host tree leaf out can be accomplished by securing some sort of 

mesh bag over the end of a tree branch.  To carry out the defoliation with delayed egg 

hatching trial, an extremely fine mesh bag that is secured to the tree branch in such a way 

as to prevent any caterpillars from escaping, particularly in the early instar stages.  Eggs 

would have to be collected from tree bug barriers that were placed on a variety of trees in 

the fall.  
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It would be interesting to do research on pupal size, exploring for instance, if the 

winter moth caterpillars that have fed on oak leaves will have larger pupae then those 

who have fed on other tree species. This research could provide useful information about 

the effect of the different food source qualities obtained from different tree species.  

Female fecundity (number of eggs produced per female) is correlated with female pupal 

size or weight (Roland 1995). This knowledge is useful to determine that if feeding on 

certain tree species will stimulate an increase in population numbers of winter moth in the 

next generation.   

These observations, along with the data collected on how the age and species of 

the caterpillar’s food sources affect amount of defoliation and caterpillar fecundity, 

should help understand if there is a possibility of distribution shifts with climate change.  

If the caterpillars preform equally well on different tree species, it could be theorized that 

tree species availability is not a limiting factor for their food source.  If winter moth 

caterpillars preform significantly poorer (lower defoliation rates and lower pupal weights) 

when their synchrony of egg hatch is after bud-break, then it could be theorized that the 

winter moth performance is closely related to this synchrony.  If this is true, then with 

climate change influencing the phenology of trees, winter moth geographic distribution 

will also be influenced.   
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Appendix  

 

 Exact Method Growing Degree Days in °C       

       

Date Daily GDD Cumulative GDD Date Daily GDD Cumulative GDD Date Daily GDD Cumulative GDD

1/1/2016 0.0 0.0 2/21/2016 4.8 53.3 4/12/2016 7.5 218.3

1/2/2016 0.0 0.0 2/22/2016 0.6 53.9 4/13/2016 2.3 220.6

1/3/2016 0.4 0.4 2/23/2016 0.0 53.9 4/14/2016 2.0 222.6

1/4/2016 0.0 0.4 2/24/2016 2.6 56.5 4/15/2016 4.0 226.6

1/5/2016 0.0 0.4 2/25/2016 8.5 65.0 4/16/2016 3.8 230.4

1/6/2016 0.4 0.8 2/26/2016 0.0 65.0 4/17/2016 6.2 236.6

1/7/2016 0.3 1.1 2/27/2016 0.0 65.0 4/18/2016 6.9 243.5

1/8/2016 0.2 1.3 2/28/2016 4.1 69.1 4/19/2016 5.3 248.8

1/9/2016 0.1 1.4 2/29/2016 5.6 74.7 4/20/2016 5.3 254.0

1/10/2016 6.1 7.6 3/1/2016 1.1 75.8 4/21/2016 11.3 265.4

1/11/2016 0.4 8.0 3/2/2016 2.5 78.4 4/22/2016 15.1 280.5

1/12/2016 0.0 8.0 3/3/2016 0.0 78.4 4/23/2016 10.2 290.7

1/13/2016 0.0 8.0 3/4/2016 0.0 78.4 4/24/2016 5.2 295.9

1/14/2016 0.0 8.0 3/5/2016 0.0 78.4 4/25/2016 7.2 303.0

1/15/2016 0.1 8.1 3/6/2016 0.1 78.5 4/26/2016 1.6 304.6

1/16/2016 0.2 8.2 3/7/2016 2.5 80.9 4/27/2016 5.5 310.2

1/17/2016 0.0 8.2 3/8/2016 2.8 83.7 4/28/2016 5.1 315.2

1/18/2016 0.0 8.2 3/9/2016 11.1 94.8 4/29/2016 4.3 319.5

1/19/2016 0.0 8.2 3/10/2016 12.8 107.6 4/30/2016 6.1 325.6

1/20/2016 0.0 8.2 3/11/2016 5.4 113.0 5/1/2016 4.3 329.9

1/21/2016 0.0 8.2 3/12/2016 4.7 117.7 5/2/2016 4.6 334.4

1/22/2016 0.0 8.2 3/13/2016 8.3 126.0 5/3/2016 4.3 338.8

1/23/2016 0.0 8.2 3/14/2016 0.9 126.9 5/4/2016 3.6 342.4

1/24/2016 0.0 8.2 3/15/2016 2.4 129.3 5/5/2016 3.2 345.6

1/25/2016 0.0 8.3 3/16/2016 3.1 132.3 5/6/2016 5.0 350.6

1/26/2016 2.8 11.0 3/17/2016 5.9 138.2 5/7/2016 4.6 355.2

1/27/2016 1.1 12.1 3/18/2016 3.0 141.2 5/8/2016 7.9 363.1

1/28/2016 0.2 12.4 3/19/2016 0.5 141.7 5/9/2016 8.6 371.7

1/29/2016 0.0 12.4 3/20/2016 0.0 141.7 5/10/2016 9.7 381.5

1/30/2016 0.3 12.7 3/21/2016 0.4 142.0 5/11/2016 12.8 394.3

1/31/2016 3.6 16.3 3/22/2016 1.7 143.7 5/12/2016 13.7 407.9

2/1/2016 6.0 22.3 3/23/2016 5.6 149.4 5/13/2016 13.4 421.3

2/2/2016 1.7 24.0 3/24/2016 0.3 149.6 5/14/2016 15.0 436.3

2/3/2016 4.4 28.4 3/25/2016 1.8 151.4 5/15/2016 7.5 443.8

2/4/2016 7.6 35.9 3/26/2016 0.4 151.8 5/16/2016 5.7 449.5

2/5/2016 0.1 36.0 3/27/2016 0.6 152.4 5/17/2016 11.3 460.7

2/6/2016 0.0 36.0 3/28/2016 1.3 153.7 5/18/2016 9.5 470.2

2/7/2016 0.7 36.7 3/29/2016 2.9 156.6 5/19/2016 9.7 479.9

2/8/2016 0.0 36.7 3/30/2016 3.7 160.3 5/20/2016 12.3 492.2

2/9/2016 0.0 36.7 3/31/2016 11.4 171.7 5/21/2016 12.8 505.0

2/10/2016 0.0 36.7 4/1/2016 13.7 185.4 5/22/2016 9.7 514.8

2/11/2016 0.0 36.7 4/2/2016 4.7 190.1 5/23/2016 12.8 527.5

2/12/2016 0.0 36.7 4/3/2016 0.1 190.2 5/24/2016 8.7 536.3

2/13/2016 0.0 36.7 4/4/2016 0.0 190.2 5/25/2016 17.6 553.9

2/14/2016 0.0 36.7 4/5/2016 0.0 190.2 5/26/2016 18.3 572.2

2/15/2016 0.0 36.7 4/6/2016 0.4 190.6 5/27/2016 16.6 588.8

2/16/2016 5.8 42.5 4/7/2016 7.3 197.9 5/28/2016 22.5 611.3

2/17/2016 0.8 43.3 4/8/2016 3.7 201.6 5/29/2016 11.7 622.9

2/18/2016 0.0 43.3 4/9/2016 0.9 202.6 5/30/2016 13.8 636.8

2/19/2016 0.1 43.4 4/10/2016 1.6 204.2 5/31/2016 19.8 656.6

2/20/2016 5.1 48.5 4/11/2016 6.6 210.8  
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