ABSTRACT
LOBEIRA, MARGAUX ELIZABETH. Effects of Japanese beetle herbivory on American
sycamore grown in short rotation woody coppice. (Under the direction of Dr. John King and Dr.
Kelly Oten).
The need for sustainable renewable energy sources becomes more salient as oil, gas, and coal
power production escalates the effects of climate change. Bioenergy has emerged as a promising
renewable energy process to mitigate fossil greenhouse gas emissions. American sycamore
(Platanus occidentalis L.) is a resilient, fast-growing tree that is used in short rotation woody
coppice (SRWC) agriculture to produce woody biomass for bioenergy. Current research on
American sycamore grown in low-input SRWC systems focuses mostly on biomass production
potential rather than the biotic challenges stressing the trees. Japanese beetles (Popillia japonica
N.) are a generalist herbivore pest that feeds on American sycamore trees. Japanese beetles are
typically listed as an ornamental pest, and therefore the extent of large-scale damage is often not
fully assessed. However, it is crucial to quantify the impact of their herbivory on SRWC. In this
study, | measured the effects of Japanese beetle herbivory on American sycamore productivity
by analyzing tree growth and herbivory damage at an experimental site in eastern North
Carolina. Based on previous subjective observations, | hypothesized that some trees would
exhibit constitutive resistance, or anti-xenosis, to the beetles, whereas most would be highly
susceptible. The relative growth rate of the trees decreased from 4.18% to 1.5% as the Japanese
beetles emerged and started feeding in June. All trees had moderate to severe herbivory damage,
with an average of zero to 15 beetles per tree during the month of June, in contrast to my anti-
xenosis resistance hypothesis. | also hypothesized, in accordance with the plant apparency
hypothesis, that larger trees would experience higher levels of herbivory. There was a significant

relationship between infestation and tree size, with the number of beetles per tree increasing by



1.65% with every centimeter increase in tree height. Despite the drop in relative growth rate, the
American sycamore trees showed excellent productivity relative to other studies in this region,
with competitive aboveground biomass production in a low-input system. This study emphasizes
the need to quantify biotic stresses affecting American sycamore SRWC productivity as a key

area of research in alternative renewable energy sources.
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CHAPTER 1: LITERATURE REVIEW ON SHORT ROTATION WOODY COPPICE,
AMERICAN SYCAMORE, AND JAPANESE BEETLES
1.1 Importance of Short Rotation Woody Coppice Agriculture
The need for renewable energy sources has increased as the effects of climate change

worsen. Greenhouse gas (GHG) emissions from oil, gas, and coal power production are
compounding the nonrenewable energy crisis by remaining in Earth’s atmosphere and trapping
heat from the sun, creating challenges for humans and the living environment (Debbage and
Kidd 2011). Globally, 97.3 million barrels of crude oil are used each day to meet our energy
needs (Statista Research Dept 2023). In 2020, the power sector was responsible for nearly 40%
of total global carbon dioxide emissions (Figure 1, IEA 2020). However, producing energy from
coal, oil, and gas is not the only option. The effects of climate change may be reduced by

utilizing alternative, clean, renewable energy sources.

Emissions by sector
Other 5%

Buildings
10% Power coal

29%

Industry
23%

Power gas
9%
Power oil
2%

Transport
23%

Figure 1. Pie chart delineating global CO2 emissions by sector during 2018. From IEA (2020, p.
35).



Short rotation woody coppice (SRWC) is a renewable energy practice that can help
mitigate climate change by storing carbon from the atmosphere in planted trees and soils, and by
displacing emissions of fossil carbon. Coppice agriculture has been utilized for centuries, notably
by Native Americans for regenerating woody vegetation for food crops and basket weaving
materials, as well as Europe coppice with standards forest management (Anderson 1999;
Anderson 2005; Slach et al. 2021). The coppice method of regeneration involves cutting a plant
close to its base in winter, which encourages it to resprout vegetatively in the spring using stored
resources from the roots. In woody plants, dormant buds are connected to the pith by a bud
strand, which is the site of vegetative sprouting. Woody plants produce auxin from the tips of the
shoots, which flows down the stem, and cytokinin from the roots, which flows up the stem. In a
typical tree, cytokinins are suppressed by auxins (apical dominance), resulting in normal growth.
However, when a tree is coppiced, cytokinin production is no longer repressed, which activates
the dormant buds in the remaining stump (Figure 2). The dormant buds enlarge and become the
dominant bud, which starts producing auxin that suppresses cytokinin once again. If the bud
strand is cut or if the bark becomes too thick around the dormant buds, the tree will lose its
ability to vegetatively sprout (Lust and Mohammandy 1973; Gaudreau et al. 2020). This
phenomenon explains why trees lose sprouting ability as they age and as their diameter
increases. This unique abundant vegetative sprouting ability is utilized today in a SRWC
agriculture system to produce woody biomass for bioenergy. Bioenergy is a process that uses
biomass from plants to create energy and currently makes up about 50% of global renewable

energy consumed (IEA 2024).
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Figure 2. Diagram of auxin (IAA) and cytokinin (CK) interactions after removal of apical
meristem. From Gaudreau et al. (2020, p. 628).

Current research in bioenergy is promising, but the majority does not focus on woody
species (Geyer and Melichar 1986; Domec et al. 2017). Wood biomass such as tree trunks,
limbs, and foliage can be converted into energy by direct combustion. Biomass-based fuels can
offset GHG emissions, and woody biomass has been shown to perform better than other
renewable feedstocks, such as Miscanthus or straw due to its efficient burning capacity and low
methane and sulfur dioxide emissions (Malmsheimer et al. 2008; Styles et al. 2008; Naik et al.
2010). Using woody species that exhibit vigorous resprouting ability also provides a wide array
of ecological benefits compared to annual crops such as high nutrient use efficiency, low
fertilizer and pesticide inputs, reduced soil erosion, and high water use efficiency (Brinks et al.
2011; Tsonkoya et al. 2012; King et al. 2013). Trees planted for SRWC agriculture enhance
biodiversity compared to annual crop agriculture because the trees can be analogous to a forest
ecosystem (Vanbeveren and Ceulemans 2019). Trees can also adapt to many different
environments and can survive on marginal lands previously used for agriculture (Kuhn and

Rietveld 1998; Ghezehei et al. 2015). This enables a positive land use change pathway to



enhance economic development for rural communities while mitigating climate change by
capturing carbon from the atmosphere (Malmsheimer et al. 2008).

Currently there is not much of an economic bioenergy market in the U.S. outside of
exports to Europe, which makes growers uncertain about adopting the SRWC system (Neumann
et al. 2007; Paulrud and Laitila 2010; Dale et al. 2017). Studies in Europe and the United States
found that SRWC crops provide higher net present values (NPVs) than intensively managed
crops on marginal soils, but market price is primarily locally defined and heavily affected by
seasonal factors (van der Hilst et al. 2010; Schweier and Becker 2013; Caldas et al. 2014; San
Miguel et al. 2015; Stanton et al. 2020; Livingstone et al. 2023). Growers in the U.S. would be
more likely to adopt this renewable energy practice if there were national subsidies or cost-share
programs, and in order for these programs to be funded, the ecological benefits of SRWC must
be clearly defined and advertised to lawmakers (Mola-Yudego and Pelkonen 2008; Paulrud and

Laitila 2010; Don et al. 2011; Ye et al. 2020; Pichler et al. 2022).

1.2 American Sycamore as a SRWC Species

Trees with a high potential for SRWC success are characterized as having rapid juvenile
growth, the ability to adapt to a wide variety of sites, insect pest resistance, and disease
resistance. Populus L. and Salix L. are the most widely studied trees for SRWC, but other trees
such as silver maple (Acer saccharinum L.), sweetgum (Liquidambar styraciflua L.), sycamore
(Platanus occidentalis L.), black locust (Robinia pseudoacacia L.), and eucalyptus (Eucalyptus
spp.) have received some attention in recent years (Wright and Ranney 1991; King et al. 2013;
Fischer et al. 2017). Biomass production based on planting density has been studied with

variable results. Regarding sycamore, Torreano and Frederick (1988) found that willow oak and



sweetgum increased biomass production in narrower spacing while sycamore showed no
preference in Alabama, lle et al. (2021) found that biomass production increased in sycamore
with higher planting density in North Carolina, and Njakou Djomo et al. (2015) found no
relationship between planting density and biomass production in Belgium. These results illustrate
the importance of tree selection based on site characteristics such as land use history, region, and
climate.

American sycamore (Platanus occidentalis L.) is a tree native to the southeastern U.S.
and was previously grown in plantation settings for pulp and paper production (lle 2021).
However, in the 1970s, sycamore anthracnose disease, canker stain, and leaf scorch destroyed
many plantations, causing a phenomenon known as ‘sycamore decline’ (Wilson et al. 2004).
Now that there is an increasing interest in bioenergy production via woody biomass, sycamore is
being investigated as a SRWC species. In regards to disease, it was found that a three-to-five-
year rotation keeps sycamore trees in the juvenile phase, in which they are not as severely
affected by disease (Filer Jr. et al. 1975). Presently, sycamore has been shown to quickly
outcompete weed vegetation, growth uniformity, low mortality rates, and rapid sprouting
behavior in low input systems (Fischer et al. 2017; Domec et al. 2017; lle et al. 2021). Sycamore
also has good water use efficiency, particularly in years following planting. This was the case in
a low input system, proving sycamore’s ability to compete with herbaceous plants and other
environmental stressors without the addition of fertilizer or rigorous pest management (Carvalho
et al. 2023). Sycamore lacks research attention compared to other SRWC crops, probably due to
mixed results from the early biomass accumulation studies. However, American sycamore is a

great candidate for SRWC agriculture in the U.S. Southeast (Domec et al. 2017) and should be



further investigated in different environments due to its competitive biomass production and

demonstrated productivity in low-input systems.

1.3 Japanese Beetles as a Generalist Herbivore

1.3.1 Growth and Life Cycle

Japanese beetles (Popillia japonica N.; Coleoptera: Scarabeidae) were first detected in
the U.S. in 1916 during an inspection of a plant nursery in southern New Jersey (Hadley and
Hawley 1934). They are native to northern Japan, where they are classified as a minor pest due
to the prevalence of natural biological controls (Fleming 1976; Claussen et al. 1933). The pest
was first found defoliating only a few species but is now a widespread pest of over 300 plant
species in 36 different states (Figure 3). Japanese beetle adults chew fruit and eat plant foliage,
while larvae feed belowground on the roots of the plants (Potter and Held 2002; Althoff and Rice
2022). Newly laid eggs are spherical or oval, about 0.15 cm in diameter, and range in color from
translucent white to creamy white (Figure 4A). Throughout development, eggs will double in
size (Fleming 1972). Japanese beetles have three instars. First instars are 0.3 cm long, while
second and third instars are 3.0 cm long and can be distinguished by their head size. Second
instar’s heads are 0.12 cm long and 0.19 cm wide, and third instar’s heads are 0.21 cm long and
0.31 cm wide. After the larvae emerge, the head changes to a brownish color. After the first
feeding, the posterior of the abdomen changes to a dark brown color due to fecal matter
accumulation (Figure 4B; Fleming 1972). The grub is distinguishable from other scarabaeid
grubs by the pattern of hairs on the ventral side of the posterior abdomen. Pupae are about 1.4 cm
long and 0.7 cm wide, and transition from white to a metallic green (Figure 4C; Sim 1934,

Fleming 1972). Adult beetles have metallic green bodies and brown elytra. They have five tufts



of white setae along the sides of their bodies and two tufts of white setae directly behind the
elytra. Their bodies are oval-shaped and are about 1.27 cm long and 0.63 cm wide (Figure 4D).
Adult males are slightly smaller than adult females and can be distinguished by the shape of the
first pair of legs. Males have a sharper pointed tibial spur than females (Hadley and Hawley

1934).

APHIS PLANT PROTECTION & QUARANTINE
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Figure 3. Map of Japanese beetle distribution in the United States as of 2018 (USDA-APHIS
2024).

Figure 4. Japanese beetle A) eggs, B) larva, C) pupa, and D) adult. (USDA-APHIS 2024)



Emergence time varies with latitude and climate. In eastern North Carolina, adult
emergence occurs between June and July (Regniere et al. 1981%). Male emergence occurs a few
days earlier than female emergence (Fleming 1972; Regniere et al. 1981%). Mating occurs
immediately after emergence when females emit the sex pheromone (Z)-5-(1-decenyl)dihydro-
2(3H)-furanone. Emerging females carry about 20 mature eggs that they lay immediately after
fertilization and before the first feeding (Ladd Jr. 1970; Tumlinson et al. 1977). After the first
oviposition, females fly to host plants to feed and mate again. Females repeat the feeding-mating
process many times, typically depositing 40-60 eggs in their short life span. (Fleming 1972). The
eggs are laid in the upper 7 cm of the soil near host plants (Fleming 1972; Dalthorp et al. 2003).
Suitable oviposition sites typically have short grass cover, high soil water content, moderate soil
texture, low organic matter content, and high levels of sunlight (Fleming 1972; Allsopp et al.
1992; Dalthorp et al. 1999; Dalthorp et al. 2003; Szendrei and Isaacs 2005). After 10-14 days,
eggs hatch and larvae feed on plant roots and decaying plant material in the vicinity (Potter and
Held 2002). First instars require two to three weeks to develop, and second instars require three
to four weeks to develop. Soil water content and temperature have a significant effect on the
development of the eggs and first instars (Fleming 1972; Regniere et al. 1981°; Dalthorp et al.
2003). By mid-September, most larvae reach the third instar and begin to move to 15 cm below
the soil surface for overwintering (Fleming 1976). When soil temperatures reach 10 °C in the
upper 15 cm, larvae begin moving back up towards the surface and feed for another four to eight
weeks (Fleming 1972; Vittum 1986). The pupal stage lasts seven to 17 days, and the adults
remain in the soil for another two to 14 days after molting. The time period between pupation
and emergence is dependent on soil temperature variation (Figure 5; Fleming 1976, Regniere et

al. 1981°).
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Figure 5. Japanese beetle life cycle diagram in the southeastern US. Illustration by APHIS
employee Joel Floyd (USDA-APHIS 2024)
1.3.2 Ecology

Japanese beetles are highly polyphagous insects that feed on the foliage, flowers, and
fruits of over 300 plant species (Figure 6). However, they show a preference for certain host
plants based on primary and secondary metabolite levels (Jaenike 1990; Patton 1997; Potter and
Held 2002). Japanese beetles are also strongly attracted to different combinations of volatiles
released by plants with damaged leaves, which might explain the aggregation behavior of the
beetles upon emergence (Loughrin et al. 1995; Loughrin et al. 1996; Loughrin et al. 1997).
Larval feeding behavior is stimulated by multiple sugars in plant roots- while plant defense
compounds act as feeding deterrents and may be related to plant resistance (Fulcher et al. 1996;
Patton et al. 1997; Ladd Jr. 1986). Additionally, environmental factors also affect feeding
activity and behavior. Optimal flight activity occurs when temperatures are between 28 °C and

35 °C on clear days with relative humidity above 60% (Fleming 1972). Peak feeding activity



occurs from mid-morning to late afternoon, but feeding can extend into the evening if

temperatures are greater than 15 °C (Krueger and Potter 2001).

Figure 6. Japanese beetle feeding on A) rose petals (SD Frank 2009), B) American sycamore
leaves (Margaux Lobeira 2024), and C) raspberries (European and Mediterranean Plant
Protection Organization, Bugwood.org)

The rapid spread of the Japanese beetle through the U.S. can be attributed to the
abundance of turfgrass and adequate rainfall - the ideal conditions for reproduction (Potter and
Held 2002). This easily identifiable pest should be monitored as its range continues to spread

across the U.S., and its feeding preferences for SRWC tree species should be studied to assess

potential economic impacts and inform management strategies.

1.4 Plant-Insect Interaction

The pest relationship between Japanese beetles and American sycamore is not well
documented in peer-reviewed literature. While numerous fact sheets list Japanese beetles as a
pest of American sycamore (Hodgson et al. 2010; Smitley 2011; Shetlar and Andon 2015;
Missouri Department of Conservation 2018; Browning 2023; Childs et al. 2023; North Carolina
Extension Gardener Plant Toolbox n.d.), research analyzing this interaction is sparse. Japanese

beetles feed on leaf tissue, creating skeletonized leaves, which could affect tree growth based on

10



the growth-differentiation balance hypothesis (GDBH) and the plant apparency hypothesis
(PAH). The GDBH suggests a negative correlation between plant growth and tissue
differentiation due to competition for limited photosynthetic resources (Lerdau et al. 1994). The
PAH suggests that more apparent plants experience greater herbivory and consequently invest
more resources in producing quantitative chemical defenses (Feeny 1976; Strauss et al. 2015;
Smilanich et al. 2016; Martini et al. 2021). Insect herbivory alters storage and resource allocation
within plants, which should be considered when selecting species grown for bioenergy. Given
the increasing interest in American sycamore as a SRWC species, it is essential to evaluate

potential pest impacts on biomass yields and quantify associated herbivory pressure.
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CHAPTER 2: RELATIONSHIP BETWEEN JAPANESE BEETLE HERBIVORY AND
AMERICAN SYCAMORE GROWTH IN A SHORT ROTATION WOODY COPPICE
SYSTEM

2.1 Introduction

The effects of climate change emphasize the need for sustainable renewable energy
sources. Short rotation woody coppice (SRWC) is a method of producing bioenergy that stores
carbon from the atmosphere in trees, and uses the biomass produced by the trees to create energy
(Malmsheimer et al. 2008). The trees are harvested every three to five years, and then
vegetatively resprout to produce more small diameter stems each rotation (Lust and
Mohammandy 1973). Bioenergy is a process that creates energy from direct combustion of plant
biomass such as tree trunks, limbs, and foliage. This renewable energy production system
currently makes up about 50% of global renewable energy consumed (IEA Bioenergy 2024).
Growing bioenergy crops is sustainable when utilizing marginal lands, typically those previously
used for agriculture (Kuhn and Rietveld 1998; Dickmann 2006; Ghezehei et al. 2015). There is
increasing research focused on bioenergy production via woody biomass, and American
sycamore (Platanus occidentalis L.) is being investigated as a SRWC species.

American sycamore is characterized as a fast-growing hardwood tree that can thrive in
low-input systems. It is native to the southeastern U.S. and has been shown to establish well and
produce sufficient biomass on marginal lands in North Carolina in comparison to popular SRWC
species such as sweetgum (Liquidambar styraciflua L.), tulip-poplar (Liriodendron tulipifera L.),
and black poplar (Populus nigra L.) (Wright and Ranney 1991; Domec et al. 2017). Tree spacing
also influences growth, with 5,000 tph being the optimal planting density to produce the most

biomass with the smallest initial seedling investment (Njakou Djomo et al. 2015; lle et al. 2021;

12



Morkoc et al. 2022). Plantation-grown American sycamore has historically been decimated due
to anthracnose disease, canker stain, and leaf scorch (Wilson et al. 2004). Using American
sycamore as a SRWC species may minimize mortality from disease because the trees are
constantly kept in the juvenile phase through coppicing (Filer Jr. et al. 1975). It has been shown
to quickly shade out weed competition, use water efficiently, have a uniform growth pattern, and
rapid sprouting behavior in low-input systems (Tsonkoya et al. 2012; King et al. 2013; Domec et
al. 2017; Fischer et al. 2017; Ile et al. 2021; Carvalho et al. 2023). American sycamore hasn’t
received as much research attention compared to other SRWC crops, probably due to mixed
results from various studies in different regions. However, this tree should be further investigated
in different environments due to its competitive biomass production and success in low input
systems.

Japanese beetles (Popillia japonica N.; Coleoptera: Scarabaeidae) are a generalist
herbivore, feeding on over 300 species of plants. Adults use chewing mouth parts to feed on
plant foliage, buds, and fruits, while larvae feed on plant roots (Potter and Held 2002; Althoff
and Rice 2022). In eastern North Carolina, adult beetles emerge between June and July, and
mating occurs immediately after emergence (Regniere et al. 1981?%). Japanese beetles exhibit
aggregation behavior during feeding and mating. In 1977, a sex pheromone emitted by female
beetles, (R,Z)-5-(1-decenyl)dihydro-2(3H)-furanone, also known as Japonilure, was discovered
and synthesized by Tumlinson et al. (1977). Adult beetles are attracted to many volatile
compounds from a wide array of plants, and this does not signify the plant’s suitability as a host
(Loughrin et al. 1996; Loughrin et al. 1997). Host plants include shrubs, trees, herbaceous plants,
field crops, ornamental plants, and vines (Potter and Held 2002). This variety might be due to gut

microbiota and detoxification enzymes found in larvae, pupa, and adult digestive systems
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(Adesayana et al. 2018; Chouaia et al. 2019). Adult beetles often feed in groups and begin
feeding on sun-exposed foliage at the tops of plants. While several studies attribute this to sun
leaves having higher levels of photosynthate (Fleming 1972; Loughrin et al. 1996; Rowe and
Potter 2000; Potter and Held 2002), but one study found that the height of foliage affects initial
attack more than leaf composition (Rowe and Potter 1996). Feeding time varies but is most
extensive from midmorning to late afternoon (Kreuger and Potter 2001). They can form brief
aggregations with multiple males attempting to mate with a single female, or long-term
aggregations for feeding (Fleming 1972). The aggregations form in response to either the sex
pheromone Japonilure or a variety of aggregation kairomones produced by the host plant.
Females search for food quickly after ovipositing and may use aggregation cues to find suitable
host plants so that no energy is wasted searching for a plant unoccupied by males (Loughrin et al.
1995; Loughrin et al. 1996).

When trees are grown for bioenergy, maximizing productivity under low-input culture is
a main goal. Insect pests such as Japanese beetles could affect biomass production in American
sycamore by destroying photosynthesizing leaf tissue during a prime period during the growing
season. The stress placed on trees from herbivory could also impact the relative growth rate of
SRWC trees according to the growth differentiation balance hypothesis (GDBH). The GDBH
posits that plant growth and tissue differentiation both require photosynthate products, and
therefore, have a negative correlation because these products are inherently limited (Lerdau et al.
1994). The plant apparency hypothesis (PAH) is another widely studied theory suggesting that
more apparent plants suffer more herbivory and invest more in quantitative chemical defenses
(Feeny 1976; Strauss et al. 2015; Smilanich et al. 2016; Martini et al. 2021). Insect herbivory can

cause resource allocation redirection within plants, which should be considered when researching
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species grown for bioenergy. Japanese beetles are not clearly listed as a pest of American
sycamore in peer-reviewed literature but are listed in numerous fact sheets as an ornamental pest
(Shetlar and Andon 2015; Browning 2023; Childs et al. 2023; Hodgson et al. 2010; Missouri
Department of Conservation 2018; Smitley 2011; North Carolina Extension Gardener Plant
Toolbox n.d.). Given the increasing interest in American sycamore as a SRWC species, it is
essential to evaluate potential pest impacts on biomass yields and quantify associated herbivory

pressure.

2.1.1. Objective and Hypotheses

In this study, | examined the possible correlation between Japanese beetle herbivory
behavior and American sycamore growth at the Tidewater Research Station in Plymouth, NC to
determine how tree productivity is affected by herbivory and whether beetles show preference
for taller trees. My research questions were as follows:

How is tree productivity affected by herbivory?

Do beetles show a preference for taller trees in accordance with the PAH?

Is there genetic variation in constitutive resistance to Japanese beetles in American

sycamore?

My objective was to determine if there is a correlation between the size, number of beetles
feeding, and extent of herbivory on each tree. | also wanted to document whether some trees
exhibited apparent constitutive resistance to Japanese beetles for the entire period of beetle
activity. This type of resistance would suggest non-preference, or anti-xenosis, resistance in
which morphology or chemistry of the host plant is unattractive to the pest (Smith and Clement

2012). 1 used height and diameter measurements, beetle counts, and qualitative damage ratings to

15



examine these relationships in a SRWC plantation under low-input culture (no herbicides, no
fertilizers, no irrigation). | hypothesized that:

1. There are resistant genotypes of American sycamore to Japanese beetle herbivory.

2. The taller trees at the site will experience higher Japanese beetle herbivory damage.
| hypothesize that there are resistant genotypes of American sycamore as a result of subjective
observations from the first growing season in which some trees appeared to have no herbivory
damage. I hypothesize that Japanese beetles will prefer taller trees because herbivore abundance
has been shown to increase as tree height increases, and in accordance with the PAH (Feeny

1976; Campos et al. 2006; Strauss et al. 2015; Smilanich et al. 2016; Martini et al. 2021).

2.2 Materials and Methods

2.2.1 Study Site

The study site is in Plymouth, North Carolina at Tidewater Research Station (35°50'52""N
76°40'25"W) (Figure 7). The site is in Washington County in the Coastal Plain physiographic
region of North Carolina at 6 m above sea level. Site soils consist of Roanoke loam and Cape
Fear loam with 0 to 2 percent slopes (websoilsurvey.usda.gov). The site is in the NC08 Northern
Coastal Plain climate division, with an average high temperature of 23 °C and average low
temperature of 11 °C for 2024. The total precipitation in 2024 was 105.8 cm, the average wind
speed was 11.4 kph, the average soil temperature was 17.2°C, and the average soil water content
was 0.4 m3/m3. There were 4768.4 growing degree days (North Carolina State Climate Office).
The study site was originally established to examine American sycamore performance in the
lower coastal plain region on soils that could no longer economically support soybeans, corn, or

winter wheat agriculture, as determined by station personnel. The site was subsoiled to 50.8 cm
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deep at 2 m spacing before planting. Open-pollinated bareroot seedlings purchased from the
North Carolina Forest Service were hand planted in April and May of 2022 in the subsoiler

trenches at 1 m intervals for a planting density of 5,000 trees per hectare (tph).

________________

___________

Figure 7. p showing th Iocati of TideWater esear Station in North Carolina. (Airbus
Defense and Space, 2024).

2.2.2 Experimental Design

This study was set up as five randomly located previously established 10 m x 10 m plots
in April, 2024. The plots were different distances from the access road and had about 60 trees per
plot (Figure 8). Each month during the growing season (April-September), height and basal
diameter measurements (BD) were recorded for every tree in each plot (Figure 9). A telescoping
measuring pole and a digital caliper were used to measure each tree. | used biomass regression
equations from Boone (2017) on American sycamore grown in SRWC to determine total dry
biomass and productivity of the trees (Boone 2017). | converted BD measurements into DBH
according to the linear relationship between the two outlined in the same study, converted this
value to basal area per tree (m?), summed all trees in the plot, and then scaled plot-level BA to

the ecosystem level (m? ha't).
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Figure 8. Map of plots one through five at the SRWC American sycamore research site in
Tidewater Research Station. The research station is located in Plymouth, North Carolina and is
owned and operated by the NC Department of Agriculture & Consumer Services.

b

Figure 9. Height and diameter measurement methods at idewater Research Station, April 2024.

The equation used for total dry biomass was:
Total dry biomass (kg ha') = 0.0013(BA)*0°22
The equation used for aboveground biomass was:
Aboveground biomass (Mg ha') = (total dry biomass * 1000)
To calculate the daily relative growth rate (RGR), | used this equation (Griscom et al. 2005):

RGR = (In(current aboveground biomass) - In(previous aboveground biomass)) time™
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Weekly from June through July, the active period of Japanese beetles, | counted the
number of beetles per tree and assigned herbivory damage ratings (Table 1). I first counted the
number of leaves affected by the beetles. If there were 5 or fewer leaves affected, | then visually

estimated the percent damage of each leaf, then took the average of those percentages.

Table 1. Information used to assign herbivory scores and labels
to each tree.

Score Label Observed Herbivory
1 Resistant 0% of leaves affected
2 Light 1-10% of 3-5 leaves affected
3 Moderate 100% of 3-5 leaves affected
4 High 100% of >5 leaves affected

For beetle count, all beetles present on the tree at time of counting were recorded. The
count data was then converted to number of beetles per centimeter of tree height to standardize.
To maintain consistency, data measurements started at the same time and in the same order each
day.

2.2.3 Analysis

Statistical analysis was performed with R 4.4.2 and RStudio 2024.09.1+394 (R Core
Team, 2024) with tidyr (v1.3.1; Wickham et al. 2024), ggplot2 (v3.5.1; Wickham, 2016), pscl
(v1.5.9; Jackman, 2024), and dplyr (v1.1.4; Wickham et al. 2023) packages using a significance
level of 0.05. In the case of statistical significance, further analysis was conducted using Tukey’s
Honestly Significant Different test. Significant values are indicated in tables in bold, and in
figures with red asterisks. For tree growth and herbivory score relationship analysis, a Q-Q plot
and Shapiro-Wilk test were executed to check residuals for normality, and an ANOVA model

was run. For other relationships where data linearity tests failed, a negative binomial regression
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model was run after conditions were checked and satisfied. For relationship analysis of tree

growth and beetle observation, I used an equation to calculate increment increases:

(exp(p)-1) * 100.

2.3 Results

2.3.1 Tree Growth

On average, the American sycamore trees grew over 200 cm in the 2024 growing season

(Figure 10). Total average height growth was lowest during the month of June, averaging 24.61

cm, and peaked in July at 70.6 cm. Average diameter increased steadily from 13 mm to 40.8 mm

(Figure 10). Regardless of absolute growth rates, the relative growth rate was highest from May

2 to June 4 at 4.18% and lowest from September 10 to December 3" at 0.11% (Figure 10, Table

2).

American Sycamore Growth Curve
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Figure 10. American sycamore growth curve showing average height in centimeters and average
diameter in millimeters throughout the 2024 growing season at Tidewater Research Station.
Measurements started on April 13" (day 1), continued on days 19, 52, 86, 121, and 150, and

ended on December 3" (day 234).
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Biomass production increased steadily throughout the growing season by 23.96 Mg ha?,
with the trees reaching an average aboveground biomass of 24.58 + 14.52 Mg ha by December

(Table 2).

Table 2. For each measurement date (MD) starting with April 13, American sycamore average
height (Avg H), average height growth (Avg HG), average aboveground biomass (Avg AGB),
and relative growth rate per day (RGR) throughout the 2024 growing season at Tidewater
Research Station. Days in each measurement period (Int) included were used to calculate height
growth per day. December 3@ measurements represent the end of the growing season.

Avg HG Avg AGB
MD Int AvgH(cm) (cmday) (Mg ha') RGR (% day™)
April 13 - 94.03 ~ 0.62+081 -
May2 19 115.54 1.13 1.11 + 1.46 3.07
Juned 33 155.70 122 4414335 4.18
julys 34 180.33 0.72 735+ 6.26 1.50
August 12 33 251.19 2.02 1229+ 7.52 1.90
September 10 29 299.85 168 22.29+15.57 2.05
December3 84 297.95 0.02 2458+14.52 0.11

2.3.2 Herbivory Scores

On June 10™, there were 10 trees with herbivory scores of 1, 96 trees with herbivory
scores of 2, 103 trees with herbivory scores of 3, and 67 trees with herbivory scores of 4. By
June 20th, 16 days after I first observed beetle emergence, there were zero trees with a herbivory
score of 1 in our sample, 28 trees with herbivory scores of 2, 70 trees with herbivory scores of 3,
and 178 trees with herbivory scores of 4. On June 10, 24.3% of sample trees had a herbivory

score of 4, and by June 20, 64.7% of sample trees had a herbivory score of 4 (Table 3).
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Table 3. Percent of sample trees in each herbivory score group, scaled up to trees per hectare on
June 10 and June 20, 2024.

Date Score % Trees Trees per Hectare

June 10 5 349 1599+191
3 37.1 1699+24]
) 243 1116+208
June 20 ] = 0
2 10.2 466+113
3 25.1 1149+169

2.3.3 Beetle Population Dynamics and Feeding Behavior

Throughout June and July, the beetles exhibited strong aggregation behavior (Figure 11),
On June 10™, there were 1,571 total beetles, an average of 5.57 beetles per tree, and a maximum
of 67 beetles on a single tree. Peak population numbers observed in this study occurred on June
20th, with 1,911 total beetles, an average of 6.78 beetles per tree, and a maximum of 63 beetles
on a single tree at once. On all measurement days, there were trees with zero beetles present at
time of observation, but these trees still showed evidence of herbivory (Table 4). On August
12th, only a single beetle was observed across the entire site (Figure 12, Table 4). After
emergence, the beetles spread rapidly throughout the site. I didn’t observe any spatial gradients;

the beetles infested the whole field at once.
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Figure 11. Japanese beetles aggregating on American sycamore leaves at Tidewater Research
Station. Photos were captured on A) June 4, B) June 10, C) June 20, and D) July 8, 2024. Photos
by Margaux Lobeira.

Table 4. Beetle population information for each measurement date including minimum and
maximum beetles per tree, total number of beetles observed, average number of beetles per
centimeter of tree height (Avg BPC), average number of beetles per 120 m? plot (Avg BPP), and
average number of beetles per hectare (Avg BPH).

Measurement Date  Min (#/tree)  Max (#/tree) Total ) Avg BPC (#/em height) Avg BPP (#/plot) Avg BPH (#/ha)
April 13 0 0 0 0 0 0

May 2 0 0 0 0 0 0

June 10 0 67 1,571 314 5.571 26,183

June 20 0 63 1.911 0.011 382 31,850

July 8 0 23 211 0.001 42 3,516

August 12 0 1 1 0 0.2 16
September 10 0 0 0 0 0 0

Figure 12. Single Japanese beetle observation at Tidewater Research Station on August 12,
2024. Photo by Margaux Lobeira.
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The beetles did not seem to show any preference for leaf size or position. On all trees
throughout the site, beetles were observed feeding on large and small leaves in all vertical

positions within the canopy. The beetles were also observed consuming stipules (Figure 13).

Figure 13. Japanese beetles mating and feeding on American sycamore leaf and stipule at
Tidewater Research Station on June 10, 2024. Photo by Margaux Lobeira.

2.3.4 Tree Growth and Herbivory Score

The tree growth-herbivory score ANOVA tests indicated a highly significant effect of

tree height on herbivory score, with a p-value of 3.74e-15 (Table 8). Based on Tukey’s Honestly

Significant Difference (HSD) post-hoc test, there was a 48.67 cm average difference in height

between scores 2 and 4, and therefore an average difference of about 25 cm between scores 2 and

3, and 3 and 4 (Figure 14, Table 9).
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Herbivory Score and Tree Height
June-July 2024
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Figure 14. Graph showing the relationship between average herbivory score and average tree
height for the months June and July of 2024. Trendline included (green), with formula and R?
displayed.

On June 10, trees with a herbivory score of 1 had an average height of 106.3 cm, whereas
trees with a score of 4 had an average height of 180.1 cm. On June 20, trees with a herbivory
score of 2 had an average height of 123.1 cm, whereas trees with a score of 4 had an average
height of 170.9 cm (Table 5).

Table 5. Dates all trees were scored (Date), score, and average height of all trees in that score
category (Avg H). Red stars indicate statistical significance at the 99% confidence level.

Date Score  Avg H (cm)

June 10 | 106.37
2 148.1*
3 160.3*
4 180.1*
June 20 | -
2 123.14
3 142.7%
4 170.9+
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2.3.5 Tree Growth, Herbivory Score, and Beetle Observations

A negative binomial regression model revealed a significantly positive relationship

between herbivory score and beetle count (Table 10, Figure 15). On June 10, the average beetle

count per tree (bpt) increased from 1.593 bpt to 3.368 bpt as the herbivory score increased from

2 to 3, and from 3.368 bpt to 15.98 bpt as the herbivory score increased from 3 to 4. On June 20,

the average beetle count increased from 0.464 bpt to 2.885 bpt as the damage score increased
from 2 to 3, and from 2.885 bpt to 9.528 bpt as the damage score increased from 3 to 4. From

June 10 to June 20, the total beetle count became increasingly concentrated on trees with a

herbivory score of 4. However, the average beetle count per tree decreased for scores 2 through 4

(Table 6).
Herbivory Score and Beetle Count
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Figure 15. Boxplots showing the relationships between average herbivory scores and average

beetle count per tree for the months June and July 2024. Box plots describe the four quartiles of

the data, black dots indicate outliers, and red asterisks indicate statistical significance

(Significance codes: * 0.01, ** 0.001, *** 0).
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Table 6. For each measurement date, the total number of trees in each herbivory score category
(Total Trees), total beetles counted in each herbivory score category (Total BC), average number
of beetles per tree in measured plots (Avg BPT), and the scaled average number of beetles per
hectare (Avg BPH).

Date  Score  Total Trees Total BC  Avg BPT Avg BPH

June 10 1 10 0 0 166
2 96 153 1.593 1600
3 103 347 3.368 1716
4 67 1071 15.98 1116
June 20 1 0 _ _ )
2 28 13 0.464 466
3 70 202 2.885 1166
4 178 1696 9.528 2966

A negative binomial regression model yielded a low p value and a significant positive
relationship between average height and average beetle count (Table 11, Figure 16). Based on

increment calculations, the average beetle count increases by 1.65% for every 1 cm increase in

height.
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Figure 16. Graph showing the relationship between average tree height and average beetle count
per tree in July 2024. Color gradient represents average herbivory scores. Trendlines are
included for each average herbivory score group, with line equations displayed in the
corresponding color.
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2.4 Discussion

The objective of this study was to determine the impact of Japanese beetle herbivory on
American sycamore tree growth in a SRWC system. | first hypothesized that some trees would
have no beetle herbivory damage, which I rejected based on the absence of herbivory scores of 1
by June 20 (Table 3). The second hypothesis, that the taller trees would experience greater
Japanese beetle herbivory levels, based on the PAH and previous studies (Feeny 1976; Rowe and
Potter 1996; Campos et al. 2006; Strauss et al. 2015; Smilanich et al. 2016; Martini et al. 2021),
was strongly supported. Strong statistical significance was observed between tree height, beetle
count, and herbivory score. The effect of tree height on beetle count yielded that for every 1 cm
of height growth, average beetle count per tree increased by 1.65% (Figure 16), suggesting that
the taller trees initially attracted the beetles, and then aggregation cues took over. Furthermore,
herbivory score was positively correlated with tree height, with an average increase of 27 cm
between scores 2 and 3 and 3 and 4 (Table 5, Figure 14). On June 10, 35% of the total AGB was
from trees with a herbivory score of 4, whereas on June 20, 78% of the total AGB was from trees
with herbivory scores of 4. This rapid shift to the tallest trees having higher herbivory scores is
further evidence supporting my second hypothesis. Lastly, a statistically significant positive
relationship between beetle count and herbivory score confirmed that trees with higher herbivory
scores hosted more beetles at the time of measurement (Table 6, Figure 15). Japanese beetle
populations at the site were consistent with previous literature and showed strong aggregation
behavior (Table 5, Fleming 1972; Regniere et al. 1981?%; Loughrin et al. 1995; Loughrin et al.
1996; Rowe and Potter 2000; Potter and Held 2002; Althoff and Rice 2022). In this study,
emergence was observed on June 4, and measured population peaked on June 20 and decreased

to 211 by July 8 (Table 4). There was one single beetle observed on August 12, which is unusual
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since the life cycles of Japanese beetle eggs laid at the same site start at the same time and last
only 4-6 weeks (Regniere et al. 1981a), meaning that this beetle didn’t emerge until July. Total
beetle count shifted towards trees with herbivory scores of 4 from June 10 to June 20, while
average beetle count per tree decreased from June 10 to June 20. This shift could be attributed to
the beetles spreading out more among trees with higher herbivory scores as the available leaf
area to feed on decreased from June 10 to June 20.

This study highlights the resilience of American sycamore in a SRWC system. Despite
being planted at an inopportune time (April-May) in hot and dry weather conditions, without
fertilizers, herbicides, or pesticides, and on a non-productive, weed-covered site, the trees
quickly outcompeted surrounding vegetation. By the end of the third growing season, trees
reached an average height of 299.6 cm (Figure 10). The relative growth rate (RGR) was highest
from May 2 to June 4 at 4.18% and lowest from September 10 to December 3™ at 0.11% (Table
2). However, the potential RGR in the absence of herbivory stress remains unknown. The total
aboveground biomass (AGB) accumulation in this study suggests that the Tidewater site is very
productive. A study in North Carolina cited American sycamore’s aboveground biomass in the
fourth year of the first rotation as 19.6 + 1.6 Mg ha® (Domec et al. 2017; lle et al. 2021),
whereas in my study, the average AGB produced in the third year of the first rotation was 27.21
+ 18.99 Mg hat. Month-to-month variance slowly increases, apart from September, where the
variance reaches 18.99 from a previous 9.05 (Table 2). The larger variances may be due to the
height and RGR differences between plots (Table 7). | speculate that between-plot-height
differences could be due to possible soil compaction at the site near the access road.

To further this investigation, leaf biochemistry should be evaluated to examine

differences that could be contributing to beetle aggregation, potentially challenging the PAH. If
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there is a particular defense chemical identified, genetics could be analyzed, and breeding
programs could be explored to enhance sycamore resistance. In the absence of anti-xenosis
resistance, the sycamore trees might be exhibiting tolerance to the beetles if there is no
significant defense chemical involved. Tolerance would suggest that the trees have some sort of
genetic trait complex to withstand or recover from pest damage (Smith and Clement 2012). This
study should also be performed on other American sycamore SRWC sites affected by pests,
particularly in the Southeastern United States due to its consistent production of bioenergy
feedstock. Choice experiments examining Japanese beetle host preference across a diverse array
of tree species would improve our understanding of these generalist herbivores in forested
environments.

Our study shows that trees with the highest herbivory damage (score 4) exceeded the
biomass production of trees with a low level of herbivory damage (score 2) by 4.07 Mg ha on
average (Table 8). Since Japanese beetle behavior was consistent with previous studies, and there
were no treatments to enhance tree growth or beetle behavior/choice, my findings suggest that
management strategies are probably not necessary in American sycamore SRWC stands affected
by Japanese beetles on marginal soil in the Coastal Plain region of North Carolina. However,
information about the effect of Japanese beetles on non-ornamental American sycamore trees
should be distributed to growers who want to adopt an SRWC system. This study, in addition to
others (Wright and Ranney 1991; Tsonkoya et al. 2012; King et al. 2013; Fischer et al. 2017;
Domec et al. 2017; lle et al. 2021; Carvalho et al. 2023) should also be used as further evidence
that American sycamore performs well as a SRWC species and should be investigated more

rigorously as our need for renewable energy sources increases in the coming years.
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APPENDIX: SUPPLEMENTARY TABLES

Table 7. American sycamore average aboveground biomass per tree (Avg AGB) expressed as
(meanxSE) for each month and in each plot at Tidewater Research Station in 2024.

Month
Plot Apr May Jun Jul Aug Sep Dec
-'E 1 0374045 0.36£0.43 2.22+1.59 3.37+£2.25 10.88+6.56  13.39+7.22  11.34+6.44
;‘ 2 1.03+£1.00 1.05£1.00 4.37+3.18 6.85+4.75 14.89+6.94 23.00+12.11 27.66+11.80
= 3 046+£0.73 0.43+0.73 3.51+2.34 5.01+3.14 10.56+5.99 21.68+11.81 21.77+10.08
3 4 - 2.38+2.07 6.91+4.32 12.59+8.91 14.1949.38 30.33+24.69 33.41+18.04
f{ 5 - 1.21£1.35 4.97+£2.59  8.62+5.08 11.17+6.62 22.91£10.29 28.52+12.32

Table 8. ANOVA (Analysis of Variance) test results for the effect of tree height on herbivory
score. Extremely low p-value indicates statistical significance.

Df Sum Sq MeanSq F Value Pr(>F)
rounded_score 5 95453 19091 17.68 3.74e-15
residuals 270 291508 1080

Table 9. Tukey HSD (Honestly Significant Difference) post-hoc test of the effect of tree height
on herbivory score. Statistical significance at a 95% confidence level indicated in bold.

Score Diff Lwr Upr P Adj
2-1.5 34.779762 -4.4048552 73.96438 0.1142543
2.5-1.5 46.587500  10.0602583 83.11474 0.0040601
3-1.5 54.796875 19.4295253 90.16422 0.0001836
3.5-1.5 71.324367  36.3320794 106.31665 0.0000002
4-1.5 83.453125 48.0857753 118.82047 0.0000000
2.5-2 11.807738 -13.6076370 37.22311 0.7661261
3-2 20.017113 -3.7010515 43.73528 0.1522023
3.5-2 36.544605 13.3894308 59.69978 0.0001284
4-2 48.673363  24.9551985 72.39153 0.0000002
3-2.5 8.209375  -10.8000043 27.21875 0.8169767
3.5-2.5 24.736867 6.4347559 43.03898 0.0018153
4-2.5 36.865625 17.8562457 55.87500 0.0000009
3.5-3 16.527492 0.6663033 32.38868 0.0355946
4-3 28.656250 11.9839214 45.32858 0.0000208
4-3.5 12.128758 -3.7324309 27.98995 0.2435351
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Table 10. Results of a negative binomial regression model comparing the effect of herbivory
score on beetle count. Statistical significance indicated in bold.

Coefficients Estimate Std. Error Z Value Pr(>|z|)
(Intercept) -1.3863 0.7698  -1.801 0.071736
rounded score2 1.3863 0.8219 1.687 0.091667
rounded_score2.5 2.2083 0.7888 2.800 0.005116
rounded_score3 2.5207 0.7805 3.229 0.001240
rounded_score3.5 2.8546 0.7778 3.670 0.000242
rounded_score4 3.5748 0.7784 4592 4.38e-06

Table 11. Results of a negative binomial regression model comparing the effect of average tree
height on average beetle count per tree. Statistical significance indicated in bold.

Coefficients Estimate Std. Error Z Value Pr(>|z|)
(Intercept) -1.508282 0311073  -4.849 1.24e-0.6
avg_hei 0.016455 0.001718 9.576 <2e-16
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