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ABSTRACT
Drosophila suzukii is a prolific pest of small and stone fruits. Current population

monitoring and modeling efforts are not reliable enough to predict fruit infestation. Therefore,
insecticides are most commonly applied prophylactically on a calendar rotation. We conducted
laboratory and field trials to develop our understanding of D. suzukii thermal biology, natural
habitats, and responses to management strategies. These are key areas of inquiry to refine
population modeling and interpret monitoring data. We found that thermal stress during
development decreases fertility in adulthood, but this can be mitigated if maternal parents were
previously exposed to heat stress. We also found that evergreen foliage increased D. suzukii
abundance during the winter, and conditions below leaf litter were favorable for overwintering
flies. Finally, we evaluated management practice and population monitoring tools. These
findings further our understanding of this pest’s biology and will contribute to our ability to

manage this key insect pest.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Drosophila suzukii Matsumura (Diptera: Drosophilidae) is a highly prolific small fruit
pest of Southeast Asian origin. First described in Japan in 1931 by Matsumura, D. suzukii has
spread its range to a global scale, with distribution in Asia, Europe, Africa, South America, and
North America (Asplen et al. 2015). Its first collection in the United States was in the Hawaiian
island of Oahu in 1980, without any corresponding reports of damage. In the continental United
States, the first collection was in 2008 in California, although it was only identified to the genus
level at that time. A year later, the increasing amounts of strawberry damage by Drosophila
larvae led to further investigation and its subsequent identification as Drosophila suzukii (Hauser
2011). In the next year 2010, D. suzukii was detected in seven Eastern U.S. states - a solid
testament to its competence as an invader (Hauser 2011).

Just as troubling as its dispersal capabilities is its potential for economic damage; the
2012 estimated value for blueberry losses in the Eastern US was between $37-46 million. For the
state of Georgia alone, losses were estimated to be between $9-$14 million, a 10-15% loss
(Burrack et al. 2012). These losses are unacceptable for growers in the state of Georgia who
produce over 77 million pounds of blueberries a year and in 2014 became the country’s leading
producers of blueberries (Georgia Info 2014). Rising management costs from SWD populations
can be attributed to the cost of increased insecticide applications and the rejection of blueberry
shipments infested with larvae. Entire shipments of blueberries are rejected if a single larva is
detected post-harvest, resulting in an obscene amount of wasted food, resources, and labor
(Bruck et al. 2011, Van Timmeren and Isaacs 2014). Additionally, the increased need for

pesticide sprays can limit potential markets by exceeding maximum residue limits (Beers et al.



2011, Goodhue et al. 2011). Thus, it is critical to monitor the presence of D. suzukii and manage
its population densities.

D. suzukii can be identified through distinct morphological traits present in the sexually
dimorphic adults; females have a long and narrow ovipositor with many darkened, sclerotized
teeth. The ovipositor is 6-7 times as long as the spermatheca, distinguishing it from other
Drosophila which have a smaller ratio (Hauser 2011). Additionally, the last two abdominal
segments of the females are darkened, whereas the abdomens of similar-looking Drosophila
females have a more uniform coloration across segments. The males have a single black spot at
the apex of each wing, hence the common name spotted wing drosophila (SWD). They also have
a black sex comb on each first and second tarsal segment of the forelegs (Hauser 2011). The sex
combs can be used to distinguish male D. suzukii from males of other similar looking species
because each sex comb is arranged in a single row of spines, whereas similar species have at
least one segment’s combs composed of more than one row (Hauser 2011).

The generalist nature of this species and its high fecundity make it a particularly well-
adapted invader. Unlike most species of Drosophila, which lay their eggs in decomposing plant
matter and broken fruit (Basden 1955, Markow 2015), the female D. suzukii is able to oviposit
inside of intact ripe and overripe fruits. D. suzukii derives this ability from its serrated ovipositor,
which it uses to saw through the thin skin of the fruit. SWD are able to utilize a wide variety of
commercially produced berries and stone fruits including cherries, strawberries, blackberries,
raspberries, peaches, blueberries, and more (Walsh et al. 2011). A variety of non-crop
ornamental and wild hosts have also been confirmed for D. suzukii through field collections and
laboratory assays; these include many fruiting plants from the families Moraceae,

Phytolaccaceae, Rosacea, Solanaceae, Rutaceae, and more (Lee et al. 2015). The eggs of this



polyphagous pest hatch inside of the chosen fruit, inside of which the larvae feed and develop
through their three larval instars. Pupation can occur inside of the fruit, or outside of it. (Asplen
et al. 2015). Following emergence into adulthood, adults have a 1-3 day pre-oviposition period.
Individuals can lay over 25 eggs per day (Asplen et al. 2015), and lifetime fecundity can range
from less than 100 to more than 400 eggs (Hamby et al. 2016). The total development time from
egg to adult can range from 10 to 79 days (Asplen et al. 2015), and estimates for the number of
generations per season range from 7 to 13 (Tochen et al. 2014, Asplen et al. 2015). The
variability of these life history traits is strongly influenced by humidity, temperature, and
developmental substrate (Kinjo et al. 2014, Tochen et al. 2014, Hamby et al. 2016); it is
therefore important to consider local environmental contexts when estimating SWD population
parameters and devising management strategies.

Contemporary pest management strategies seek to implement all available pest
suppression tools and knowledge of pest biology to inform management actions. The integrated
pest management (IPM) paradigm has its roots in the concepts of pest management and
integrated control. The integrated control concept acknowledges the natural biotic and abiotic
processes, which are deterministic for pest population densities, whereas pest management is the
human endeavor to interfere with those densities. IPM is the synthesis of these two concepts,
wherein decision makers strive to keep pest populations below economic injury levels using
multiple methods in as compatible a manner as possible, while minimizing interference with the
control already afforded by natural processes (Stern et al. 1959, Kogan 1998). Central to the IPM
dogma are economic injury levels and economic thresholds; economic injury levels are the
lowest pest population densities capable of causing economic damage, and economic thresholds

are the population densities at which management action is required to prevent populations from



reaching the economic injury level (Stern et al. 1959). The formulation of effective decision rules
based on economic thresholds is critical to the success and sustainability of IPM programs.
Control of a pest or pest complex, while reducing the rate of chemical control
interventions, is commonly used as a measure of success for IPM programs (Kogan 1998).
There have been many examples of successful IPM programs since the formulation of the IPM
paradigm. In cropping systems affected by codling moth (Cydia pomonella), knowledge of the
host range, population dynamics, thermal tolerances, community interactions, and reproductive
biology enabled the implementation of a very successful area-wide IPM program that greatly
reduced damage by codling moth and reliance on organophosphates without significantly
increasing production costs (Knight 2008). In cereal crops including rice, maize, sorghum,
wheat, and millet, knowledge about life cycle, overwintering biology, host range, and
reproductive biology of pest insects has helped reduce yield losses and dependency on chemical
inputs across a wide range of pest complexes worldwide (E. Bragg et al. 2016). These programs
utilized spatially and temporally targeted pesticide applications in a strategic manner to
maximize efficacy while reducing the impact on natural enemies, combined with planting of
resistant crop varieties, and modification of the local and landscape level environments to the
detriment of pests and the benefit of their natural enemies. In all cases, a solid foundational
understanding of the pests’ biology and ecology, as well as the cropping systems and landscape
they resided within, was necessary to make the implementation of an IPM program possible.
Currently, SWD management relies heavily on use of broad-spectrum chemical
insecticides. Field and laboratory assays have demonstrated that pyrethroids, organophosphates,
and spinosyns are effective adulticides against D. suzukii, and most of the insecticides tested

from these classes have also been shown to provide 5-14 days of residual control as well (Beers



et al. 2011, Bruck et al. 2011, Van Timmeren and Isaacs 2014); however, residual control has
been shown to be reduced by rainfall events in various cropping systems (Van Timmeren and
Isaacs 2014, Gautam et al. 2016). Neonicotinoids were demonstrated to have only moderate to
low adulticidal activity (Beers et al. 2011, Bruck et al. 2011), but several neonicotinoids, an
organophosphate, and a spinosyn have been shown to kill SWD eggs and larvae when applied
topically post-infestation (Wise et al. 2015). Sprays, however, are typically done before fruit has
ripened to limit adult population size and prevent fruit infestation, rather than post-infestation to
cure the fruit. Unfortunately, traps placed for monitoring have not been shown to correlate with
infestation levels and are not reliable for making decisions regarding spray applications (Beers et
al. 2011, Kirkpatrick et al. 2018). As a result, most farmers spray for SWD on a calendar
schedule determined by the periods of susceptibility for their crops rather than population
monitoring efforts (Van Timmeren and Isaacs 2014, Elsensohn and Loeb 2018).

Ideally, IPM programs designed for D. suzukii should incorporate accurate population
density modeling so that insecticide application can be targeted temporally and spatially for
maximum efficacy. Additionally, integrating cultural control tactics informed by biological and
ecological information could reduce the frequency at which economic thresholds are reached,
and thereby further reduce the need for insecticide applications. Beyond decreasing costs for
growers, reducing insecticide input is critical for delaying the onset of insecticide resistance
(Brown 1953, Alyokhin et al. 2008, Scott et al. 2013), reducing negative environmental impacts
(Ansari et al. 2014), and maximizing the benefits provided by natural enemies (Devine and
Furlong 2007). Onset of insecticide resistance is an especially pressing concern in organic
production systems, wherein growers are restricted to just two effective insecticides: spinosyn

and pyrethrum (Van Timmeren and Isaacs 2014).



Improving population modeling and cultural control strategies require deeper knowledge
about the ways in which environmental factors determine SWD population densities (Wiman et
al. 2014, Kirkpatrick et al. 2018). Ambient temperatures, habitat resources, and host fruit
phenology are among these potentially deterministic parameters. Additionally, it is important to
consider how these same factors influence the activity, behavior, and relative spatial distributions
of individual organisms, and how these affect the number of flies captured in trapping studies.

Temperature has a strong influence on SWD life history and population dynamics
(Wiman et al. 2016). In Drosophila spp., it has been shown that exposure to acute and chronic
temperature extremes results in plastic phenotypic responses across multiple timescales, from as
short as minutes to as long as years (Qin et al. 2005, Colinet and Hoffmann 2012, Bergland et al.
2014, Gerken et al. 2015, MacMillan et al. 2016). Furthermore, thermal tolerances vary along
latitudinal clines in many Drosophila spp. (Kimura 2004). These responses lead to tradeoffs in
critical life history traits such as development time, life span, and fecundity. In D. suzukii, the
optimal range for development time is between 26° C and 28° C, and the optimal range for
survivorship to adulthood is between 20 ° C and 26° C (Kinjo et al. 2014, Tochen et al. 2014,
Hamby et al. 2016). Optimal temperature for maximizing adult lifespan varies depending on the
host resources available, and adults can live for over two months at 14 °C on cherry (Tochen et
al. 2014). D. suzukii is selective about the temperature of the oviposition substrate, with peak
oviposition occurring at 22 °C (Zerulla et al. 2017). Oviposition is severely impaired below 10°
C and above 30° C (Kinjo et al. 2014, Tochen et al. 2014).

Although the impacts of upper temperature extremes on the fertility and fecundity of
adult SWD have recently been investigated in greater detail (Evans 2016), the impact on fertility

and fecundity of adult flies that were exposed to upper temperature extremes during development



is not known. This is especially important information to consider in D. suzukii because
immatures are restricted to the interior of the fruit where they were deposited; the conditions they
are exposed to during development could be strongly influential on their life history traits as
adults and, consequentially, field population densities. The effects of thermal stress on fecundity
and fertility are understudied relative to lethal effects, and yet are likely to be more precise
predictors of local adaptation potential and population dynamics (Porcelli et al. 2017).

Given what is known about D. suzukii survival at the lower temperature extreme in
laboratory studies, this species should not be able to survive over the winter in temperate
climates (Kimura 2004, Dalton et al. 2011, Jakobs et al. 2015, Stephens et al. 2015). Yet, it can
be captured year-round (Rossi-Stacconi et al. 2016, Thistlewood et al. 2018); a previous Georgia
study has even reported peak population numbers in the winter months of December and January
(Grant 2016). These findings suggest that D. suzukii have behavioral and physiological
adaptations that allow them to persist in harsher climates. Indeed, female D. suzukii have a
reproductive diapause characterized by less activity and higher cold tolerance (Zhai et al. 2016).
Furthermore, D. suzukii exhibit a winter phenotype in higher latitudes with a darker coloration,
increased sclerotization, longer wings, and larger body size. The winter morphology has been
induced in laboratory by rearing larvae under simulated winter conditions and shown to confer
increased cold tolerance (Wallingford and Loeb 2016), but the extent to which this tolerance
increases survival in the field is unknown. How these adaptations combine with behavior in the
field is unknown for this species, and a deeper understanding of this could of great benefit IPM
programs and future research efforts.

In addition to ambient temperature, food and reproductive resources impact D. suzukii

population densities and distributions. It has been demonstrated that D. suzukii is able to disperse



from neighboring woodlands containing non-crop hosts into adjacent orchards, with statistically
higher numbers captured in farm areas adjacent to non-crop hosts areas relative to areas lacking
host plants (Klick et al. 2016). Furthermore, it has been shown that different hosts have different
source and sink potentials for D. suzukii, and that these potentials vary from host to host
throughout the seasons (Wang et al. 2016). Given the wide range of potential hosts and their
varying phonologies, the population dynamics of SWD is likely to fluctuate in a complicated
manner through time based on the availability of both cultivated and non-crop fruits (Lee et al.
2011). While it has been established that many individual species of plants have the potential to
influence SWD populations in the field, less work has been done to characterize the effect of the
habitats these plants exist in at the local level. Blueberry orchards are often bordered by
commercial soft-wood pine stands, unmanaged deciduous forest, and bodies of water such as
retaining ponds in addition to patches of wild Rubus spp. Despite how common these
neighboring habitat types are, it has yet to be investigated whether SWD abundance varies from
habitat to habitat. These different habitats are likely to have differing temperature and humidity
patterns, host and feeding resource composition, and fauna, all of which could potentially impact
the relative abundance of SWD among and within orchards.

Population monitoring and assessment is largely done through the use of hanging plastic
containers baited with a bait or lure to attract adult flies. Numerous authors have evaluated the
efficacy of various trap designs, homemade baits and commercial lures (Harris and Peifer 2005,
Burrack et al. 2012, Landolt et al. 2012, Basoalto et al. 2013, Lee et al. 2013, Iglesias et al. 2014,
Kleiber et al. 2014, Renkema et al. 2014, Cha et al. 2015, Frewin et al. 2017, Kirkpatrick et al.
2017). Studies demonstrate that the number, size, and location of entry holes on a trap affect D.

suzukii captures as well as species composition. Results for location of entry hole (top or on the



sides) vary across studies (Lee et al. 2013, Renkema et al. 2014). Increasing the cumulative entry
area increases the number of D. suzukii captures (Basoalto et al. 2013), but increasing the size of
individual holes past 156 mm? has a diminishing rate of turn while reducing selectivity
(Renkema et al. 2014). Red, yellow, and black have been shown to be attractive trap colors with
variable relative efficacies across studies (Lee et al. 2013, Iglesias et al. 2014, Renkema et al.
2014, Rice et al. 2016, Kirkpatrick et al. 2017), and a red and black striped pattern has also been
shown to be effective (Basoalto et al. 2013). Earlier monitoring efforts often used apple cider
vinegar as a bait, but various homemade bait solutions and commercial products capture D.
suzukii earlier in the season, and at a higher rate (Burrack et al. 2015). Baits can be made at home
using a combination of vinegar and merlot wine (Landolt et al. 2012), or with yeast and sugar in
water (Iglesias et al. 2014). The key olfactory chemicals for D. suzukii in vinegar and merlot
have been identified as acetic acid, ethanol, acetoin, and methionol (Cha et al. 2014), and used to
formulate commercial lure products specifically for SWD. These have been demonstrated to be
more selective for SWD than the homemade ingredients they are derived from (Cha et al. 2015)
and are able to attract greater numbers of SWD than the other homemade baits (Frewin et al.
2017, Cha et al. 2018). When lure formulations and trap designs produced by Scentry
Biologicals and Trécé Inc. were compared, the Scentry trapping system was found to be more
attractive than Trécé Inc.’s (Frewin et al. 2017, Cha et al. 2018).

While plenty has been done to evaluate the relative efficacies of various trapping tools
and methods, it is yet unknown how trapping numbers correspond to actual field population
densities (Kirkpatrick et al. 2018). Among the information needed to translate capture numbers
into absolute population density is the maximum distance that the pest can detect the trap from

(Adams et al. 2017). This distance plausibly varies throughout the season as the abundance of



various crop and non-crop fruits fluctuates (Lee et al. 2015, Klick et al. 2016), changing the
olfactory environment and ability of the fly to detect traps. Furthermore, these effects are likely
to vary among trap designs and attractants. However, no studies to date have specifically tested
the effect of fruit presence on trapping efficacy for any of the commonly used D. suzukii trapping
systems. Previous monitoring in Georgia blueberries using yeast-sugar-water traps has detected
higher D. suzukii numbers in neighboring woodlands than in blueberry orchard interiors, and has
also shown a greater peak in captures during the winter months than during the crop season
(Grant 2016). Whether either or both of these monitoring trends can be partially explained by the
effect of fruit phenology on trap efficacy remains to be seen.

Research questions to be addressed in this project include: (1) what is the impact of upper
temperature extremes on D. suzukii survivorship and development to adulthood, and subsequent
fertility and fecundity, (2) what are the relative distributions of D. suzukii in various habitats
surrounding organic blueberry orchards, and how does this vary throughout the year, (3) what are
the relative capacities of summer morph, winter morph, and pupal D. suzukii to survive the
winter beneath leaf litter, and (4) how does the presence of blueberries in the field affect the
efficiency of the commonly-used yeast-sugar-water solution baited trap?

The author hopes that the information generated here will further our understanding of
biology and ecology of D. suzukii, help in increasing the resolution of population models that
incorporate habitat, fruit phenology, and temperature parameters, and be useful for improving
management practices. Ultimately, more reliable population models and cultural control could
benefit D. suzukii IPM programs by making alternatives to calendar-based pesticide rotations

more feasible, which would reduce costs to growers and non-target biota alike.
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Abstract

Drosophila suzukii is a globally invasive fruit pest that costs millions in yield losses and
increased pest management costs. Management practices for D. suzukii currently rely heavily on
calendar-based applications of broad-spectrum insecticides, but decision-based applications are
theoretically possible with refined population modeling and monitoring. Temperature conditions
are strongly deterministic of insect growth rates, fecundity, fertility, and resulting population
densities. Therefore, information about the effects of temperature can be incorporated into
population modeling to accurately predict D. suzukii population densities in the field, which is
crucial to maximize pesticide application efficiency and improve sustainability. Here, the authors
investigated the effects of heat stress during development on egg viability and fertility. We also
investigated egg viability under heat stress after heat shock of the maternal parent. We found that
heat stress during development resulted in lower egg viability, and reduced lifespan and fertility
for surviving adults. However, heat-shock treatment of females prior to egg laying increased the
viability of their eggs under heat stress. Female flies that developed at 30° C had smaller ovaries
than the untreated group and male flies had less sperm in their testes, and no sperm in their
seminal vesicles. We conclude that heat stress during development is likely to have negative
effect on D. suzukii population abundance in the field. However, the intensity of such negative

impact will depend on the phenotypic state of their maternal parents.
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1. Introduction

Drosophila suzukii (Matsumura) is an invasive polyphagous fruit pest of global
importance. Native to Southeast Asia, the host range of this dipteran has spread worldwide where
it causes millions of dollars in economic losses to farmers of berries and small stone fruits (Del
Fava et al. 2017). The adult female D. suzukii uses a serrated ovipositor to saw through the skin
of intact ripe fruit and deposits its eggs in the interior. The eggs hatch into larvae that feed
internally on the pulp of the fruit, rendering it damaged and unmarketable. Furthermore,
oviposition wounds expose plants to secondary infection by bacteria, fungi, and other insects
(Walsh et al. 2011). Economic losses are due to the increased cost of pest management, rejection
of infested fruit shipments, and reduction of potential markets due to excessive insecticide
residues (Bruck et al. 2011, Goodhue et al. 2011, Van Timmeren and Isaacs 2014).

Ideally, pest management programs should integrate all available tools to suppress pest
populations at minimal cost and maximum efficiency. Among the foundational tools available to
managers are insect traps, which are used to monitor for the presence of pest populations and
estimate population density. These estimates can then be used to make informed decisions about
when and where to apply insecticides and other control methods. Unfortunately, D. suzukii trap
captures have not been shown to correlate strongly enough with fruit infestation to be a reliable
basis for management decisions (Kirkpatrick et al. 2017). Because of this, management of D.
suzukii is primarily done through the calendar-based application of broad-spectrum insecticides
including pyrethroids, organophosphates, and spinosyns (Beers et al. 2011, Bruck et al. 2011,
Van Timmeren and Isaacs 2014). Relying heavily on insecticide application to control insect
populations accelerates the onset of insecticide resistance (Brown 1953, Alyokhin et al. 2008,

Scott et al. 2013) and has adverse impacts on the environment and human health (Ansari et al.
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2014). Additionally, broad-spectrum insecticide applications deplete the natural enemy
populations that contribute to pest control (Devine and Furlong 2007). Therefore, an integrated
approach to pest management is necessary to minimize insecticide application whenever possible
to avoid these negative consequences.

One of the tools available for integrated pest management programs is population
modeling. Population modeling that incorporates well-parameterized biotic and abiotic factors
can be used to predict critical population density thresholds and time insecticide applications to
maximize their effectiveness (Wiman et al. 2016). Temperature is among the most important
abiotic factors that are known to be deterministic of D. suzukii developmental rates, viability, and
fecundity. This is because D. suzukii, like all ectotherms, are unable to internally regulate their
body temperature. Thus, their distribution is heavily influenced by climate, which varies
considerably both regionally and within locales by microclimate (Sunday et al. 2014, Isaak et al.
2017). Optimal temperature for egg viability is known to be between 20° C and 26° C (Kinjo et
al. 2014, Tochen et al. 2014, Hamby et al. 2016) and optimal temperatures for fecundity are
around 22° C (Ryan et al. 2016, Zerulla et al. 2017). Reproduction and survival in this species
are greatly reduced below 10° C and above 30° C (Kinjo et al. 2014, Tochen et al. 2014, Evans et
al. 2018).

While the effects of temperature have been examined for some of its life history
characters, the effects of heat stress during development on adult life history remain unexplored
in D. suzukii. Adult flies can behaviorally regulate their temperature through movement, but
their offspring are confined to the oviposition substrate. Immature D. suzukii are therefore likely
to be subjected to suboptimal temperature conditions in the field. Larvae that survive these

conditions into adulthood may have altered longevity and reproductive capacity. D. suzukii
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population modeling efforts would certainly need to incorporate these effects to be complete and
accurate. Such effects have been documented among its congeners. For example, temperature
fluctuations around the upper limit during development of D. birchii males resulted in reduced
reproductive success in adulthood (Saxon et al. 2017). Additionally, D. subobscura have reduced
sperm mobility and fertility following development in their upper temperature limits (Porcelli et
al. 2017). In D. ananassae, development at the upper and lower temperature extremes resulted in
adults with decreased thorax length, number of ovarioles, and testis length (Sisodia and Singh
2009) and D. melanogaster reared outside of their optimal temperature range have been found to
have reduced adult longevity (Zwaan et al. 1991). Because of these studies and others (Cohet and
David 1978, Crill et al. 1996, Huey et al. 1999), it is plausible to think that temperature during
development could affect the viability and reproductive success of adult D. suzukii. Therefore, it
is critical to explore the effects of temperature stress on the juveniles of this key pest in order to
effectively manage it now, and in future climactic conditions.

Beyond the direct effects of temperature stress on juvenile development, it is also worth
considering the effects of maternal temperature stress prior to egg laying. Such transgenerational
phenotypic responses are documented in other organisms. Drosophila melanogaster reared at
high temperatures produced offspring with increased fitness (Gilchrist and Huey 2001), and heat
shocked adult springtails can have offspring with increased thermal resistance (Zizzari Zaira and
Ellers 2014). Similar effects are also known in Artemia (Norouzitallab et al. 2014). It has been
suggested that such transgenerational responses to stress can be possible through a variety of
mechanisms including transfer of material to offspring, epigenetic inheritance, behavioral
modification, and more (Badyaev 2005). While modified oviposition behavior has been

demonstrated in D. suzukii in the presence of parasitoids (Poyet et al. 2017), the full potential for
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plastic transgenerational phenotypes in this species remains largely unexplored. Such effects
could further contribute to our ability to model D. suzukii population densities and distributions
and more accurately predict its ability to adapt to a changing climate.

The objectives of this study were to determine the effects of heat stress during
development on egg viability and on adult fertility and reproductive organs in D. suzukii. We
also investigated the potential for transgenerational phenotypic plasticity by exposing female D.
suzukii to a heat shock treatment and then developing their eggs under heat stress. By exploring
these questions, we will generate information that can be used to refine predictive population
modeling for this species and contribute to the understanding of thermal tolerance in Drosophila
spp. as a whole.

2. Materials and Methods
2.1 Insect rearing

Drosophila suzukii were obtained from a laboratory colony established from flies
captured in Clarke County, GA in 2013. Flies were reared in 117-ml square bottom
polypropylene bottles (model? ,Genesee Scientific, San Diego, CA) each containing 50 ml of
standard fly diet as described in Jaramillo (Jaramillo, Mehlferber et al. 2015). A pinch of active
dried baker’s yeast (part number, manufacturer, City, State) was sprinkled into each bottle.
Bottles were capped with bonded dense-weave cellulose acetate plugs and placed on plastic trays
in incubators (Model 136VVLCB, Percival Scientific, Perry, |A) maintained at 24°C, 65% relative
humidity, and a photoperiod of 14:10 (L:D) h. Adults between the ages of seven and fourteen

days old were used for the experiment.
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2.2 Egg viability experiment

In this experiment, we recorded the number of eggs that successfully developed into
adulthood at the following three temperature treatments: 1) benign (24°C), 2) heat stress (30°C),
or 3) maternal heat shock (30°C for four hours) + heat stress (30°C). Each temperature regulated
incubator was kept at 65% relative humidity and a photoperiod of 14:10 (L:D). Eggs were
collected by transferring adult flies between 10 and 21 days post emergence from stock cultures
into ventilated 117-ml square bottom polypropylene bottles. The ventilated bottles were capped
with a petri dish containing grape agar and a small amount of baker’s yeast mixed in water. The
bottles were inverted, then placed in an incubator overnight in benign conditions.

To assess the impact of heat shocking females on their eggs’ hatching success, one group
of mated females were separated from males and heat shocked at 30°C for four hours before
being transferred into egg collection bottles with stock males. These bottles were then inverted
and placed in the incubator set at benign conditions 24°C, 65% relative humidity, and a
photoperiod of 14:10 (L:D) h. Following 12 hours of egg laying, adult flies were removed from
all bottles and eggs were counted under a dissecting microscope. Groups of thirty eggs each were
placed on a thin slice of grape agar and transferred to a polyethylene bottle containing standard
fly media as described in section 2.1.

The bottles containing eggs produced by untreated females were placed in the incubators
maintained at temperature treatments including benign (24°C) (n = 13) or heat stress (30°C) (n =
23) conditions and the bottles containing eggs produced by the heat shocked females were placed
in incubator set at heat stress (30°C) (n = 10) conditions. The egg bottles were observed daily in
each incubator, and every time an adult fly emerged it was transferred to a new bottle containing

standard fly diet and placed in the benign incubator with other same-sex individuals that had
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emerged on the same day. The total number of male and female adults produced by each bottle
was recorded. Adult flies were kept in this manner for six days and then used either for mating
pairs to assess fertility in the second experiment (see fertility experiment below), or for
dissections to assess reproductive organs. The egg bottles were observed until one week after the
last adult had emerged before the bottles were discarded.
2.3 Fertility experiment

To assess the effects of development under heat stress on male and female reproduction,
we used adult flies that survived the egg viability experiment to arrange mating pairs in a
factorial design. Six days after adult emergence, one virgin male and one virgin female were
paired in a new fly diet bottle. Males and females were paired treatment combinations for a total
of four treatment groups including: benign male x benign female (BMBF) (n = 20), benign male
x heat-stressed female (BMHF) (n = 10), heat-stressed male x benign female (HMBF) (n = 10),
and heat-stressed male x heat-stressed female (HMHF) (n = 20). Pairs were left for five days in
the benign incubator before being transferred to a new bottle. Pairs were left for another five
days before being transferred to third bottle for a final five-day period, after which they were
discarded. If the male died before a transfer this was recorded, and the female was transferred to
a new bottle alone. If the female died this was recorded, and the male was discarded. The total
number of male and female adults produced by each bottle was recorded, and bottles were
observed for a week after the last adult had emerged before they were discarded.
2.4 Assessment of reproductive organs

A subset of the adult flies that survived the egg viability experiment was dissected to
evaluate the status of their reproductive organs. Six days after eclosion, virgin adult females from

the benign (n = 15) and heat stress (n = 20) treatment groups were chill anesthetized and their
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ovaries were dissected out in phosphate buffered saline (part number, ThermoFisher Scientific,
City, State). Ovaries were held in their dissection well and photographed at 4x magnification
with a Leica DFC295 stereomicroscope using Leica Application Suite morphometric software
(LAS V4.1; Leica, Wetzlar, Germany). Ovary size was compared among samples by outlining
the ovary and calculating a total area (mm?) for each ovary using LAS V4.1 software. Likewise,
virgin adult males from the benign (n = 10) and heat stress (n = 15) treatment groups were chill
anesthetized and their reproductive system (testes, accessory glands, seminal vesicle, and
ejaculatory duct) were dissected out in PBS. Whole reproductive systems were fixed in 4%
formaldehyde in 1x PBS for 25 minutes. Fixed testes were stained with Hoechst 33342 (Sigma
Aldrich) at 0.5 pug/ml. After fixing and rinsing, the ejaculatory duct and accessory glands were
cut away in a dissection well in PBS, and each pair of testes was slide mounted with the seminal
vesicle still attached.

Images of the testis tubules and seminal vesicles were captured using an EVOS fl Cell
Imaging system (ThermoFisher Scientific) and DAPI filter set at 10x magnification for the
tubule and 20x magnification for the seminal vesicle. The number of sperm nuclei clusters was
counted in the tubule, and each replicate was assigned a rank based on the count (0 = None, 1 -5
= Low, 6 — 15 = Medium, >15 = High). The presence or absence of tailed sperm was recorded in
the seminal vesicle.

2.5 Data analysis

All data were analyzed in R version 3.4.1 (R Foundation for Statistical Computing;
Vienna, Austria). Descriptive statistics were used to describe the outcomes for egg to adult
viability and fertility for the different treatment groups. Responses were modeled from binomial

or negative binomial distributions using generalized linear models (GLM), student’s t-tests, and
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chi-squared tests of homogeneity to test for significant effects of experimental treatments.
Analysis of deviance for GLM fit was used to identify significant explanatory variables, and
insignificant variables were excluded from the models (McCullagh and Nelder 1989). Follow up
Tukey’s pairwise comparisons were made within significant explanatory variables to test for
significant separations between or among means.

The egg to adulthood viability responses were modeled from a binomial distribution with
a GLM and analysis of deviance was used to identify relevant explanatory factors. Tukey’s
pairwise comparisons were made to compare experimental temperature treatments. The fertility
of the adult mating pairs was assessed with a GLM using a binomial distribution with the
response variable of reproduction in 0, 1, 2, or 3 out of 3 vials as in Porcelli et al. (2016). The
total number of progeny that survived into adulthood for each pair was modeled with a negative
binomial GLM. The survivorship of adults in the pairs was modeled with a binomial GLM
(Dowdy et al. 2005). The areas of the dissected ovaries were compared using student’s t-test. The
ranks given to the testis tubules based on number of sperm clusters were compared between
temperature treatments using a chi-squared test of homogeneity. The presence or absence of
tailed sperm in the males’ seminal vesicles was compared using a chi squared test of
homogeneity.

3. Results

3.1 Egg viability experiment

Heat stress during development had a significant effect on egg viability. Eggs developing
in benign temperatures were the most likely to survive to adulthood. Analysis of deviance for
GLM fits showed that temperature treatment explained a significant amount of the variance (y* =

67.3, df =2, P < 0.001) in the development from egg to adult among experimental units. In
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pairwise comparisons, eggs developing under heat stress were significantly less likely to emerge
compared to adults developing in benign conditions (z = -7.94, P < 0.001). Heat shock treatment
of females prior to egg laying increased egg viability to more than the heat stress group (z = 3.18,
P =0.004) but still less than the benign group (z = -4.23, P < 0.001; Fig. 1).

3.2 Fertility experiment

The fertility of adult D. suzukii was significantly affected by heat stress during
development. Flies that developed at 30°C had a drop from ~75% to ~50% egg viability.
Reproductive success was lower in pairs that included heat-stressed males, i.e., HMBF and
HMHF than the pairs that included only heat-stressed females (BMHF); 95% of BMBF pairs
reproduced in at least one bottle, compared to 70% of BMHF, 20% HMBF, and 15% HMHF.
Except for the benign male with benign female treatment (BMBF), all treatment combinations
had a mean of less than two offspring (Fig. 2). Analysis of deviance for GLM fits showed that
heat stress treatment explained a significant amount of the variance in whether a pair could
reproduce (y° = 134, df = 3, P <0.001). In pairwise comparisons between numbers of adult
progeny produced by the treatment combinations, all treatments differed significantly except for
HMHF and HMBF (z = -1.09, P = 0.674).

Heat stress during development also reduced the survivorship of flies that successfully
emerged as adults (z = 3.31, P < 0.001). During the fertility trial, 100% of males that developed
under heat stress had died by the end of day sixteen post-eclosion, as well as more than half of
the females that developed under heat stress. No more than fifteen percent of the flies that

developed under benign temperature died through the course of the trial (Fig. 3).
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3.3 Assessment of reproductive organs

Female D. suzukii that developed under heat stress had a reduced ovary size compared to
those that developed in benign conditions (Fig. 4). A two-tailed student’s t-test comparing the
summed area of the two outlined ovaries in each treatment showed a significant difference (t =
7.944, P < 0.001) between the means of the benign (mean = 1.31 mm? + 0.141 95% CI) and high
temperature regiments (mean = 0.64 mm? + 0.084 95% CI).

Male D. suzukii that developed under heat stress had reductions in both the amount of
sperm in the testis (Fig. 5) and the presence of sperm in the seminal vesicles (Fig. 6). A chi-
squared test of homogeneity comparing the ranked number of sperm head clusters in the tubules
against temperature treatment showed a significant difference between the treatment groups (y° =
16.25, df =3, P = 0.001). A chi-squared test of homogeneity comparing the presence/absence of
sperm in the seminal vesicle against temperature treatment also returned significance (%= 17.37,
df =1, P<0.001).

4. Discussion

Our findings demonstrate the importance of considering juvenile responses to
temperature conditions when predicting insect population densities and species ranges. We
observed a severe reduction in egg viability at 30°C, which expands on the results of previous
studies that have found that the rate of development, survivorship, life span, and rate of
reproduction in this species are all severely reduced or abolished above 30°C (Hamby et al.
2013, Kinjo et al. 2014, Tochen et al. 2014, Evans 2016, Evans et al. 2018). In insects, survival
curves over time spent in high temperature stress typically have a point where they drop off
rapidly, with the length of the shoulder of the curve inversely related to the temperature level

(Hallman et al. 1998). The reduction in viability we see here is consistent with a damaging, but
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not lethal temperature stress; while some eggs were able to hatch and survive into adulthood, it
was at a lower rate and with severe consequences for the survivors. Insects have various
physiological mechanisms by which they can survive thermal damage. For example, heat stress
is known to induce the production of heat shock proteins in animals through changes in the
topology of DNA, RNA, and proteins and lipids, as well as through accumulation of denatured
and damaged proteins. Heat shock proteins can mitigate thermal damage in both high and low
temperature stress conditions by repairing damaged proteins and preventing denaturation
(Richter et al. 2010). However, producing these proteins has an energetic cost and can result in
trade-offs for juvenile and adult Drosophila spp. (Krebs and Loeschcke 1994, Krebs and Feder
1998).

This study, for the first time, demonstrated that exposure of D. suzukii females to heat
shock prior to egg laying enhances the ability of their eggs to tolerate heat stress. Other
Drosophila spp. are known to exhibit phenotypic plasticity in response to temperature extremes
across a variety of timescales and using a wide array of physiological mechanisms (Qin et al.
2005, Colinet and Hoffmann 2012, Bergland et al. 2014, Gerken et al. 2015, MacMillan et al.
2016). Among these timescales are transgenerational responses with varying effects depending
on the temperature conditions of parent and offspring. For example, the transgenerational effect
of heat shocking females D. melanogaster was shown to reduce egg hatching success in benign
conditions, signaling a trade-off between adult somatic maintenance and egg quality (Silbermann
and Tatar 2000). Similarly, the offspring of Tribolium castaneum males exposed to heat shock
were shown to have impaired reproductive performance (Sales et al. 2018). However, the effects
of heat shock followed by juvenile heat stress was not investigated in either of these studies. It

may be possible that while heat shocking adults reduces their egg viability and offspring fertility
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in benign conditions, it enhances those traits under heat stress. Lockwood et al. (2017) induced
overexpression of the Hsp23 gene in D. melanogaster ovaries and found increased thermal
tolerances in their offspring. The increased egg viability at 30°C observed in this study suggests
that the proximal cause of this effect in D. suzukii may be similar to that observed in D.
melanogaster. Taking this effect into consideration, predictions about the viability of D. suzukii
eggs based on ambient temperature may be inaccurate if they do not account for the phenotypic
state of their maternal parents.

Larvae that were able to complete development under heat stress suffered a severe
reduction in lifespan, fertility, and number of successful offspring compared to the benign group.
These observations lend further support to the idea that the process of mitigating thermal damage
has an energetic cost, which results in trade-offs for organisms (Krebs and Loeschcke 1994,
Krebs and Feder 1998). Here, we are the first to observe these trade-offs following larval D.
suzukii into adulthood. Interestingly, we observed that these effects were even more pronounced
in males than females. Previous work on Drosophila spp. and Tribolium castaneum similarly
found that males are more sensitive to stressful temperature conditions (Pétavy et al. 2001, David
et al. 2005, Ryan et al. 2016, Porcelli et al. 2017, Sales et al. 2018), and here we are able to
confirm this sensitivity holds true for male D. suzukii after development under heat stress.
Comparing the developmental temperature combinations from the fertility experiment shows us
that the thermal sensitivity of males during development can be a limiting factor for the ability of
this species to reproduce and adapt to local climates. Other studies have pointed to the effects of
heat stress during development of male Drosophila spp. as an important target for natural
selection (Jargensen et al. 2006, Porcelli et al. 2017, Saxon et al. 2017). Considering the sex-

specific effects of heat stress during development of this species is important not just for

34



modeling contemporary distributions, but also for predicting its adaptive potential in a rapidly
changing climate. With consideration to the fact that juvenile D. suzukii are confined to the
environment of their mother’s choosing, these findings imply that population growth is limited
by the availability of ovipositional substrate in suitable thermal environments.

When dissected, there were obvious differences in the reproductive structures for both
sexes of D. suzukii. In females, a dramatic reduction in the average size of ovaries could be due
to damage to the reproductive system and/or energetic trade-offs between reproductive output
and homeostasis. Similarly, the number of visible sperm clusters in the testis tubules was much
less than in the benign group for males, and the seminal vesicles lacked visible sperm. This
inability to load sperm into the seminal vesicle provides a mechanistic explanation for the
infertility of mating pairs which included a heat-stressed male. Porcelli et al. (2017) observed a
similar effect in D. subobscura males after development at high temperatures, where there was a
significant reduction in motile sperm found in the seminal vesicles. Overall, we found strong
evidence for an organ-level effect of temperature on the ability of D. suzukii to reproduce.
However, it is also possible that behavioral factors contributed to the differences in fertility and
number of successful offspring observed among treatment groups. For example, acclimation to
cold temperatures in D. melanogaster resulted in decreased courtship efficiency and mating
success (Everman et al. 2018), and exposing three different Drosophila spp. to high temperature
stress reduced courtship and mating success for all three species (Patton and Krebs 2001).
Behavioral assays following development at upper temperature thresholds in D. suzukii may
reveal a similar effect.

In conclusion, our results clearly demonstrate the negative effects of heat stress during larval

development on egg viability and fertility of the surviving D. suzukii adults and the first to show
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organ-level evidence of these effects. Our studies also for the first time provide evidence for
adult D. suzukii plastically imparting a phenotypic thermotolerance response onto its offspring.
This information about the effects of high temperature stress during development can serve as a
starting point for the refinement of predictive modeling of this key pest’s populations by pointing
to relevant explanatory variables that have not been included in previous models. As evidenced
here and in other studies, limits on reproductive ability are arguably more relevant factors to
consider than limits on survival when estimating population dynamics and predicting the
adaptive potential of species in a changing climate (David et al. 2005, Jargensen et al. 2006,
Porcelli et al. 2017). Future studies should aim to investigate the effects of heat stress during
development with even greater resolution and elucidate the mechanisms by which developmental
plasticity is imparted to offspring by females exposed to high temperature stress.
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Fig. 2.1. Percent of D. suzukii eggs that survived into adulthood for each treatment group + 95%

confidence intervals. Benign and heat groups developed in 24°C and 30°C, respectively. The
heat shock group was produced by adult female D. suzukii exposed to a brief heat shock prior to
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Fig. 2.4. Representative ovaries of the adult females from the benign group (left) and the heat

stress treatment group (right)
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Fig. 2.5. Representative Hoechst-stained testis tubules of adult males from the benign group

(left) and the heat stress treatment group (right).
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Fig. 2.6. Representative Hoechst-stained seminal vesicles of adult males from the benign (left)

and heat stress treatment group (right).
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CHAPTER THREE
INVESTIGATION OF YEAR-ROUND HABITAT RESOURCES AVAILABLE TO
DROSOPHILA SUZUKII MATSUMURA (DIPTERA: DROSOPHILIDAE) IN GEORGIA

BLUEBERRY ORCHARDS

C. Kirk Green and Ashfag A. Sial. To be submitted to Environmental Entomology.
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Abstract

Drosophila suzukii is a globally invasive fruit pest of economic importance. Invasion
patterns for phytophagous insect species are influenced by the availability of suitable habitat
including host plants and shelter from harmful ambient temperatures. While previous D. suzukii
phenology work has been done in the state of Georgia, the yearly population trends among
commonly found habitats surrounding blueberry orchards has not been examined. Additionally,
the overwintering biology of D. suzukii remains poorly understood globally and in Georgia. In
this study, we conducted year-round trapping in organic blueberry orchards and surrounding
pine, deciduous forest, non-crop host, and riparian habitats. We also compared the relative
overwintering survival abilities of D. suzukii summer morphs, winter morphs, and pupae using
field bioassay chambers insulated by leaf litter. We found that in all habitats, the largest peak in
D. suzukii captures was from June 28 — July 24. A second, smaller peak occurs for the deciduous
and pine forests from October 13 — December 22. We also find that the male:female capture ratio
changes throughout the year, with females dominating from mid- September to mid- March. In
the overwintering bioassay, we found that ambient conditions were much more hospitable below
the leaf litter than above; some pupae and female D. suzukii survived the full duration of the
experiment. Winter morph survival did not differ significantly from that of summer morphs. Our
findings corroborate studies from other regions, which suggest that D. suzukii take shelter in the
woodlands during the winter, with evergreens providing the most protection. Our findings also
support the idea that pupal and adult female D. suzukii may utilize leaf litter as an additional

shelter resource to survive the winter.

51



1. Introduction

Global networks of trade and travel facilitate the invasion of non-native species and result
in damage to both the environment and the economy (Meyerson and Mooney 2007). The
ubiquity of commercial land use for agriculture further compounds the issue by creating large
areas of monoculture; this simultaneously provides resources for herbivorous species of invasive
arthropod and reduces native biodiversity, making ecosystems less resilient against invasion
(With 2002). Indeed, simulation shows that availability of suitable habitat is the most important
factor for determining both the stability and rate of spread for invasive insect populations (Lustig
et al. 2017), and this is supported by empirical studies (Peterson 1997, Kamala Jayanthi and
Verghese 2011). Thus, it is critical to understand habitat components that provide resources for
invasive species when responding to the threats they pose at the local and regional level.

Habitat resources for insects include feeding, reproductive, and shelter resources.
Identifying these resources at one point in time and in one location is not enough to form a full
understanding of an insect’s habitat; resource availability varies throughout time and seasons,
shaping pest population densities both spatially and in absolute magnitude (Peterson 1997,
Kamala Jayanthi and Verghese 2011, Uyi et al. 2018). Furthermore, insect populations have
enormous adaptive potential, underlining the necessity of study at both the regional and local
scales throughout time and space (Merrill and Robert 1998, Boll et al. 2006, Colinet and
Hoffmann 2012, Bergland et al. 2014). Central to this concept is the need for insects to find food
and shelter during time periods when their main crop host is unavailable and thermal conditions
are inhospitable. Insects must contend with harsh conditions during winter and conditions vary
with latitude, altitude, and proximity to bodies of water at the regional level. At the local level,

vegetation, ground cover, and snow cover create even more variety in environmental conditions
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(Leather et al. 1993). Insects that successfully survive the winter in off-season habitats are able
to re-infest crops locally and then spread to higher latitudes where they are unable to overwinter.
Overwintering habitats are therefore a central contributor to the persistence of invasive insect
species in their introduced range.

Drosophila suzukii, also known as the spotted wing fruit fly (SWD), is one such invasive
insect species. D. suzukii is native to Southeast Asia and has quickly become a costly economic
burden of global importance (Del Fava et al. 2017). Females of this species are able to saw
through the skin of berries and small stone fruits to deposit their eggs that hatch and feed on the
fruit internally, rendering it unmarketable (Walsh et al. 2011). Its wide range of suitable host
fruit combined with high dispersal abilities make this a particularly difficult pest to manage (Lee
et al. 2011, Lee et al. 2015, Klick et al. 2016, Tait et al. 2018).

Drosophila suzukii phenology has been studied in various regions and cropping systems
throughout the United States. These systems include blueberry (Grant 2016, Van Timmeren et al.
2017, Jaffe et al. 2018), cherry (Haviland et al. 2016, Wang et al. 2016), raspberry (Hamby et al.
2014, Klick et al. 2016, Jaffe et al. 2018), citrus (Wang et al. 2016), and more, including mixed-
crop production systems (Harris et al. 2014, Grant 2016). Multiple studies have found that D.
suzukii can migrate into and out of the field based on host fruit availability, and that fruiting non-
crop plants and ornamentals act as a reservoir from which D. suzukii is able to re-infest crop
fruits (Lee et al. 2011, Addesso et al. 2015, Lee et al. 2015, Klick et al. 2016). While most of
these studies have taken place on the U.S. West coast and in the Northern states, the phenology
of D. suzukii is relatively understudied in the southeast and even less in the state of Georgia,
specifically. Previous work by Grant et al (2016) in Georgia used yeast-sugar-water solution

traps to assess D. suzukii activity in blueberry fields and their surrounding margins, the gender
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ratios throughout time, and how ambient temperature affect their activity throughout the year.
However, no work to date has examined the phenology of D. suzukii in relation to specific
habitat types surrounding Georgia organic blueberry orchards. Furthermore, the previous year-
round phenology work in Georgia has not used Scentry (Scentry Biologicals Inc., Billings, MO)
trapping systems, which have since been demonstrated to catch more D. suzukii and with greater
selectivity than other trapping systems (Cha et al. 2015, Frewin et al. 2017, Cha et al. 2018).
Another aspect of D. suzukii phenology that is poorly understood is their overwintering
biology. Laboratory studies on D. suzukii survival at the lower temperature extreme suggest that
the winter conditions in temperate climates would be too harsh for survival (Kimura 2004,
Dalton et al. 2011, Jakobs et al. 2015, Stephens et al. 2015). Despite this, D. suzukii have been
captured throughout the entire winter in several studies including in Georgia (Grant 2016, Rossi-
Stacconi et al. 2016, Thistlewood et al. 2018). It has been suggested that D. suzukii could utilize
man-made environments for shelter or potentially survive in leaf litter as sexually diapausing
adults or pupae (Jakobs et al. 2015, Stephens et al. 2015, Rossi-Stacconi et al. 2016, Stockton et
al. 2018). Furthermore, previous studies have reported a winter phenotype in D. suzukii in colder
climates; this phenotype is characterized by a larger body size with darker coloration and longer
wings (Stephens et al. 2015, Shearer et al. 2016, Wallingford and Loeb 2016). This phenotype
has been induced in a laboratory setting by simulating winter conditions during immature
development (Dalton et al. 2011, Shearer et al. 2016, Wallingford et al. 2016), and the resulting
adults have been shown to have increased cold tolerance in the laboratory (Shearer et al. 2016,
Wallingford et al. 2016). To date, it is still unclear what habitat resources D. suzukii utilize to

survive over winter, or whether their winter morphology benefits them in a field setting.
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In this study, we aim to build on previous D. suzukii year-round monitoring efforts in
Georgia. We will increase the resolution of this work by using updated trapping techniques and
by trapping in a wider variety of habitats than what was done previously. We also will explore an
avenue not done before in Georgia: the overwintering biology of D. suzukii. For this, we will
conduct in-field assays to evaluate the relative abilities of summer morphs, winter morphs, and
pupae to survive the winter using leaf litter as shelter. Our objectives are to (1) provide
population abundance data for various habitats surrounding organic blueberry orchards
throughout time and (2) determine whether D. suzukii can survive overwinter in the leaf litter,
and if so, what life stages and morphologies can do so. Through this work, we hope to contribute
to a deeper understanding of the invasion biology of this species by identifying the habitat
resources that facilitate its establishment and persistence throughout time.

2. Materials and Methods
2.1 Insect rearing
2.1.1. Summer morphology

The colony was reared from wild-caught D. suzukii from Clarke County, Ga on a
standard fly diet substrate (Jaramillo, Mehlferber et al. 2015) portioned into 177-ml plastic
square bottom bottles (Genesee Scientific, San Diego, CA). Bottles were kept in Percival (Model
I36VLCB, Percival Scientific, Perry, 1A) incubator at ~25°C, 50% relative humidity, and a 16:8
h (L:D) photoperiod. Incubator temperature was dropped to 10°C one week prior to the
overwintering assay.

2.1.2. Winter morphology
This colony was reared from D. suzukii caught in Bacon County, GA in 2016. To create

the winter morphs, 30 (15 male and 15 female) adults of reproductive age were transferred from
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the main colony into 177-ml plastic square bottom bottles with standard fly diet substrate and
allowed to lay eggs for 24 hours in summer conditions (~25°C, 50% relative humidity, and a
16:8 h (L:D) photoperiod). After 24 hours, the Fo adults were removed and the bottles with eggs
were transferred to an incubator with 15°C and 12:12 (L:D) and allowed to develop into
adulthood. One week before the beginning of the overwintering assay, the temperature of the
incubator was lowered to 10°C.
2.1.3. Pupae

Eggs were produced in summer conditions and transferred to the winter incubator as
described in section 2.1.2. One week before the beginning of the overwintering assay, pupae
were carefully extracted from the bottles using forceps. Groups of 50 pupae were place on a
Kimwipe (Kimberly-Clark Corporation, Neenah, WI) delicate task wipe and placed inside of a
mesh bag. Mesh bags were stored in the winter incubator and temperature was lowered to 10°C
until the beginning of the assay.
2.2 Experimental design
2.2.1 Habitat evaluation

Four experimental blocks were distributed evenly between two organic blueberry farms
in Appling county (31.7122° N, 82.2583° W) and Bacon county (31.5412° N, 82.4319° W) in
Southeast Georgia. Each block contained five distinct habitat types including organic blueberry,
pine forest, deciduous forest, riparian, and non-crop host (Rubus spp.). Organic blueberry
replicates were located central to each block. Each habitat was at least 40 square meters large,
within 1000 m of the organic blueberry habitat, and at least 50 m away from other habitats.

Blocks were all separated by at least 500m.
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One Scentry (Scentry Biologicals Inc., Billings, MO) fly trap containing a hanging
Scentry commercial lure packet above a water drowning solution was placed at the center of
each habitat and collected once every two weeks. Scentless soap was added to the water to break
surface tension and prevent flies from standing on the surface. Traps were hung in shaded areas
to encourage fly visitations. Scentry lure packets were replaced once every four weeks. When
collected, traps were rinsed out and the contents were stored for counting in the laboratory.
Males and females were counted for each trap; if the number of flies was far in excess of 100, the
sample was placed on a gridded petri dish and 25% of the sample was extracted for counting.
The totals for the subsample were then multiplied by 4 to estimate the totals for the entire
sample, and a note was made when this method was used.

2.2.2 Overwintering evaluation

Forty-eight holes were dug in a six by eight grid with each hole about 1 meter apart in the
woods adjacent to a blueberry orchard in Alma, GA. Assay chambers were buried in these holes.
The assay chambers consisted of a 320z deli cup with ~2cm? holes drilled in the bottom for
water drainage, a soil core filling most of the cup, a layer of leaf litter with an apple core on top,
100 (50M, 50F) chill-anesthetized D. suzukii adults or 50 D. suzukii pupae in a mesh bag (pupae
chambers did not have an apple), and another layer of leaf litter on top. In the first year (2016-
2017), half the chambers had summer morph adults and half had winter morph adults. In the
second year (2017-2018), half the chambers had summer morph adults and half had pupae. These
contents were all secured with a mesh cloth tied on with a rubber band, at which point the entire
chamber was buried in one of the holes, and a layer of pine straw was laid over the top. A

chicken-wire cage was hammered into the ground with tent stakes around each chamber to
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prevent wildlife intrusion. The position of each chamber in the grid was assigned using a random
number generator in order to randomize the location of winter and summer morphs.

Each collection date, four summer morph and either four winter morph chambers (first
year) or four pupae chambers (second year) were randomly selected to be brought back to the
lab. For adult chambers, each was placed inside of screen cages at room temperature with a water
wick, and the apple (or agar) was removed from the chamber. They were allowed to sit for one
week, after which the number of flies which had exited the chamber was recorded in order to
approximate survivorship. Pupae chambers were allowed to sit on a lab bench for one week, after
which the mesh bags were extracted and the number of eclosed adults was counted. The first
collection date was on the same day as deployment, and another followed every two weeks
thereafter.

Two HOBO Pro v2 temp/RH monitors (Part No. U23-001) were placed at the site to
monitor humidity and temperature. Data was collected every 15 minutes for the duration of the
experiment. One was buried in a potted chamber exactly like the experimental treatments, and
one was laid above ground and held in place with chicken wire.

2.3 Statistical analysis

Data was analyzed in R v 3.5.1. All count data were fit using a generalized linear model
(GLM) using a Poisson error distribution and a log link function. Models were tested for
overdispersion and were refit to a negative binomial GLM to correct for overdispersion, if it was
detected. Analysis of deviance was used to screen for relevant explanatory variables and
interactions. Variables were removed from the models if they were not significant. Tukey’s
pairwise comparisons were made within significant explanatory variables to test for significant

separation of means.
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3.1 Habitat evaluation

All figures and analysis were done in R version 3.4.1 (R Foundation for Statistical
Computing; Vienna, Austria). Summary statistics were computed to assess the population trends
throughout the season, by habitat, and by sex of the captured flies. Data was assessed visually by
plotting the aggregate mean captures across all the trapping periods, and the means by habitat
across trapping periods. Mean trap captures for the entire span of the study were also plotted for
each habitat along with their 95% confidence intervals. The proportion of males and females for
each trapping period was plotted as a stacked bar chart to assess seasonal variation in sex ratios,
and mean total captures were plotted as a grouped bar chart grouped by sex to evaluate seasonal
variation in total captures for each sex. The dataset was modeled using a generalized linear
model with a negative binomial distribution. The “lsmeans” package was used to compare
habitat categories in presence of the interaction effect between habitat and sampling period.
3.2 Overwinter evaluation

All figures and analysis were done in R version 3.5.1 (R Foundation for Statistical
Computing; Vienna, Austria). The number of surviving adults was averaged in each
morphological group (summer, winter, pupae) for each length of time spent in the field and
plotted as a line chart. The mean was calculated for each day that the HOBO loggers recorded
temperature both above and below ground, and the means were plotted as a line chart for
comparisons. Summary statistics were computed for the HOBO loggers above and below ground
and they were compared. The number of surviving adults was modeled with a generalized linear
model using a negative binomial distribution and the effects of morphology and length of time in
the field as explanatory variables and blocked by the year of each trial. Analysis of deviance for

linear models was then used to identify insignificant explanatory variables for exclusion.
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Tukey’s pairwise comparisons were used to determine significantly different treatments levels
within significant explanatory variables.
3. Results

3.1 Habitat evaluation

Averaged across all habitats, peak D. suzukii captures were in the trapping period from
June 28 through July 12, 2017 with an average of 681 per trap (x 241 95% CI). Trap captures
began increasing sharply after June 14 leading up the July 12 peak. Captures fell quickly over the
next month, and after July 24 averages dropped to below 100 per trap. All habitats followed this
trend for this part of the year, although with varying magnitudes (Figure 3.1). For example, the
traps collected from pine had a mean of 844 (£657 95% CI) D. suzukii per trap at the July 12
collection date, whereas the riparian traps had a mean of 474.5 (£403.5 95% CIl). Later in the
year, a second, smaller peak in average captures emerged. This peak was most pronounced in the
pine and deciduous habitats, and to a lesser degree in the riparian and Rubus spp. habitats. After
October 13, mean pine captures quickly shot up until December 10 where they peaked at 291.5
(x216.6 95% CI). After December 10 they began decreasing steadily until they were below 100
after February 2. Deciduous had trend of similar magnitude; their numbers shot up after
November 25 and peaked at 247.3 (+ 198.8 95% CI) on December 22. Average captures for
deciduous dropped sharply at January 5 and bounced back up at January 19, dropped again at
February 2 and stayed low until one final, smallest spike at March 17. From December 10 to
December 22, riparian and Rubus spp. also had a small second peak, with numbers far
outstripping blueberry at over 80 average captures per replicate (Figure 3.1). In Tukey’s pairwise
comparisons of the overall sample distribution, the only habitats that differed significantly were

pine and riparian (z = -3.07, P < 0.019) (Figure 3.2).
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Throughout the year, the ratio of total males captured relative to females varied
considerably. From the beginning of the study until early August, the majority of the flies
captured were male, with 78% being male in the first two weeks. From early August through
mid-September, the sex ratio was roughly 1:1. Then from mid-September until mid-March, most
flies captured were female (apart from December 10 through December 22, where the ratio was
roughly 1:1), with females making up as high as 94% of captures from September 29 through
October 13. Beginning in April, males suddenly became the vast majority of captured D. suzukii
once again (Figure 3.3). In Tukey’s pairwise comparisons between habitats, riparian habitat had
significantly less flies captured than pine habitat for both males (z = -2.964, P < 0.025) and
females (z = -3.638, P < 0.002). However, riparian habitat had significantly less captures than
deciduous among females (z = -2.506, P < 0.031) but not in males (z = -2.163, P < 0.194).

3.2 Overwintering evaluation

In the first year (2016-2017), the experiment was cut short by the landowner removing
the overwintering assay chambers from the ground. This was after the 4-week exposure period
for winter morphs, and the 6-week period for summer morphs (these treatments were staggered
so that there would be enough winter morphs to deploy). For both morphologies, the number of
surviving adults dropped drastically between the 2-week and 4-week exposure periods (Figure
3.4). By this time, both groups had been exposed to ten days in which the below ground
temperature dropped under 10°C (Figure 3.5). Winter morphs had numerically higher mean
survival rates than summer morphs at two weeks, but did not differ statistically (x>=0, df =1, P
= 0.968). The number of surviving adults was decreased significantly with increasing time spent
in the field (¥?= 326, df =5, P < 0.001). In the second year, a similar trend occurred wherein

after 4 weeks in the field the number of surviving adults dropped to almost zero in each chamber.
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After four weeks, the adults had endured twelve days in which the below ground temperature
dropped lower than 10°C (Figure 3.6). In the 8-week collection, no chambers had any surviving
adults. However, in the 10-week sample, 7 adults emerged from one container (Figure 3.7).
Among the pupal containers, the 2-week sample had the highest number of adults emerged,
surpassing the control group which was brought back on the same day the experiment was
deployed. The number of adults emerging from the pupal containers dropped sharply at the 4-
week collection to an average of 5 per container and fluctuated around 5 for the rest of the
collection dates (Figure 3.8). By week four, the pupae had endured twenty days in which the
below ground temperature dropped under 10°C. In both the summer morph and pupae groups. In
both years, the HOBO loggers placed underground had higher temperature minimums, lower
maximums, and smaller standard deviations than their above-ground counterparts.
4. Discussion

In this study, we expand on previous work that monitored seasonal D. suzukii population
trends in Georgia blueberry orchards. Additionally, we provide a first look at how those seasonal
trends interact with the habitats surrounding Georgia blueberry farms. The first and largest spike
in D. suzukii captures happened in late June and early July. This timing corresponds to the end of
the blueberry harvest season in Georgia; thus, this spike in captures can potentially be explained
by the growth of the D. suzukii population throughout the blueberry season combined with the
end of insecticide applications intended to prevent berry infestation. Furthermore, the harvesting
process leaves behind a considerable number of blueberries on the ground which can be utilized
by D. suzukii as an ovipositional substrate. The availability of oviposition substrate combined
with a significant degree-day accumulation by mid-July creates an ideal scenario for supporting

large D. suzukii populations. Plant-feeding insect population densities and dispersal patterns are
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known to be strongly influenced by their host plant phenology, and here we confirm that D.
suzukii is no exception (Peterson 1997, Hunter and Elkinton 2000, Kamala Jayanthi and
Verghese 2011).

Interestingly, the D. suzukii population peaks observed here coincide with those observed
in a previous Georgia study, but the relative magnitude of the first (summer) and second (winter)
peak are reversed (Grant 2016). This discrepancy could potentially be explained by the trapping
methodology; in the study by Grant et al. (2016), a standard yeast-sugar-water solution (Iglesias
et al. 2014) was used as bait. Other D. suzukii monitoring efforts using apple cider vinegar
solution as a lure have also reported higher peaks in the winter months than in the summer
months (Harris et al. 2014, Haviland et al. 2016, Wang et al. 2016). The Scentry trapping system
used in our study has since been demonstrated to be far more attractive and selective than the
standard yeast trap and apple cider vinegar (Cha et al. 2015, Frewin et al. 2017, Cha et al. 2018).
Therefore, the yeast traps may have been attractive enough to detect increases in D. suzukii
population density, but not to accurately signal the magnitudes of those population increases
relative to each other.

Among habitats, the pine and deciduous forests had population trends that did not line up
with the other habitats; while all habitats had a similar peak in late June and early July, only pine
and deciduous forests had a second, smaller peak from October through January. Previous work
indicates that D. suzukii are trapped more frequently in woodland areas as compared to the
adjacent crop fields (Grant 2016). One potential explanation is that there is less stimuli
competing with traps for the flies” attention in the forests than in the orchards dominated by fruit-
bearing plants; other studies have suggested that this effect influences their trapping patterns

(Harris et al. 2014, Haviland et al. 2016). Insect traps have a limited range of attraction, and the
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more competing stimuli in the immediate environment, the less effective this range becomes.
Despite their high efficacy relative to other trapping systems, even Scentry lures have been
shown to have a short range of attraction (Kirkpatrick et al. 2018). However, if this were a main
influence on the trend we observed here, one would expect to see lower captures in the blueberry
orchards relative to the other habitats while fruit was present. Here, we didn’t see any major
differences until late October long after the blueberries were gone, at which point the forested
habitats began to increase again while the other habitats remained at a low level.

An alternative hypothesis is that the temperature regulation provided by the shade of the
forest canopy allows for more movement in D. suzukii and therefore, a higher frequency of trap
captures. D. suzukii has been shown to be less active at temperatures above 28-30°C (Walsh et al.
2011, Kinjo et al. 2014, Tochen et al. 2014), and the unshaded areas between rows of blueberry
bushes are much more likely to surpass this threshold. However, one would expect to see a
higher count number in the forested habitats during the summer months and not the fall and
winter months if high temperatures were driving the trend.

Other studies have also found a peak in captures over the winter in evergreen forests and
have suggested that dropping temperatures stimulate D. suzukii to take flight in search of
appropriate overwintering sites (Harris et al. 2014, Haviland et al. 2016). This explanation is
compatible with the timing of the second peak in our trap captures, as well as the magnitude and
timing of the deciduous habitat relative to the pine; while the deciduous habitat locations had a
majority of deciduous plants, pine trees were present at these sites as well. The second peak in D.
suzukii captures in deciduous forest occurred two weeks after the peak in pine had already
occurred and numbers had begun to drop quickly. The magnitude of the second peak in pine was

greater than that in deciduous forest, and the trap captures increased and decreased surrounding
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this peak much more gradually than in the deciduous forest, where captures peaked much more
abruptly before crashing again. These patterns, in combination with the published literature,
indicate that it is the pine trees which provided overwintering resources for the D. suzukii
captured in our study; the scattered presence of pine trees in the deciduous stands allowed for an
overwintering population to be detected, though with less stability and overall abundance than in
the pure pine stands.

When examining the proportion of males and females captured throughout the year, we
observed a trend wherein the majority of D. suzukii captured were male in the months from April
until August. The ratio becomes more balanced in August and September, but then in late
September and all the way until the end of March, females were captured in higher proportions
on most collection dates. Notably, Haviland et al. found that females dominated in California
cherry through the month of March while cherry was most susceptible to infestation, and Hamby
et al. also found a higher proportion of females from January through September (Hamby et al.
2014, Haviland et al. 2016). The period of female dominancy observed in this study begins and
ends earlier than in that of Hamby et al., and encompasses that of Haviland et al.; however, our
period of female dominance does not coincide with the period of blueberry susceptibility as it did
for cherries in California. These results suggest that seasonal changes in D. suzukii sex ratios do
not depend on fruit presence. Rather, our findings may lend support to the hypothesis that D.
suzukii predominantly overwinter as females (Dalton et al. 2011, Hamby et al. 2014).
Furthermore, we provide indirect field evidence for a greater male sensitivity to cold which has
been observed in laboratory studies (Dalton et al. 2011, Tochen et al. 2014, Plantamp et al.

2016).
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In this study, we also assessed the abilities of D. suzukii pupae, summer morphs, and
simulated winter morphs to utilize detritus consisting of leaf litter and pine straw as an
overwintering refuge. The reduced range and variability of below ground temperatures suggests
that leaf litter can provide a valuable refuge for overwintering D. suzukii. Previous work has
demonstrated that the survivorship of adult D. suzukii decreases significantly below 10°C in the
laboratory (Dalton et al. 2011). We found that the number of days where the average recorded
temperature dropped below 10°C was approximately double above ground compared to in our
overwintering chambers, further underlining the value of leaf litter as a refuge. Furthermore, our
sensors record no instances of the temperature dropping below freezing underground, whereas
above ground we recorded approximately nine days of cumulative time below freezing.
Considering these facts, any D. suzukii that successfully relocate beneath a leaf litter cover
should doubtlessly be conferred a tremendous survival advantage. Indeed, a small number of
female adults and unsexed pupae were able to survive in leaf litter chambers for the duration of
the experiment.

Flies benefiting from this microhabitat advantage are still subject to challenging
temperature stress, even in the relatively mild Georgia winters. Comparing the survival abilities
of winter morphs, summer morphs, males, and females in our experimental chambers, we
conclude that winter morph females are the most likely group to survive a harsh winter. Our field
observations support previous work demonstrating the improved survival of winter morph D.
suzukii in laboratory conditions (Shearer et al. 2016, Wallingford et al. 2016) and is internally
consistent with the female-biased sex ratios in our trapping data. These data suggest that winter
morph females should be considered the target for control strategies focused on overwintering D.

suzukii.
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In summary, we find that the seasonal trapping trend for this pest occurs with two peaks,
one in early summer and beginning in late fall. The summer peak can likely be attributed to high
population density caused by the cumulative time of blueberry availability combined with the
cessation of insecticide application. The winter peak occurs exclusively in forested habitats, and
with a greater magnitude in forests dominated by evergreen Pinus spp. We conclude that the
additional foliage provided by evergreen plants mitigates the harsh thermal conditions of winter,
attracts D. suzukii seeking an overwintering site, and causes a spike in trap captures.
Furthermore, we provide the first field evidence that female and pupal D. suzukii are capable of
surviving through the Georgia winter in detritus consisting of leaf litter and pine straw, with the
winter morphology providing additional survival advantage. The overwintering survival results,
habitat trapping data, and sex ratio trend throughout the year paint a convincing picture wherein
female D. suzukii migrate from blueberry orchards to neighboring forests featuring evergreen
foliage and detritus to take shelter for the winter. If reproduction occurs thereafter, it may also be
possible for D. suzukii to survive the winter as pupae in the leaf litter. Future control strategies
targeting overwintering D. suzukii may choose to focus on harvesting of pine straw in human-
made pine stands to reduce overwintering refuge in these particularly habitable areas.
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CHAPTER 4
EFFECTS OF BLUEBERRY FARM MANAGEMENT PRACTICE ON DROSOPHILA

SUZUKII ABUNDANCE

C. Kirk Green and Ashfaq A. Sial. To be submitted to Environmental Entomology.
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Abstract

Local factors such as farm management practice interact with landscape level factors
such as heterogeneity and spatial configuration to influence beneficial and pest arthropods alike.
Few studies have investigated these interactions, and a minority of those have been done so in
perennial cropping systems. A study was conducted to investigate the influence of blueberry
farm management practice (conventional, organic, or unmanaged) and landscape composition on
both beneficial arthropods and the invasive vinegar fly, Drosophila suzukii. For this thesis, |
present the portion of the study which was conducted by this lab group; this consists of all the D.
suzukii trapping data through time and across management practice types. We found similar D.
suzukii abundance in both management types, and that captures were typically higher in the
woods at these farms than in the orchard interiors or at the orchard borders. We conclude that
conventional and organic programs offer a similar level of protection to growers and that
woodlands are more hospitable to D. suzukii than managed orchard interiors during blueberry

season.
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1. Introduction

Insects are generally seen as pests and an economic burden, but many insects and other
arthropods are of great benefit to the economy and the ecosystem. Ecosystem services provided
by insects include enriching of soil quality, plant pollination, and suppression of arthropod pest
populations. One estimate places the total value of wild insect services at $60 billion per year
(Losey and Vaughan 2006). Of this, pest suppression by native insects was estimated to save
$4.49 billion annually in the United States (Losey and Vaughan 2006). Insects are not the only
arthropods believed to provide pest suppression services; spider populations (order Araneae)
have been found to be negatively correlated with many different pest populations across various
agricultural systems (Liu et al. 2015, Susan E. Riechert 1999, Picchiet al. 2016).

Although many services are provided by beneficial arthropods, farmers still have to
expend considerable effort and resources to reduce the damage caused by less helpful arthropods.
Pesticide input into agricultural systems reduces the effectiveness of biological control and other
ecosystem services, and simplification of landscapes surrounding these systems compounds on
this issue (Grab et al. 2018, Tscharntke et al. 2005, Jonsson et al. 2014, Larsen et al. 2015).
Landscape simplification also makes ecosystems more susceptible to invasive species (With
2002). Furthermore, large monocultures provide large patches of suitable habitat for pest insects,
increasing their rate of spread and the stability of their populations (Lustig et al. 2017). The
relationship between landscape simplification and arthropod populations is highly variable across
temporal and spatial gradients. These differences could be caused by many mechanisms
including varying climactic conditions, crop types and management practices (Larsen et al.
2015). The variability of these results suggests the need for further investigation into the local

and landscape factors influencing pest and beneficial arthropod abundance and diversity.
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Understanding these factors within specific climates, cropping systems, and management
practices can help us design better agroecosystems and chemical application programs for a more
integrative approach to pest management.

Local factors are defined by immediate effects that occur within the agricultural system,
such as management practice or insecticide regime, and maintenance of vegetation (Chaplin-
Kramer et al. 2011). At the local level, there is substantial evidence that habitat management can
have a positive effect on agents of biological control and shape pest population densities.
Multiple lines of evidence suggest that farms with adjacent semi-natural habitat or natural
vegetation have higher species richness and diversity of natural enemies. These effects could
potentially be due to increased amounts and variety of refuge and increased diversity of prey
species (Langellotto and Denno 2004, Thomson and Hoffmann 2010, Sarthou et al. 2014).
Adjacent natural habitats can also, however, provide reservoirs for pest species and help stabilize
their populations around agricultural fields (Lee et al. 2015, Klick et al. 2016, Silva et al. 2018).
In addition to habitat management, conventional and organic management practices may differ in
their effects on local arthropod populations. The purpose of organic management practices is to
reduce impacts on the environment and biodiversity by using softer pesticide formulations and
fertilizers. Research suggests that while crop yields may be lower in organic systems (Mader et
al. 2002), they exhibit greater biodiversity and with reduced external inputs (Méder et al. 2002,
Asteraki et al. 2004, Oehl et al. 2004).

Landscape factors are defined by gradual effects that take place at a larger scale and
incorporate the composition and configuration of the landscape (Fahrig et al. 2011). The
composition of the landscape includes the proportions of different land cover types and the

availability of non-crop habitat within the surrounding ecosystem. The configuration of the
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landscape includes the spatial arrangement and complexity of cover types (Veres et al. 2013).
Landscape management through designing the surrounding agroecosystem structure towards
higher diversity of suitable habitat has also shown to positively impact natural enemy
abundances as well as pest suppression (Schmidt et al. 2008, Veres et al. 2013, Rusch et al.
2016). In many cases, landscape complexity is more important for predicting natural enemy
abundance than local factors, although local management practices can compensate for a lack of
landscape-level diversity to a large extent (Weibull et al. 2003, Chaplin-Kramer et al. 2011,
Paredes et al. 2015).

In the current literature, there is a gap in our understand of how local and landscape
environmental factors affect arthropod populations in perennial cropping systems. In recent
reviews of the interactions between arthropod abundance and environmental factors, 36 of the 38
selected studies investigated annual cropping systems (Bianchi et al. 2006, Rusch et al. 2016).
Perennial systems are believed to have different arthropod interactions compared to annual
systems due to the year-round stability of vegetation within the agricultural system. For instance,
natural enemies in the vineyards and cherry trees did not respond to higher availability of non-
crop habitat (Stutz and Entling 2011, Alberto et al. 2012), yet higher landscape diversity in olive
orchards caused a reduction in the primary pest of concern (Ortega and Pascual 2014).

The objective of this study was to assess the relative importance of local management
practices and landscape factors on both natural enemies and the primary pest in blueberry
cropping systems of Southeast Georgia. The primary, invasive pest we investigate is Drosophila
suzukii, or spotted wing drosophila, which infests a range of cultivated and wild fruit hosts
(Hauser 2011, Lee et al. 2015). The wide host range of D. suzukii has allowed this pest to

successfully spread across landscapes using the abundance and diversity of fruit host resources
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available in the southeastern U.S. region. Multiple generations of D. suzukii can disperse
between the adjacent forest to within blueberry orchards (Haviland et al. 2016, Klick et al. 2016),
which creates a unique challenge for pest management strategies. Therefore, the blueberry
system in the southeastern U.S. with its recent invasion by D. suzukii provides an interesting
model system to evaluate the local and landscape factors that contribute to natural enemy and
pest abundances. The information provided from this study help us understand the relationship of
these variables in more stable, perennial systems, and specifically southeastern blueberries. In
this chapter of my thesis, | present the portion of the work contributed by our laboratory; this
includes the D. suzukii population monitoring across twenty blueberry orchards in Southeast
Georgia including conventional and organic management practices, as well as unmanaged
orchards.
2. Materials and Methods

2.1 Study Area

In 2017, using the University of Georgia extension network, 20 commercial blueberry
orchards were selected in seven counties across South Georgia, U.S.A. (Coffee Co., Bacon Co.,
Appling Co., Pierce Co., Brantley Co., Ware Co., and Jeff Davis Co.). Blueberry production in
the region harvests Vaccinium ashei (rabbiteye blueberry) and Vaccinium corymbosum (southern
highbush blueberry). Our study area included a spatial extent covering approximately 8,846 km?.
Blueberry orchards were selected to vary in both local management and surrounding landscape.
We selected a balanced number of management practices separated by at least 1 km, except two
sites separated by 450 m. The different management systems among blueberry orchards included
conventional (12), certified organic (5), and unmanaged (3). Management classifications were

made based on intensity and type of insecticides applied. The twelve conventional sites utilized
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broad-spectrum synthetic insecticides, including primarily organophosphates and pyrethroids,
and in some cases a spinosyn (i.e., Delegate™), and herbicides often applied between the
blueberry rows for weed management. The five organic sites utilized reduced-risk organically
certified (OMRI listed) insecticides and herbicides were not applied between blueberry rows.
The three unmanaged sites varied from abandoned orchards to small scale harvesting with
vegetation present between orchard rows mowed infrequently.
2.2 Sampling

Each orchard site was sampled every other week along a transect containing three
stations for a total of sixty samples per sampling period. Transects included locations 25 m into
the crop (orchard interior), along the orchard margin or first crop row (orchard border), and 15 m
within the adjacent, non-crop forested habitat (forest). Yeast-sugar bait traps were deployed to
monitor pest pressure (Landolt et al. 2012). After the two-week period, bait traps were collected
and replaced, and the number of male and female D. suzukii in each was counted.
2.3 Data Analysis

All data were analyzed in R version 3.4.1 (R Foundation for Statistical Computing;
Vienna, Austria). The total number of D. suzukii captured was modeled with a negative binomial
generalized linear model (GLM) with trapping period, transect location, management practice,
and the interaction of transect location and management practice used as explanatory variables.
A negative binomial model was selected because the residuals using a Poisson error structure
were over dispersed. Analysis of deviance for GLM fits was used to determine significant
explanatory variables and interactions, and Akaike information criteria (AlC) scores were used
to compare competing models. Tukey’s pairwise comparisons were used to detect significant

separation of means within significant explanatory variables.
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3. Results

Trapping period (¥?= 176, df = 6, P < 0.001), management practice (y*>= 36.5, df =3, P <
0.001), location on the transect (field, border, or woods) (x*>= 30.3, df = 2, P < 0.001), and the
interaction of management practice and location on the transect (x?= 28.2, df = 4, P < 0.001) all
significantly affected the number of D. suzukii captured. Compared by management practice,
unmanaged orchards had the highest mean captures (8.7 + 3.04 95% CI), followed by
conventional (7.84 £ 3.15 95% CI) and then organic (5.37 + 3.04 95% CI) (Figure 4.1). By
location on the transect, traps placed in the woods had the highest mean captures (12.9 + 5.45
95% ClI), followed by field (4.84 + 1.62 95% CI) and then border (4.184 + 1.48 95% ClI) (Figure
4.2). The mean number of captures was skewed towards the woods at conventional and organic
farms and skewed towards the field at unmanaged farms (Figure 4.3). At conventional and
organic farms, peak captures occurred on 6/27/2017 and 7/11/2017, respectively, with a
noticeably higher peak in the woods than the field and border. Unmanaged farms also had a peak
on 7/11/2017, but this occurred in both the woods and field with only border captures remaining
relatively low. Unmanaged farms also had an additional peak on 5/15/2017 in the field and to a
lesser extent on the border (Figure 4.4).

4. Discussion

In this study, we do not find evidence for a difference between conventional and
organically managed fields in terms of D. suzukii population density, and both have lower
capture numbers than unmanaged sites. Given this, we are able to conclude that organic
management programs are equally effective at suppressing D. suzukii populations in the field
when compared to their conventional counterparts. This conclusion is further validated by

previous work in Michigan blueberries, which found that both organic and conventional
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insecticides provided significant control over D. suzukii compared to unmanaged plots (Van
Timmeren and Isaacs 2014). Although both practices have equal efficacy against D. suzukii, their
impacts on non-targets are unequal; compared to conventional management practices, organic
practices have been shown to have a reduced impact on non-target communities including plants
and beneficial arthropods (Vasconcelos and de Moura 2008, Geiger et al. 2010, Tofangsazi et al.
2018). Thus, utilization of organic blueberry management practices should be considered as an
alternative to conventional practices that will have a reduced impact on the environment without
a directly increased risk of susceptibility to D. suzukii. However, farmers may still be reluctant to
adopt organic practices because of difficulties surrounding the control of other pests, and
unfamiliarity with the organic market (Grieshop et al. 2012). Furthermore, pyrethrum and
spinosyn are the only two insecticides available to organic growers, which increases the risk that
D. suzukii will develop resistance to these chemicals (Van Timmeren and Isaacs 2014).

Looking at location along the transects running from the woods into the field, we find
that the overall captures were significantly higher in the woods, with field and border captures
being similar to each other. Many other studies have found higher D. suzukii captures in
woodland areas relative to the adjacent crop fields (Harris et al. 2014, Haviland et al. 2016). This
can potentially be explained by a combination of several factors. For one, cover provided by tree
canopies and other foliage mitigate thermal extremes and unfavorable wind speeds, creating a
more hospitable environment for insects (Gardiner and Dover 2008, Johns et al. 2012).
Additionally, fruiting non-crop plants present in the woodlands can act as hosts for D. suzukii
and serve as a population reservoir (Lee et al. 2015, Klick et al. 2016); these non-crop hosts are
generally reduced or wiped out by the application of herbicides in the interiors of managed

orchards. Interestingly, the trend of elevated captures in the woods does not hold for unmanaged
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fields during the early part of the season; here, we found increased captures in the orchard

interiors relative to the woods and border. This result demonstrates that blueberry orchards are an

ideal environment for D. suzukii in the absence of pesticide applications. This conclusion is
further underlined by the sudden spike in captures across all management practices in mid-July,
just towards the end of blueberry harvest season. This is likely a function of the cessation of
insecticide sprays used to suppress D. suzukii populations combined with an abundance of
leftover, fallen crop fruit littering the ground.

In conclusion, we find that organic and conventional management programs have equal
efficacy for the control of D. suzukii in Georgia blueberry orchards. Given the low number of
organic insecticides available, we surmise that the development of additional insecticides is
warranted to delay the onset of insecticide resistance in organic production systems and make
their adoption more feasible. As a result, we would hope to see a reduction in the non-target
environmental impact caused by pest control.
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CHAPTER 5
INFLUENCE OF BLUEBERRY PRESENCE ON DROSOPHILA SUZUKII CAPTURES

USING YEAST-SUGAR-WATER LURED TRAPS

C. Kirk Green and Ashfaq A. Sial. To be submitted to Environmental Entomology.
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Abstract

Drosophila suzukii is an invasive vinegar fly which costs millions to Southeastern U.S.
fruit growers. This pest is monitored primarily through the use of hanging yeast-sugar-water
traps. Previous Drosophila suzukii monitoring work has reported peak captures during the winter
months. This may be due to increased population density; alternatively, an absence of competing
stimulus (wild and farmed fruit) may be artificially inflating trapping numbers. In this study, we
investigated the effect of blueberry presence on the number of D. suzukii captured by a yeast-
sugar-water trap within a mesh enclosure. We found that depending on the design of the
enclosure, significantly more D. suzukii may be captured in the presence of blueberries, or the
absence, or neither. We conclude that important variables to control for when isolating the effect
of blueberry presence include proximity to neighboring fruit and the size of the enclosure. Our
findings are mixed, but suggest that ripe fruit competes for the attention of Drosophila suzukii
and influence trap captures. This effect is important to understand in order to correctly estimate

D. suzukii population densities based on trap capture numbers.
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1. Introduction
Drosophila suzukii is an invasive species native to Southeast Asia that has quickly spread its
range across much of the world, as well as all the continental United States. Its success is due, in
part, to the serrated ovipositor of the female which allows them to oviposit into intact fruits
inaccessible to other Drosophila spp (Hauser 2011). Arrival of D. suzukii can spell disaster for
farmers of thin-skinned and small stone fruits, including blueberries, figs, grapes, apricots, and
cherries. In the Eastern United States, the losses due to crop rejection and increased management
costs were estimated to be between $37-46 million (Burrack et al. 2012).

An important part of suppressing D. suzukii is monitoring their populations through
trapping. The efficacy of a wide variety of trap designs, baits, and lures have been evaluated by
many research efforts (Harris and Peifer 2005, Lee et al. 2012, Basoalto et al. 2013, Iglesias et al.
2014, Renkema et al. 2014, Burrack et al. 2015, Frewin et al. 2017, Cha et al. 2018). Due to the
low cost and simplicity of design, many farmers and researchers hang plastic containers with
holes poked in the sides and contain a yeast-sugar-water solution, which lures the flies in and
drowns them (Landolt et al. 2012). Higher rates of capture should presumably correspond to
higher population densities in the field. Unfortunately, trapping numbers have not been shown to
reliably predict infestation in the field (Kirkpatrick et al. 2017). Estimating insect populations
based on trapping numbers requires information about the distance from which the insect can
detect the trap (Adams et al. 2017). To complicate matters, this trap detection distance is likely to
fluctuate throughout the year for D. suzukii as the abundance of their many host fruits fluctuates
(Lee et al. 2015, Klick et al. 2016). Previous D. suzukii monitoring work utilizing yeast-sugar-
water traps in Georgia blueberry orchards has found the highest peak in captures in the winter

months. Furthermore, trap captures were consistently higher in the neighboring woodlands
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compared to the orchard interiors (Grant 2016). While it is possible that these peaks and trends
are due to a higher population density, it is plausible to think that higher captures in the winter
could be due to less stimuli in competition with the traps. Likewise, lower captures in the
blueberry orchards may be due to an abundance of ripe blueberries rather than a lower field
population density compared to the neighboring woodlands.

The intention of these trials was to provide a potential explanation for these counter-
intuitive trends. By doing so, we can improve the ability of farmers and researchers to predict D.
suzukii population densities and infestation events based on trap captures. We conducted trials in
the field and in a greenhouse to evaluate the effect of blueberry presence on the number of D.
suzukii captured by yeast-sugar-water traps.

2. Materials and Methods
2.1 Site Selection

The greenhouse trial was conducted in a greenhouse at the Alma blueberry research and
demonstration farm in Bacon County, Georgia. The mesh cube trials and the field enclosure trial
were conducted in the Rabbit eye blueberry (Vaccinium virgatum) field at the same
demonstration farm in Bacon County.

2.2 Insect Rearing

A laboratory colony was used to supply D. suzukii specimens for all trials. The colony
was reared from wild-caught flies from Clarke County, Ga in 2013 on a standard fly diet
(Jaramillo, Mehlferber et al. 2015) substrate portioned into 177-ml polypropylene square bottom
bottles (Genesee Scientific, San Diego, CA) with 50mL of diet each. Bottles were capped with

cellulose acetate plugs and kept in an incubator (Model 136VVLCB, Percival Scientific, Perry, 1A)
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at ~24°C, ~65% relative humidity, and a 14:10 h (L:D) photoperiod. Flies between the ages of
six to twelve days old were used for the experiment to control for effects due to age.
2.3 Greenhouse Trial

Two 6x6x6 mesh cubes were laid on their sides and taped together inside of a greenhouse
to create a sealed enclosure. A frame was constructed out of %2 PVC pipe to support the
structure. For each trial, twenty-five male and twenty-five female D. suzukii were released inside
of the enclosure along with one centrally positioned standard yeast-sugar-water lure plastic 473
mL (160z) trap. Each standard 160z trap contained two grams of active yeast, ten grams of sugar,
a drop of scentless soap, and six ounces of water. Flies were selected to be between three and
seven days old. Flies were always released at dusk and left alone for twenty-four hours before
the trap was collected and the number of flies it caught was recorded. For control replicates, the
enclosure contained only the trap and the flies. For treatment replicates, fourteen 8oz plastic
containers holding 25g of store-bought blueberries were placed on the floor in a symmetrical,
evenly spaced pattern. Additionally, ~125 grams of blueberries were scattered randomly along
the ground. When the trap was collected at the end of the replicate period, all berries were
collected and placed in vented containers to be reared for two weeks at room temperature, at
which point the number of adult male and female D. suzukii in the container was recorded.
2.4 Field Trials
2.4.1 Six ft 3 mesh cages

Each day, four Rabbit eye blueberry bushes were selected. Each bush was pruned so that
it could fit into a 6ft® beige mesh cage and then subjected to one of four treatments: all berries
removed from the bush and ground, unripe (green) berries removed, ripe (blue) berries removed,

or no berries removed. Any tall, non-blueberry vegetation in the immediate area was removed.
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After the bushes were prepared, a 473mL(160z) yeast-sugar-water trap with ~177mL (60z) of
lure was hung in the middle of each bush, and 50 D. suzukii (25M, 25F) were released inside.
Flies were released at dusk to minimize exposure to high temperatures and left for twenty-four
hours. After twenty-four hours, the traps were collected and the number of male and female D.
suzukii captured was recorded. This procedure was repeated for four days.
2.4.2 Ten ft 3mesh cages

Each day, one rabbiteye and one highbush blueberry bush were randomly selected and
pruned to fit into a 10ft® white mesh cage. These trials were conducted in mid- June so that
highbush blueberries would be past fruiting season and rabbiteye would be in the middle of it,
simplifying the process of creating the berry-lacking control group. Once a highbush bush was
selected, any remaining blueberries were removed from the bush and the ground. After the
bushes were prepared, a 160z yeast-sugar-water trap with ~60z of lure was hung in the middle of
both bushes, and 50 D. suzukii (25M, 25F) were released inside. Flies were released at dusk to
minimize exposure to high temperatures and collected 24 hours later, after which the traps were
collected and the number of male and female D. suzukii in the trap was recorded. This procedure
was repeated for five days with a new pair of bushes each day.
2.4.3 24x24x8 ft> mesh enclosure

A 24x24x8 ft> enclosure was sewn together out of a white mesh fabric and used to
enclose 8 Rabbiteye (Vaccinium virgatum) blueberry bushes in the middle of two rows. A frame
was constructed out of 1.27cm ('4”) PVC pipe to support the structure. For each trial, fifty male
and fifty female D. suzukii were released inside of the enclosure along with one standard yeast-
sugar-water lure plastic 160z trap hung in the center. Each standard 160z trap contained two

grams of active yeast, ten grams of sugar, a drop of scentless soap, and six ounces of water. Flies
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were selected to be between three and seven days old. Flies were always released at dusk and left
alone for twenty-four hours before the trap was collected and the number of flies it caught was
recorded. For control replicates, the enclosure contained only the trap and the flies. For treatment
replicates, each bush had five small boats made from chicken wire hung from it and each
contained 25¢g of store-bought blueberries. Additionally, twenty 8oz plastic containers containing
25¢ of blueberries each were placed evenly along the ground under the bushes. When the trap
was collected at the end of the replicate period, all berries were collected and placed in vented
containers to be reared for two weeks at room temperature, at which point the number of adult
male and female D. suzukii in the container was recorded. Because the thin material of the
enclosure prevented removal to clear the flies, control and treatment replicates were alternated to
prevent biasing the trap numbers towards either condition.
2.5 Statistical Analysis

Data were analyzed using R v.3.5.1. Data from each experiment was fit using a
generalized linear model (GLM) with a Poisson distribution and a log link function. Each fitted
model was tested for overdispersion and fit to a negative binomial GLM with a log link function
to account for overdispersion if it was detected. Analysis of deviance was used to determine
whether treatment condition explained significant deviance, and Tukey’s pairwise comparisons
were used to treatment means when analysis of deviance showed that treatment was significant.

3. Results

Significantly more D. suzukii were captured in the absence of blueberries (control) than
in their presence in the greenhouse trial (z = 2.14, P < 0.001; Figure 5.1) and in the 24x24x8 ft®
mesh enclosure (z = 2.35, P = 0.019; Figure 5.2). Berry presence did not have a significant

effect on D. suzukii captures in the six ft 3 mesh cages (y>= 2.16, df = 3, P = 0.539; Figure 5.3).
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In the ten ft 3 mesh cages, significantly less D. suzukii were captured in the absence of
blueberries (control) than in their presence (z = 2.14, P < 0.003; Figure 5.4).
4. Discussion

After utilizing several different experimental designs, we have found mixed results.
These differences can likely be attributed to the experimental designs. In the trial with the six ft*
enclosures, we may have found no differences among groups because the enclosures were too
small. Just outside of each enclosure were untreated blueberry bushes loaded with ripe
blueberries, which certainly could have influenced the flies’ olfactory environment and distracted
them from the lure. However, we found the reverse of our expected outcome in the 10ft®
enclosures. This may be a result of the different sizes of rabbiteye and highbush blueberry
bushes. We utilized the smaller, highbush blueberry bushes after their fruiting season to facilitate
the sanitation of the leftover blueberries and minimize the influence of ripe blueberries outside of
the enclosure. However, the reduction in canopy cover compared to the rabbiteye bushes seems
to have reduced the activity of the flies in their enclosures. It has been shown that D. suzukii are
less active at temperatures above 28-30°C (Walsh et al. 2011, Kinjo et al. 2014, Tochen et al.
2014), so it is plausible that increased exposure to sunlight was enough to deter them from
actively relocating within the control group enclosures.

In the two trials where we had higher captures in the absence of fruit (control group), we
can see that these confounding factors are not present. In the greenhouse trial, experimental
replicates were conducted in a controlled environment without exposure to wind, direct sunlight,
and without proximity to blueberry bushes. In this scenario, we detected a strong signal for the
negative effect of blueberry presence on trap captures. In the largest field enclosure, we saw the

same signal as in the greenhouse. This trial had several advantages over the other two field trials.
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First, the enclosure covered a much larger area and more realistically simulated the field
environment. Second, replicates for this trial were conducted after the blueberry harvest season
was over, minimizing the effect of the adjacent olfactory environment on the enclosure. Lastly,
we conducted all replicates of this trial on the same eight rabbiteye blueberry bushes, minimizing
variability due to bush size. This also, however, serves as a limitation on our ability to generalize
this effect to other rabbiteye blueberry bushes. The greenhouse trial and the 24x24x8 ft field
trial were, arguably, our most robust designs and warrant further exploration into the potential
effects of blueberry presence on D. suzukii captures.

The results of these trials could help explain why many monitoring efforts have detected
peak numbers of D. suzukii in the field during the winter, and also in traps placed in the woods as
compared to in the field (Grant 2016). Future experiments should seek to verify the effects seen
here by replicating our trials with the proper controls. Once this trend effect has been established,
researchers can then attempt to precisely quantify the effect of fruit presence on trap captures in
various environmental conditions. This information in combination with precise information
about local fruiting plant phenology could be very useful for the construction of models designed
to estimate D. suzukii populations in the field. At the very least, farmers and researchers involved
in monitoring efforts should take this information into consideration when noticing a high
number of captures in areas and time periods with low fruit presence, as these numbers may be
falsely inflated. Likewise, very low numbers during peak fruit presence may be deceptive, and

cause growers to underestimate the threat posed by this invasive Drosophila.
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Fig. 5.1. Mean D. suzukii captured in each treatment condition during the greenhouse trial.
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Fig. 5.2. Mean D. suzukii captured in each treatment conditions during the field trail using the

24x24x8 ft> mesh enclosure.
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Fig. 5.3. Mean D. suzukii captured under each treatment condition during the field trial using the

6x6x6 ft2 mesh enclosures.
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Fig. 5.4. Mean D. suzukii captured under each treatment condition during the field trial using the

10x10x10 ft mesh enclosures.

118



CHAPTER 6
CONCLUSIONS

In these studies, one can find an overarching theme of adaptation. Drosophila suzukii is
an animal with the ability to modify its phenotype and stretch the upper and lower bounds of its
thermal tolerances. It is also able to utilize a wide variety of resources available to it in space and
time to further improve its odds of survival and reproduction. The more we understand about
how it physiologically responds to and overcomes inhospitable thermal conditions and what
resources it is utilizing in the field, the better we can devise management strategies, model its
populations, and inform future research efforts. It is essential that management tools and
strategies continue to be devised and evaluated in order to reduce the costs incurred by this insect
and delay the onset of insecticide resistance.

In our laboratory trials, we observed the effects of heat stress during development on egg
viability and adult biology. We also observed evidence for a transmission of heat stress response
from adult female to offspring. Both were previously undocumented for this species. Our
contributions towards knowledge about the specific effects of heat stress during development is
useful for the continued refinement of D. suzukii population models and understanding its
adaptive potential.

In our field trials, we were able to observe the spatiotemporal changes in D. suzukii
population density throughout time. We were able to determine that D. suzukii are more likely to
be found in areas that retain foliage in the winter months. Our overwintering field assays suggest
that D. suzukii are most likely to overwinter as females or pupae, and forest floor detritus may
help insulate them during the cold winter months. These contributions will help shape our

understanding of how D. suzukii persists in the climate of the southeastern United States.
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We were also able to evaluate a variety of monitoring strategies and management
practices. Pest management practice, including prophylactic chemical application and pest
population monitoring, is an endeavor that can continually be refined. We found similar levels of
control in conventional and organic programs, and we also identified a relevant factor (presence
of ripe blueberries) which may affect trapping efficacy. By understanding impacts of
conventional and organic practices on pest populations, and by critically evaluating the tools we
use to monitor and model populations, we will be able to make better decisions about how to

manage this key pest.
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