
ABSTRACT 

ELSENSOHN, JOHANNA ELIZABETH. Factors Affecting Oviposition Behavior in 
Drosophila suzukii (Under the direction of Dr. Hannah J. Burrack and Dr. Coby Schal). 
 

Cultivated crops are grown on defined plots of land. Many insects that frequent these 

crops, including agricultural pest species, utilize a much larger area of surrounding habitat. 

Effective pest management schemes need to consider pest ecology and behavior across habitat 

types. Drosophila suzukii Matsumura is an invasive pest of fruit crops around the world. Females 

lay eggs into ripening fruit and hatched larvae consume the inner flesh, resulting in unsalable 

fruit. Pest management for this insect aims to reduce infestation through the prevention of 

oviposition by females. This dissertation seeks to better understand D. suzukii oviposition in a 

variety of contexts.  

Because of D. suzukii’s large environmental tolerance and wide trophic niche, the pest 

pressure to growers from this insect is highly heterogenous. We sought to better understand 

oviposition behavior under high and low adult density environments. In controlled laboratory 

experiments, we varied the number of females and males and examined oviposition behavior 

using a limited resource of either higher or lower quality. We found that with a higher quality 

resource of fresh raspberry fruit, female oviposition was unaffected by the presence of males at 

any density, while female density reduced oviposition in a density dependent fashion. When a 

lower quality resource was used, oviposition was reduced in all treatments, and females were 

sensitive to social conditions.  

Since we saw an increase oviposition in the presence of conspecifics, we sought to 

characterize other potential effects from this interaction, namely cues left behind by adults on an 

oviposition resource. We tested whether the presence of conspecific eggs, larvae, and host 

marking semiochemicals in or on a resource affected female oviposition decision making in a 



series of choice tests. Pre-existing eggs in a resource did not affect subsequent oviposition by 

naïve females with or without the addition of host marking. Without host marking, the presence 

of larvae did not affect egg laying decisions until larvae were at later stages of development, 

when females were slightly attracted to the occupied resource. The largest effect came from host 

marking on the oviposition substrate, causing a highly repellent response. While marking from 

both sexes induced this oviposition deterrence, the effect from females was larger. While we 

weren’t able to isolate oviposition-related cues from other semiochemicals left on the surface of 

the substrate, these data still suggest that females are using pheromone signals when deciding 

where to lay an egg.  

Finally, we sought to examine oviposition behavior far removed from an agricultural 

setting. Most D. suzukii behavioral research has focused in and around fruit agroecosystem 

because that’s where the economic damage is. However, these areas are highly modified by 

human activity and may not give researchers a true sense of the innate behavior and ecology of 

these flies. We visited the federally-protected National Forest and Wilderness Areas of western 

North Carolina to investigate seasonal oviposition patterns in wild-growing blackberry patches. 

We indeed found a different host use pattern as compared to cultivated blackberries plantings in 

a nearby region. Wild blackberries were more likely to be infested at the green and blush stages 

of ripeness than in cultivated blackberries and were infested to a greater extent (eggs/berry). 

When weight was accounted for, wild berries contained significantly more eggs per gram than 

cultivated fruit at all ripeness stages. In laboratory tests, females oviposited more eggs into 

cultivated fruit when a single berry of each type was offered, or wild fruit when equal masses 

were offered. Thus, the host use differences we observed in the field were not likely due to an 

innate oviposition preference.    



The information generated by this dissertation work on basic D. suzukii oviposition 

biology and ecology will help future researchers and practitioners develop and improve pest 

management for this destructive pest. The overarching theme of this work is that context matters 

and interacts in seemingly unpredictable ways. We showed that oviposition site selection can 

change as a function of environment, conspecific density, and host quality, challenging the 

development of widely applicable pest management strategies.      
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CHAPTER 1: Plasticity in Oviposition Site Selection Behavior in Drosophila suzukii in 

Relation to Adult Density and Host Distribution and Quality 

 

Johanna E. Elsensohn, Coby Schal, and Hannah J. Burrack  
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Abstract 

 Flexibility in oviposition site selection under shifting temporal environmental conditions 

is an important trait that allows many polyphagous insects to flourish. Population density has 

been shown to affect egg laying and offspring fitness in throughout the animal kingdom. The 

effects of population density in insects have been suggested to be mutualistic at low densities 

while intraspecific competition is exhibited at high densities. Here, we explore the effects of 

adult crowding and spatial resource variation on oviposition rate in the invasive pest Drosophila 

suzukii Matsumura. Through a series of laboratory experiments, we varied the density of males 

and female adults while holding resource availability constant and measured per female 

oviposition rate using high- and low-quality substrates. We found that oviposition behavior was 

affected more by substrate than adult density, though both variables had significant effects. 

Overall, fresh raspberries produced the highest oviposition rates, with rate negatively correlated 

with female density.  When we varied the spatial arrangement of whole raspberries, the mean 

oviposition rate with grouped females did not differ between arrangement types. However, 

solitary females laid significantly fewer eggs when fruit were clustered together, as opposed to 

spread out. Our results suggest that social interactions encourage oviposition, especially when 

exposed to unfamiliar or unnatural substrates. These results will help researchers and managers 

better understand in-field population dynamics throughout the season as population densities 

change but it also highlights the compensating effect of increased oviposition rate per female as 

adult populations decline.    
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Introduction 

Behavioral plasticity is a key trait of invasive insect species (Jaenike and Papaj 1992, 

Little et al. 2020). This adaptive ability allows individuals to adjust to dynamic and unpredictable 

environmental conditions, interactions with unknown species and potentially harmful founder 

effects. Polyphagous invasive species can exhibit considerable behavioral plasticity in host 

selection. A part of host selection in herbivorous species, oviposition site selection (OSS), 

involves a decision process by which females use a wide variety of informational inputs to 

decide where to place their eggs. The number of factors females can use in OSS is substantial, 

including but not limited to extrinsic information, such as abiotic elements and interspecific 

dynamics, and intrinsic information like mating history and previous experience (as reviewed in 

Gibbs and Van Dyck 2009). In this paper, we focus on the elements of intraspecific interaction, 

host quality and host availability in an invasive frugivorous insect.   

 Drosophila suzukii Matsumura is a global fruit pest with a wide trophic range of 

domesticated and wild-growing plants (Lee et al. 2015, Poyet et al. 2015, Elsensohn and Loeb 

2018). Females cause economic damage by laying eggs in ripening and ripe fruit, and the larvae 

then consume the inner flesh of the fruit. Females are thought to randomly distribute single eggs 

one or more times in individual fruits (Mitsui et al. 2006). In most temperate growing regions, D. 

suzukii populations generally are low in the spring and grow throughout the year, with the 

highest population densities, infestation rates and damage to fruit in late season crops 

(Drummond et al. 2019, Papanastasiou et al. 2020). As a result, at each successive generation of 

D. suzukii, adults are faced with different population density dynamics and environmental 

conditions.  
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Female insects often compete for limited high-quality substrates while intrasexual 

competition in males focuses on mating with females or monopolizing and guarding potential 

mating locations such as attractive oviposition sites. In D. suzukii females, a variety of social 

signals may impact host selection and promote skip oviposition, potentially leading to increased 

foraging and use of less preferred oviposition sites (Averill and Prokopy 1989). Laboratory 

experiments have revealed that marking pheromones deposited on oviposition substrates by both 

sexes of D. suzukii influence subsequent oviposition by naïve females (Tait et al. 2020, 

Elsensohn Ch. 2). However, females do not appear to use egg-related cues in OSS (Elsensohn 

Ch. 2). Previous observations also suggest that as adult population sizes increase, oviposition and 

thus infestation in less ripe, suboptimal fruit occurs only after infestation in ripe fruit (Swoboda-

Bhattarai and Burrack 2015, Elsensohn Ch. 3). Because both the number of adults and available 

host fruits vary through time and space, females in time-limited species like D. suzukii have to 

choose between laying an egg in a fruit or withholding it given the information and 

circumstances provided to them. 

Population density of conspecifics is known to affect individual oviposition rates. Adult 

density has downstream consequences on fecundity and offspring fitness when resources are 

limited (Barker 1973, Averill and Prokopy 1987). In Musca domestica, total egg number 

positively correlated to density while fecundity had a negative correlation on a limited resource 

(Pastor et al. 2011). In D. suzukii, larval crowding at varying densities and nutritional resource 

quality show that density effects are correlated with host quality (Hardin et al. 2015, Kienzle et 

al. 2020). High quality resources have fewer fitness tradeoffs than lower quality resources at 

higher larval densities. Crowding at later larval stages lead larvae to seek pupation sites detached 
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from their host, a behavior that carried fitness benefits under laboratory conditions (Da Silva et 

al. 2019). 

Field-scale density studies of D. suzukii are contstrained by variable environmental 

conditions, variable demography of the adult population, and out limited ability to accurately to 

estimate popultaion size. Thus, laboratory experiments serve as a first step toward understanding 

OSS under different scenarios of population or resource size, as might be seen throughout the 

year or as a function of pest management controls. We sought to characterize the effects of adult 

density and spatial resource arrangement of resources on the propensity of females to oviposit. A 

better understanding of how females respond to different population conditions may lead to 

improved modeling of population dynamics, resource use and competition in this invasive pest. 

 

Methods 

Oviposition substrates 

In choice experiments, Rubus spp. are among the top preferred hosts for attraction and 

oviposition, traits that positively correlate with larval performance in D. suzukii (Bellamy et al. 

2013, Burrack et al. 2013, Kenis et al. 2016). We therefore employed raspberry-based substrates 

for our experiments. All fruit used in experiments were organic raspberries (Driscolls, Inc., 

Product of Mexico or the USA) purchased no more than 24 hrs prior to the start of each 

experiment. Two experimental substrates were used that varied in texture and nutritional quality. 

The high-quality substrate consisted of four whole raspberries (~20 g). Unlike other fruit that are 

picked at the stem, raspberries detach from the stem and receptacle when ripe, creating a bowl-

shaped fruit. Cotton was stuffed into the empty interior of the fruit to prevent oviposition on this 

side and were then placed cotton-side down on a 60 mm petri dish. The lower quality substrate 
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was raspberry juice agar, which was made by straining berries through fine mesh, separating the 

pulp and seeds from the juice. A 1% agarose juice solution was prepared using equal parts water 

and raspberry juice, and 1% each of agar, and the anti-fungal agents Tegosept (methyl paraben 

[CAS: 99-76-3]), and propionic acid (CAS:79-09-4). The agarose solution (20 ± 2 ml) was 

poured into 60 mm sterile petri dishes (Falcon, Corning Incorporated, Durham NC) and cooled to 

room temperature.    

Flies 

The lab colony was established in 2011, with genetic variation maintained through annual 

additions of wild caught adults. The colony was maintained on a cornmeal agar diet (Hardin et 

al. 2015) at 20 ± 3oC and 65 ± 10% relative humidity and a 12:12 L:D photoperiod. Fly density 

in the colony averaged 20-30 flies per 25 x 95 mm polystyrene vial (Genesee Scientific, San 

Diego, CA). Experimental female and male flies were 7-10 days old sexually mature and 

presumed to be mated as they were selected from mixed sex colony containers. Flies were not 

starved prior to experimentation. 

Male and female density 

A petri dish containing a single substrate was placed in the center of a 473 ml round 

plastic arena (PFS Sales Co., Raleigh, NC) that was modified with two 2.5 x 2.5 cm mesh-

covered air vents. Flies were added to the arena at specified densities and removed after 4 hours. 

The experiment was randomly blocked by replicate and 12 total replicates were conducted for 

each treatment. For the male density experiments, the following treatments were used: 0, 2, 4, 

10, 18, or 30 males, with two females added to each male treatment. For the female density 

experiments, females were tested at 1, 2, 5, 10, 20, or 50 females per container, with no males 

added to remove the potential for harassment, especially at low female density. 
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Egg load 

Due to the relatively low oviposition rate observed in the population density experiments 

on raspberry agar, we dissected females to quantify their egg load. Experimental females from 

these trials were saved in 70% ethanol and a subsample from 3 density types was chosen for 

dissection. Using fine-tip forceps, the reproductive organs were isolated from the abdomen under 

a stereomicroscope. All mature eggs, as defined by the presence of respiratory filaments, were 

counted. A total of 25 females were dissected. 

Spatial variation 

A 0.3 x 0.3 x 0.3 m cage was used to test oviposition rate under changing host availability 

under two spatially explicit scenarios. Five cotton-stuffed raspberry fruits were arranged in two 

ways: 1) clustered together in the middle of the arena, forming a tight X-shape, or, 2) fruit were 

distributed in the cage, with 4 fruits placed approximately 50 mm from each of the cage corners 

and a single berry in the middle (see Fig. 3 for visual representation). Experimental groups of 1 

or 5 gravid female adults were exposed to each spatial grouping for 2 hrs, after which fruit were 

removed and the number of eggs per fruit were counted. Fruit placement within the cage was 

recorded to assess oviposition bias and the distribution of eggs throughout the cage.  

Data Analysis  

SAS statistical software (version 9.4) was used to analyze all experimental data. For both 

male density experiments, the eggs per female values were log transformed to adjust for 

assumptions of normality and analyzed with a generalized linear mixed model (GLIMMIX) fit to 

a Poisson distribution. The female density experiment with raspberry juice agar data were log 

transformed and analyzed by GLIMMIX fit to a log normal distribution. The female density 

experiment with whole fruit was log transformed and analyzed with a mixed model (MIXED) 
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using a Satterthwaite correction. All analyzes used treatment as the fixed effect, with replicate 

and experiment date as random effects.  

A mixed model using log transformed data evaluated the effects of female number and 

spatial arrangement of the oviposition resource on the eggs per female oviposition rate. Resource 

(fruit) position within the arena was assessed through a mixed model, subsetting the data into 

two groups of clustered or spread out. Female number and fruit position were fixed effects, with 

replicate and date as random effects. The proportion of fruit attacked was analyzed with 

GLIMMIX using a binomial distribution. Female number and fruit position were fixed effects, 

with replicate, time, and date as random effects. Adjusted means were compared using the 

Tukey-Kramer adjustment. 

Egg load was analyzed with a linear regression, with the number of mature oocytes as the 

dependent variable and the number of eggs laid during the experimental period divided by the 

number of females in that replicate, if necessary.  

 

Results 

Male density 

Male density significantly affected oviposition rate of two females in the raspberry agar 

substrate (F5,55 = 3.81, p=0.005), but not in whole fruits (F5,55 = 1.86, p=0.117), as females laid a 

similar number of eggs on the higher quality, whole fruit substrate regardless of male density 

(Fig. 1). An average of 12.27 ± 0.22 eggs per female (± SEM) were laid in whole raspberries. 

Females oviposited a lower number of eggs per female on average in the low-quality raspberry 

agar, with the lowest oviposition rate (1.46 ± 0.51 EPF) occurring when no males were present in 

the agar treatment, and the highest oviposition rate at intermediate male densities of 10 and 18 
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males (4.25 ± 1.10 and 3.92 ± 0.82 eggs per female, respectively). Thus, the presence of males 

appeared to increase the likelihood of oviposition on the suboptimal agar resource to a point, 

with the largest male density (30 males) suppressing oviposition by 35-40 % compared to the 

highest oviposition rates.   

Female density 

On the high-quality whole raspberries, oviposition rate decreased as the number of 

females per container increased (Fig. 2). Single females laid significantly more eggs than 

females housed at 20 and 50 females per container (F5,55 = 5.03, p = 0.0007). A similar pattern 

was evident on the lower quality rasberry juice agar substrate, but more eggs were laid per 

female at a density of two females per container (F5,55 = 5.23, p = 0.0005). As in the male density 

experiment, the number of eggs laid into juice agar was substantially lower than the number laid 

into whole fruit. Given the higher variation among treatments in the female density experiment 

than in the male one, oviposition may be more influenced by the presence of other females, and 

less by males in a given area. 

Female egg load had no significant effect on whether a female chose to oviposit during 

the experiment (p = 0.956, R2 = 0.0001, n = 25). Mature oocytes were found in treatments both 

with and without oviposition.  Sample females from experiments in which zero eggs were laid 

contained on average 6.4  ± 1.86 mature eggs, suggesting the reticence to oviposit was due to 

other factors.  

Spatial variation 

Oviposition was significantly affected by interactions between female density and the 

distribution of the five rasberry fruits in the arena (Fig. 3). The number of females had the largest 

effect on the per female oviposition rate (female number: F1,41 = 13.15, p = 0.0008). When fruit 
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were clustered in the middle of the arena, solitary flies laid significantly fewer eggs per female 

than in the 5-female cohort (female number: F1,99 = 53.79, p < 0.0001). We did not detect any 

oviposition bias with regard to where fruit were placed in the arena for either spatial arrangement 

(spread out: F4,99 = 1.47, 0.217; clustered: F4,99 = 1.40, 0.238). However, the proportion of fruit 

that contained eggs subsequent to exposure again affected by female number (F1,44 = 13.65, p = 

0.0006), but not by spatial arrangement (F1,44 = 0.03, p = 0.965). Solitary flies laid eggs in 

approximately only 15% of the fruit, while grouped females exploited approximately 72% of 

available fruit. These results suggest solitary females are not likley to leave a high quality 

resource once found, even if other high quality hosts are nearby, as in the clustered setting. We 

can’t say based on these data whether grouped females show different oviposition behavior.  

 

Discussion  

Our results indicate that female D. suzukii vary their OSS under different environmental 

and social conditions. In no-choice assays, females oviposited fewer eggs in lower quality, 

raspberry juice agar substrate than in fresh fruit, independent of adult female or male density. 

These oviposition patterns suggest that optimal oviposition decisions vary based on the 

availability and quality of resources. While single females displayed the highest oviposition rate 

using whole fruit, the intermediate densities with the raspberry juice agar substrate produced the 

highest oviposition rate. These findings may suggest intraspecific mutualism on a lesser known 

substrate may allow D. suzukii to exploit suboptimal plant species for population growth either 

from lack of resource choice (spatiotemporal heterogeneity) or due to spillover effects of 

intraspecific competition for oviposition sites at high population densities that results in 

oviposition in lesser quality substrates. Of course, these results should be investigated at a larger 
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spatial scale, but until field population density can be reliably estimated in the field, scaled-up 

laboratory experiments remain the best way to understand basic D. suzukii OSS. 

Surprisingly, changes in male density, with a constant 2 females per assay, did not affect 

female egg laying rates in fresh fruit. Therefore, male harassment of gravid females did not 

appear to be prominent under these experimental conditions. It is thought that mating takes place 

in and around oviposition substrates, as males are often found near or on ripening fruit that they 

presumably cannot exploit as a food resource without female assistance. As such, females may 

be used to crowding by males at oviposition sites, or they become highly motivated to oviposit 

on the relatively abundant high-quality fruit at low female density. It is also possible that the 

substrate led to a change in male behavior that facilitated female oviposition. The underlying 

factor for the lack of male influence with the high-quality substrate remains unclear and should 

be investigated by varying female numbers in relation to male density. Regardless, our results 

suggest that the propensity of females at low density to oviposit at a high rate in high quality 

substrates could be a factor in this species’ exponential population growth in cultivated crops. 

The lower quality raspberry juice agar substrate revealed patterns that were not apparent 

on fresh fruit, despite the much lower overall oviposition rate on agar. Male density appeared to 

influence oviposition by the two females in a “concave-downward” pattern – the highest 

oviposition rate was observed with 10 or 18 males in the arena and the lowest oviposition rates 

were at both tails of the distribution, when no males or 30 males were present. Thus, the factors 

that affect OSS differ on high- and low-quality oviposition substrates varying both adult D. 

suzukii sexes.  

When a small cohort of female D. suzukii were exposed to a fixed number of oviposition 

hosts under two different spatial arrangements, the average oviposition rate for the 5-female 
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group did not differ between spatially distributed and clumped fruit. Single females laid 

approximately the same number of eggs as the per female rate with grouped females, but only 

when fruits were spread out. In contrast, oviposition by the single female was significantly 

reduced by >66% on clustered fruit. Even though solitary females laid more eggs when fruit 

were spread throughout the arena, the proportion of fruit containing eggs was not affected by 

their spatial arrangement. Other research suggests a potential oviposition preference for larger-

appearing masses of fruit (Rice et al. 2016, Elsensohn Ch. 3). However, the current observations 

suggest that OSS on clustered fruit by single females differs dramatically from OSS by social 

females. This difference may be related to host marking behavior and possibly even a 

recognition of self-marking as distinct from other females’ marking. It is clear that more research 

is needed to disentangle the host type, size, volatile profile, and conspecific influence on 

oviposition choice. 

This study shows evidence that multiple factors influence oviposition site selection in D. 

suzukii. It is important to acknowledge several limitations in our study design that could be 

addressed in future studies. First, we used naïve females, precluding any comment whereas in the 

field learning and memory may factor into subsequent oviposition events, as has been established 

in other Dipteran species (Prokopy et al. 1986, Papaj and Prokopy 1989, Mery and Kawecki 

2004, Takahara and Takahashi 2017). Second, females were offered a single choice in these 

tests; multiple concurrent choices (fruits) of varying host quality, as is common in the field, 

likely would affect OSS.  Third, our design did not consider the per capita oviposition by 

individual females in each replicate. It can be inferred from the higher variability in the lower 

density treatments (which included some zeros) that not all the gravid females oviposited, even 

when given high quality substrates for oviposition. We confirmed this inference by dissecting the 
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females to count the number of mature eggs retained in the ovaries; there was no correlation 

between the number of retained eggs and the number of eggs laid in the trial. Finally, our studies 

quantified endpoints of assays conducted for 2 or 4 hrs. It is possible that early patterns might 

have been obscured by the accumulation of more eggs, especially on high quality substrates. For 

example, in the male density experiment, it is possible that at high male density, harrasment 

interfered with oviposition early in the experiment, but the two females in each 4 hr assay 

overcame the harrasment, resulting in similar high oviposition at all male densities. Therefore, 

time-course assays or continuous video recordings might shed light on the dynamic nature of 

OSS. 

  The data presented here can be combined with results from larval density and resource 

use studies to gain a better understanding of how D. suzukii population dynamics may vary as 

different resources are utilized. Further work will be needed to assess oviposition under varying 

resource availability to more thoroughly understand the interaction between individual or group 

behavior and the spatial distribution of hosts. Our experimental flies were obtained from a 

laboratory colony, which is maintained at high densities, typically 20 to 30 flies per vial. It 

would be interesting to repeat similar experiments with flies raised under lower density 

conditions or collected from field-infested fruit to see if results differ. While our findings 

confirm that host quality correlates with oviposition rate (Bellamy et al. 2013, Burrack et al. 

2013, Kenis et al. 2016), they also highlight that resource quality affects how females are 

influenced by conspecifics. With a high quality resource, solitary females had the highest 

oviposition rate of all the density treatments while the presence of males at any density had no 

effect on oviposition. When a low quality resource was offered though, oviposition rate was 

much lower overall, and peak oviposition for both the male and female density trials was under 
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grouped condions. The presence of conspecific adults encourages individual egg-laying 

decisions in several insect species (Prokopy and Duan 1998, Díaz-Fleischer and Aluja 2003, 

Hoshizaki et al. 2020), although the underlying mechanism has not been explored for D. suzukii 

at this time.  

Ultimately, even small numbers of D. suzukii can pose an economic threat, as fresh fruit 

markets have a zero tolerance for insect infestation. Many studies have shown increased fruit 

infestation in cultivated hosts as a function of time and space (Drummond et al. 2019, 

Papanastasiou et al. 2020). Our results suggest, however, that reducing fly population densities in 

the field may not necessarily reduce the number of eggs laid if females increase their per capita 

oviposition rate at low densities, especially in preferred hosts like raspberry fruits. Genetic 

control strategies that aim to reduce the number of female D. suzukii through the release of 

sterile males dramatically increase the male : female ratio. If male harassment is minimal on high 

quality fruit, even at low female density, genetic control strategies may initially lead to increased 

oviposition and subsequent crop damage. Oviposition rates per female may also increase as the 

wild D. suzukii population decreases, moderating the benefits of this and potentially other pest 

management strategies.  
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Figure 1.1. Mean number of eggs per female (± SEM) laid into whole fruit (red bars) and raspberry juice agar (pink 
bars) under different male densities. Male density varied (0, 2, 4, 10, 18, or 30 males), and two females were present 
in each assay. Bars sharing the same letter are not significantly different from each other (ANOVA with Tukey 
Kramer, n=12).
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Figure 1.2. Mean number of eggs per female (± SEM) laid into whole fruit (red bars) and raspberry juice agar (pink 
bars) when the density of females varied. No males were present in these assays. Bars sharing the same letter and 
capitalization are not significantly different from each other (ANOVA with Tukey Kramer, n=12). 
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Figure 1.3. Effects of spatial distribution of fruit and female density on mean (± SEM) eggs oviposited per female. 
In the “spread out” treatment fruit were distributed throughout the arena, whereas in the “clustered” treatment fruit 
were grouped in the center of the arena, but fruit were not touching. Light gray bars represent a single female in each 
assay, whereas dark gray bars represent 5 females per assay.  
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CHAPTER 2: The Influence of Social Information on Oviposition Site Selection in 

Drosophila suzukii is Context Dependent 
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Abstract 

 The information that female insects perceive and use during oviposition site selection is 

complex and varies by species and ecological niche. Even in relatively unexploited niches, 

females interact directly and indirectly with conspecifics at oviposition sites. These interactions 

can take the form of host marking and re-assessment of prior oviposition sites. Considerable 

research has focused on the niche breadth and host preference of the polyphagous invasive pest 

Drosophila suzukii Matsumura (Diptera: Drosophilidae), but little information exists on how 

conspecific signals modulate oviposition preferences. We investigated three layers of 

information about a resource that female D. suzukii may use in oviposition site selection (OSS) – 

1) pre-existing egg density, 2) pre-existing larval stages, and 3) host marking by adults. We 

found that the presence of larvae and host marking, but not egg density, influenced oviposition 

behavior and that the two factors interacted over time. Surprisingly, adult marking influenced 

oviposition only in the presence of an unmarked substrate. These results are the first evidence for 

a host marking pheromone in a species of Drosophila. These findings may help explain D. 

suzukii movement and infestation patterns within crop fields and natural areas.   
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Introduction 

During host finding for oviposition, female insects incorporate a number of information 

types into their decision-making process (Prokopy and Roitberg 2001, Rudolf and Rödel 2005, 

Carrasco et al. 2015). Especially important for oviposition site selection (OSS) can be the 

information relayed by individuals of the same species, or social information. Whereas personal 

information is directly gathered by an individual assessing its environment, social information 

includes cues and signals provided by other organisms to reduce an individual’s uncertainty in 

that environment (Prokopy and Roitberg 2001, Dall et al. 2005). Females continuously gather 

and assess this information as they move through space and time, as a change in conditions 

might alter their behavior. Females need to be able to balance the cost of information gathering 

in time, energy, and risk of predation with its potential value in finding an optimal oviposition 

site. Biotic and abiotic factors can provide valuable information to an individual at both long and 

short ranges. Visual and olfactory cues can help guide insects at a distance, while a number of 

factors including temperature, humidity, host quality (gustatory cues), natural enemies, and 

competition can inform OSS within a localized area (Kennedy and Storer 2000, Dall et al. 2005, 

Rudolf and Rödel 2005). While these conditions are dynamic and not wholly predictable, social 

signaling can be used by an individual to influence and bias the behavior of other organisms 

through this information sharing.  

Drosophila suzukii Matsumura is an invasive polyphagous pest that experienced a rapid 

range expansion beginning in 2008 from parts of east Asia to a near global distribution (Hauser 

2011, Calabria et al. 2012, Deprá et al. 2014, Hassani et al. 2020). A wide and diverse host range 

including cultivated and wild-growing fruits give female D. suzukii a plethora of potential 

oviposition sites from which to choose (Bellamy et al. 2013, Lee et al. 2015, Kenis et al. 2016, 
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Elsensohn and Loeb 2018). Females are known to use skip oviposition to deposit one egg per 

oviposition site in different host fruit of the same species (Mitsui et al. 2006). Each oviposition 

site is evaluated through a walking and probing behavior pattern that may or may not lead to egg 

deposition, indicating females are making an assessment on a case-by-case basis. 

Chemoreception is likely predominated by the front tarsal receptors, although there may also be 

chemoreceptors on the ovipositor (Atallah et al. 2014, Crava et al. 2019). In general, female D. 

suzukii prefer to oviposit in a substrate that is semi-firm, has a high carbohydrate-to-protein ratio, 

and low pH (Burrack et al. 2013, Karageorgi et al. 2017, Silva-Soares et al. 2017). Although 

some fruit characteristics influence oviposition preference, the choice of oviposition sites does 

not always correlate to larval performance (Olazcuaga et al. 2019). Fruit-associated 

microorganisms such as yeast and bacteria appear to influence adult attraction (Scheidler et al. 

2015, Keesey et al. 2016, Lasa et al. 2019) and are also linked to oviposition behavior, with some 

microbial species increasing egg laying (Bellutti et al. 2018) whereas volatiles from others deter 

oviposition (Wallingford et al. 2016). 

In Drosophila melanogaster, both males and females use marking pheromones on 

oviposition substrates that increase conspecific egg laying (Lin et al. 2015, Duménil et al. 2016). 

A saprophytic species, D. melanogaster encounters significant competition from other insects 

and several types of fungi when exploiting their preferred ephemeral, rotting substrate (Barker 

and Podger 1970, Rohlfs et al. 2005). Aggregation pheromones left behind by adults reduce 

negative effects from interspecific competition. Female D. melanogaster also use other forms of 

social information, such as the presence of larvae or fecal deposits to positively influence egg 

laying (Durisko et al. 2014, Keesey et al. 2016).  
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Behaviorally and ecologically, D. suzukii differ in significant ways from D. melanogaster 

and may actually share more life history traits in common with true fruit flies (Tephritidae) due 

to their shared resource niche. Adult D. suzukii prefer fresh over rotting fruit (Karageorgi et al. 

2017) and face less direct competition because they feed within a relatively underutilized 

ecological niche of ripening fruit. Yet, D. suzukii differ from many tephritids in that they do not 

face the same extreme negative effects of larval competition at low densities (Hardin et al. 2015). 

To mitigate the high costs of larval competition, several fruit feeding tephritid fly species utilize 

host marking pheromones (HMPs) to discourage conspecific and interspecific oviposition on 

previously infested fruit (Averill and Prokopy 1987, Arredondo and Diaz-Fletcher 2006). 

However, the use of HMPs in fruit-infesting flies is not universal (Nufio and Papaj 2001, Papaj 

2017) and some tephritids like the highly polyphagous Ceratitis capitata exhibit socially 

facilitated behavior wherein females oviposit more in the presence of conspecifics than alone 

(Prokopy and Duan 1998). 

The goal of this study was to understand the use and consequences of social information 

in D. suzukii in the context of OSS.  Social facilitation and the use of marking pheromones exists 

in some drosophilid species and true fruit flies, and recent evidence suggests that an aggregation 

pheromone may be used by D. suzukii to influence conspecific oviposition (Tait et al. 2020). 

However, this behavior is not well understood and has yet to be fully explored in this species. 

We designed a series of experiments to test whether D. suzukii mark oviposition sites and if 

female D. suzukii discriminate between uninfested (unoccupied) fruit and fruit occupied by eggs 

or larvae in a laboratory setting. Our results contribute to fundamental insights into OSS in 

insects and offer a promising avenue of research into a potential HMP.    
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Methods 

Flies  

A laboratory colony of D. suzukii was established from wild-infested fruit in 2011 and 

maintained on a cornmeal and yeast diet (Hardin et al. 2015). The colony was genetically 

augmented periodically with wild-collected D. suzukii. Flies were maintained at 20±3oC and 

65±10% relative humidity on a 12L:12D photocycle. Flies used in all experiments were 5-9 days 

old and females were presumed mated at this age (Revadi et al. 2015). 

 

Oviposition substrates 

We used two raspberry-based agar substrates for oviposition assays. A “raspberry puree” 

substrate was made by blending whole, ripe raspberries (Driscolls organic, USA origin) with 

equal parts water, and 1% each of agar, and the anti-fungal agents: Tegosept (methyl paraben 

[CAS: 99-76-3]), and propionic acid (CAS:79-09-4). Approximately 20 ml of this mixture was 

added to 35x10 mm Petri dishes (Falcon, Corning Incorporated, Durham NC) and set.  A 

“raspberry juice” substrate was made by hand straining fresh, ripe raspberries through a layer of 

fine mesh to separate the juice from the pulp and seeds; the juice was then used in the above 

recipe in place of the puree.  

While no exogenous microorganisms were added during these experiments, they may 

have been present on raspberry fruit at time of purchase. As some of the experiments lasted up to 

six days, Tegosept and propionic acid were used as microbial inhibitors to prevent overgrowth of 

any pre-existing microorganisms, whether pathogenic or beneficial. The addition of these 

chemicals did not appear to prevent the establishment and proliferation of 

substances/microorganisms left on the surface of the fruit agar by adults. These microbial 
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inhibitors have been used in D. melanogaster studies where microbes were tested for 

pathogenicity (Elya et al. 2018) and their role in host marking behavior (Duménil et al. 2016). 

Preliminary assays to directly compare the difference between substrates indicated a 3:1 

oviposition preference for the juice agar over the puree in a 2-choice assay (N=15). Ultimately 

both substrates were used in the following experiments as the juice was more preferred for egg 

laying while the puree is likely more similar texturally to natural whole fruit substrate in which 

D. suzukii oviposits.  

 

Experiment 1. Host marking and egg density 

Exp. 1. Set-up and pre-infestation 

To obtain various egg densities (0, 5, 10, 20, 40 eggs), 25-30 raspberry juice agar dishes 

were placed in a 0.3 x 0.3 x 0.3 m cage with approximately 200 adult females and males. Dishes 

were removed after 2 hrs and the number of eggs per dish were counted. Dishes with the largest 

number of eggs laid were used to create the highest density treatment (40 eggs). We attempted to 

manipulate the density as little as possible, but when necessary, eggs were removed with fine-

point forceps or they were gently transferred with forceps and laid on or under the surface to 

mimic natural oviposition. These dishes were used in the following bioassays the same day, as 

the majority of D. suzukii eggs hatch within 24 hrs of oviposition (Emiljanowicz et al. 2014).  

 

Exp. 1. Behavioral assays 

Twenty females were placed in a 0.3 x 0.3 x 0.3 m cage and exposed to five raspberry 

juice substrates simultaneously of the following densities: 0, 5, 10, 20, and 40 eggs per dish. 

Dishes were placed in a 2 x 3 block in the center of the arena, with position of each treatment 
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randomized within the cage. After a 2 hr exposure, all dishes were removed, and the total 

number of eggs on each dish were counted. The starting egg density number was subtracted from 

the final egg count to obtain the number of additional eggs laid during the assay.  

To test the effect of host marking – hereafter referred to as “marked” – by adult females 

and males, we conducted a separate experiment which included a treatment consisting of an 

additional dish that had not been exposed to adults (unmarked and contained no eggs). This 

treatment was tested in a six-way comparison with the five previously described treatments using 

the same methodology. We also repeated this experiment using the less preferred, but more 

‘natural’ puree substrate. To assess the effect of exposure time, we ran additional replicates of 

the puree assay for 4 hrs, or double the time of the other assays.  

In response to a seemingly large influence of host marking in our first series of 

experiments, we designed two experiments to assess the influence of egg density and inoculation 

separately. First, we measured oviposition preference between a marked and unmarked juice agar 

substrate. We created the marked dishes by exposure to approximately 200 flies as done during 

set-up. Any eggs laid in these dishes were counted and removed. A single marked and unmarked 

dish were added to a 473-ml plastic assay container along with 5 male and 5 female D. suzukii 

for 2 hrs.  

Second, to isolate the effects of egg density alone without host marking, eggs were 

transferred from exposed to unexposed juice agar substrates at the same densities as in the first 

experiment: 0 (undamaged), 0 (damaged), 5, 10, or 20 eggs per dish, omitting the 40 egg/dish 

treatment. The surface of the “damaged” zero-egg-treated dishes was mechanically damaged 

with forceps to mimic disruption caused by egg removal and transfer in the setup of the previous 
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assays. We added twenty females to a 0.3 x 0.3 x 0.3 m cage with the randomized blocked 

substrates for a 2 hr exposure. 

 

Experiment 2. Host marking and larval development 

Exp. 2. Set-up and pre-infestation 

To test the effect of any materials associated with walking, defecation, and active 

marking by both sexes, we exposed a single puree agar dish to 5 male and 5 female D. suzukii in 

a 473-ml arena. Dishes were removed after 4 hrs and the number of eggs counted. The 

oviposition propensity of females can vary widely between small cohorts of flies during time 

limited assays, so to standardize the larval density we redistributed eggs so that every marked 

dish had a density of 10 eggs to assess effects of larval development and resource use on female 

attraction and oviposition. Prior to testing, marked and unmarked (control) dishes were kept in 

individual plastic vented containers in a growth chamber (25±2oC, 70±10% RH, 12L:12D 

photocycle). 

To remove the effect of adult marking, we stretched Parafilm (Bemis Company, Inc., 

Neenah WI) over the substrate surface, while still allowing for successful oviposition. A 2.5 x 

2.5 cm section of Parafilm was stretched to ~6.5 x 6.5 cm and placed over each dish. Females 

could penetrate the film to lay eggs, but the physical barrier prevented any materials other than 

those immediately associated with oviposition from accumulating on the substrate. Notably, 

however, the oviposition holes could serve as feeding sites for adult males and females at this 

time. 

A single Parafilm-covered dish was exposed to 5 male and 5 female D. suzukii; females 

were allowed to oviposit for 24 hrs instead of only 4 hrs because of increased latency to 
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oviposition due to the lack of tarsal contact with the substrate caused by the film barrier. The 

dish was then removed, and the number of eggs per dish recorded. Again, eggs were 

redistributed when necessary so that each dish had a final count of 10 eggs per dish. Control 

dishes were treated in the same manner (Parafilm covering, placed in assay container for 24 hrs) 

except no flies were added. Dishes were then stored in individual plastic vented containers in a 

growth chamber until needed.  

 

Exp. 2. Behavioral assays 

Effects of marking, egg and larval development on oviposition preference  

We compared egg laying in egg and larval dishes every 2 days to test the effect of each 

developmental stage on egg laying preference with each dish only used for a single assay. In a 

separate, preliminary experiment we determined the time needed post-oviposition for the 

majority of larvae to be in the desired life stage on the day of testing, confirming results observed 

in Emiljanowicz et al. (2014). Oviposition preferences were assayed in response to (a) eggs on 

the day they were laid (day 0), (b) first instars on day 2, (c) second instars on day 4, and (d) third 

instars on day 6. On the day 2, egg chorions and any unhatched eggs were removed from all 

infested dishes so that only newly oviposited eggs would be counted during subsequent assays on 

days 2-6.  

For each time point (day 0, 2, 4, or 6) and treatment (presence or absence of marking), a 

2-choice assay compared an “occupied dish” (with eggs or larvae) versus an unoccupied 

(control) dish in a 473-ml arena. Five adult male and five adult female D. suzukii were added to 

the container along with the two substrates and assayed for 4 hrs, alternating the locations of 

treated and control dishes between replicates to control for potential side bias. After 4 hrs both 
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dishes were removed, eggs were counted and occupied dishes were carefully dissected to assess 

the number and stage of surviving larvae.  

To test the effects of adult marking on subsequent oviposition preference, in the absence 

of eggs or larvae, five pairs of adults were allowed to explore and oviposit on uncovered petri 

dishes for 4 hrs. Eggs were counted and removed. Two, 4, and 6 days after marking, these dishes 

were compared to a control dish in the manner described above. 

Isolation of host marking-induced oviposition preference 

To assess sex-specific marking, we conducted follow-up experiments using 10 each of 

males, mated females, and virgin females in place of the five adult pairs during the host marking 

phase. All other experimental aspects remained the same as described previously. Egg-

containing dishes for the male and virgin female occupied treatments were generated using 

Parafilm-covered dishes to minimize any female surface marking. For the female unoccupied 

treatment, eggs laid during the marking phase were counted and removed.  

 

Data Analysis 

Exp. 1. Host marking and egg density 

We used an analysis of variance (ANOVA) test to look for significant differences 

between the number of eggs laid and the original density count, with replicate as a random effect. 

If a significant difference was detected, Tukey’s HSD was used for mean separation.  

Exp. 2. Host marking and larval development 

To normalize variation between replicates, we calculated the proportion of eggs laid in 

the treated or control dishes (number of eggs in treated or control / total egg count) and excluded 

any non-responders from analysis (6 of 465 total replicates). We then used the Wilcoxon test to 
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compare the proportion of eggs laid in the control dish against the null hypothesis of a 50:50 

distribution. The Kruskal-Wallis test was used to individually assess the effect of larval presence 

and age within each host marking treatment on the proportion of eggs in the control dish with a 

Dunn test used to separate means when appropriate. All analyses were conducted in R v. 3.6.1 (R 

Core Team 2019). 

 

Results  

Experiment 1. Host marking and egg density 

In a multi-choice behavioral assay with raspberry juice agar as an oviposition substrate, 

we found no relationship between egg density on the substrate and the number of new eggs 

deposited by D. suzukii females. When all substrates were either marked by both sexes or 

unmarked, there was no difference among the density treatments (ANOVA, marked: F4,40=1.97, 

p=0.118; unmarked: F4,28=0.533, p=0.713; Fig 1a,b). However, when females were given a 

choice between marked and unmarked substrates, more eggs were oviposited in the unmarked 

dish (ANOVA, F5,50=8.608, p=0.615 x 10-6; Fig1c), mainly because oviposition in the marked 

dishes decreased by about 60% relative to the respective marked treatments that lacked a choice 

of unmarked substrate. We tested this scenario again using a less preferred substrate, a raspberry 

puree agar made from blended whole fruit. The preference between raspberry juice and puree 

was examined by a 2-choice assay which showed that females laid three times as many eggs in 

the juice agar than in the puree agar (raspberry juice: 10.33 ± 1.55, raspberry puree: 2.87 ± 0.96 

eggs ± SE, Wilcoxon, Z=100, p=0.003, df=14). We observed a similar pattern with the less 

preferred raspberry puree as we did with raspberry juice (ANOVA, F5,45=26.01, p=3.03 x 10-12; 

Fig. 2a), suggesting that, when provided with multiple choices, females direct their oviposition 
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toward unmarked substrates and away from marked substrates with or without eggs. These 

results were confirmed in a 2-choice assay, with the unmarked dish garnering more eggs than the 

marked dish (unmarked: 9.47 ± 1.49, marked: 4.87 ± 1.02 eggs ± SE), however the difference 

was not significant (Wilcoxon, Z=70, p=0.589, df=14). However, this decision appears to be 

time sensitive and limited only to choice scenarios. When the puree substrate assay was extended 

to 4 hrs instead of 2 hrs, the difference between the control and marked dishes disappeared 

(ANOVA, F5,45=0.509, p=0.768), suggesting that once the preferred unmarked substrate becomes 

marked, all other substrates become equally acceptable.  

Experiment 2. Host marking and larval development 

We varied the presence of host marking and larval occupation to investigate the influence 

of both factors over time. When combined with larvae, the presence of substrate marking from 

adults of both adult sexes had a significant negative effect on oviposition (Kruskal Wallis, 

χ2=23.96, p=2.55 x 10-5, n=78), with females laying a greater portion of eggs on the control 

unmarked dish in the presence of a marked substrate on days 2 though 6. When host marking 

was absent, but larvae were present, there was no clear preference except on the second day, or 

first instar stage when the treated dish received significantly more eggs than the control substrate 

(Wilcoxon: Z=132, p=0.045, n=20; Fig. 3). Oviposition preference was affected by the larval 

development stage only when males were included in the marking treatment. We observed a 

general trend that the oviposition preference became stronger with larval development (later 

instars) (Kruskal Wallis, both sexes: χ2=23.96, p=2.55 x 10-5, n=78; male only: χ2=6.80, 

p=0.035, n=60). In other words, if oviposition was deterred by the presence of first instars (day 

2) in the treated dish, deterrence was also observed and was numerically higher on days 4 and 6 

with later instar larvae. Similar to the results from the egg density experiments, females showed 
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no preference on day 0 when the egg stage was tested (Wilcoxon: marked, Z= 103.5, p=0.446, 

n=19; unmarked, Z=105, p=0.408, n=20).  

Host marking by mated females produced the highest deterrence of egg laying which did 

not significantly vary over time or	due	to	larval	occupation	(Kruskal	Wallis,	development	

stage: χ2=0.658,	p=0.720,	df=2;	larval	occupation:	χ2	=1.65,	p=0.199,	df=1;	n=119).	

Although	larvae	increased	deterrence	in	male	and	combined	sex	trials,	there	was	no	

significant	difference	between	occupied	and	unoccupied	treatments	within	a	marking	type.	

The	combination	of	marking	by	virgin female and presence of larvae elicited strong deterrence 

of oviposition (Kruskal Wallis, χ2=25.216,	p=5.125	x	10-7). However, females exposed to a 

substrate marked by virgin females on unoccupied dishes (no larvae) showed little to no 

preference (Kruskal	Wallis, χ2=2.635,	p=0.268)	(Fig.	3), suggesting that marking by mated 

females may be qualitatively or quantitatively more deterrent than marking by virgin females.	

 

Discussion 

Female insects have many sources of information available when choosing where to 

oviposit their eggs in a dynamic landscape. We tested three potentially important sources of 

social information they likely encounter. By manipulating egg density, larval age and host 

marking semiochemicals on the oviposition substrate, we were able to show that D. suzukii 

adults leave behind a signal that deters oviposition by naïve females, but only when an unmarked 

substrate was also available. Egg density did not affect the degree of deterrence. Presence of 

larvae also deterred egg laying in a dose-dependent manner with larval age.  

Host acceptance in generalist species is in part constrained by deterrent compounds found 

in plants (Bernays and Chapman 2007). The presence of conspecific deterrent signals left behind 
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by individuals on plant tissue may act to further narrow host choice by guiding OSS. 

Recognizing signals that indicate prior visitation to a host guides more informed oviposition 

choices in several insect orders (Schoonhoven 1990, Nufio and Papaj 2001). In our research, 

females did not seem to recognize egg-related cues but avoided larvae-infested, marked 

substrates, with greater deterrence observed with later larval stages. These findings combined 

with competition-induced larval mortality (Hardin et al. 2015) suggest that female D. suzukii are 

using social information to select unmarked, unoccupied substrates for oviposition, when 

available. Our results also indicate that host marking may be a more reliable source of social 

information for OSS than larvae. When both information types were present, they worked in 

concert to cause significant oviposition deterrence. However, marking alone was sufficient to 

deter females from ovipositing on the marked substrate even in the absence of any larvae. 

Conversely, females were not deterred from unmarked substrates occupied by larvae, and even 

slightly attracted in 2-choice assays by the presence of late instar larvae. As larvae develop 

within a resource, they are processing and altering its nutritional quality making the substrate 

more or less available for subsequent visitors. While this may not happen in natural settings, our 

experiments suggest that females can use larval cues as a signal of host quality absent any other 

social information.  

Like other frugivorous species, D. suzukii face greater conspecific than interspecific 

competition. Within large monocultures that are common on farms, D. suzukii females have 

ample oviposition site choices within a relatively small area. Because their preferred oviposition 

substrate of ripe fruit is rather ephemeral, however, females need to quickly identify a host that 

can support larval development through pupation but before that host can be exploited by later 

colonizers like D. melanogaster that outcompete slower developing D. suzukii larvae (Dancau et 
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al. 2017). Our results support the hypothesis that D. suzukii females and males use marking 

pheromones to enforce skip oviposition to maximize larval fitness (Mitsui et al. 2006).   

The use of host marking information by D. suzukii appears to be highly context 

dependent. In the egg density experiment, when gravid females were given a choice of substrates 

that were all one type (e.g., marked or unmarked, juice or puree), females oviposited a similar 

number of eggs in the different treatments, independent of the density of previously oviposited 

eggs they encountered. However, whenever females had a choice between a marked and 

unmarked substrate, or between juice and puree, their oviposition was strongly biased based on 

specific preferences. In 2-choice tests, females oviposited twice as many eggs in unmarked 

dishes than in marked dishes, and three times as many eggs in raspberry juice-agar substrates 

than in raspberry puree-agar. Preference for unmarked dishes was even stronger when marking 

was allowed to age, with females ovipositing 9-fold more eggs in the unmarked than marked 

substrates.  

As a time-constrained and highly polyphagous species, D. suzukii females have short 

time windows to process available information and make an oviposition decision among a 

myriad choices (Rosenheim 1999). HMPs are used by individuals to quickly identify oviposition 

sites previously exploited by themselves or conspecifics (Nufio and Papaj 2001, Papaj 2017). In 

the 2-choice scenarios, D. suzukii females reduced oviposition in marked substrates while laying 

a similar number of eggs in all dishes that contained various egg densities when all substrates 

were either marked or unmarked. Based on these observations in the lab, if all available wild or 

cultivated hosts within an area are marked, we would expect high numbers of eggs per fruit as 

females would exclude host marking from their oviposition decision. Indeed, during times of 

high D. suzukii population levels females oviposited more than 12 ±	0.36 eggs per gram of 
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blackberry in wild fruits compared to <5 ±	0.27	eggs/g in cultivated blackberries (Elsensohn Ch. 

3). The hypothesis that females exclude host marking from their oviposition decision is further 

supported when comparing the 2- and 4-hr assays. In 2-hr assays, females oviposited 

significantly more in the control unmarked substrate than in marked substrates containing 

various densities of eggs. However, in 4-hr assays, females distributed their eggs across all 

substrates, independent of marking and prior egg density. It appears that at some point between 2 

and 4 hours, the unmarked control substrate became sufficiently marked to obscure any 

differences among the various treatments. It is important to consider, however, that in the field 

females have the option to fly away from marked fruit, or a patch that contains marked fruits, 

and seek unmarked fruits. 

Our findings appear to conflict with the results of Tait et al. (2020). In a choice test, 

marked blueberries at the highest egg density treatment received a greater number of eggs from 

naïve females than unmarked and lower egg density blueberries after a 2 hr exposure. Our results 

show the opposite effect, whereby an unmarked substrate was preferred for oviposition over a 

marked substrate in a choice scenario. This seeming discrepancy may be explained by our 

observations of context-dependence. We used a highly preferred host fruit, raspberry, in an agar-

based medium, eliminating penetration force as a potential barrier to oviposition. Raspberries are 

more preferred for oviposition and are a better nutritional resource for larvae than blueberry fruit 

(Jiménez-Padilla et al. 2020). If females incorporate host/nutrition type into OSS decision 

making, we might expect a change in their behavior, which could explain the conflicting 

preference results (Papaj and Messing 1996). Expanding D. suzukii host marking research into 

other host species will help better understand the contexts where females utilize social 

information in OSS. Interestingly, Tait et al. (2020) saw no differences in egg laying between the 
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treatments during subsequent time checks (4, 24, and 48 hrs), suggesting temporality is an 

important consideration. 

Further research is needed to isolate and identify what female and male D suzukii leave 

behind on marked substrates. The deterrent marking compounds we observed were stronger from 

females, but present in both sexes and may be a mix of feces, regurgitant, or other excretions. 

These compounds could be related to mating or mated status, as marking by virgin females in 

unoccupied dishes did not deter oviposition. Cuticular hydrocarbons (CHCs) are important in 

mate recognition and host marking in D. melanogaster as well as in Tephritids (Ingleby 2015, 

Duménil et al. 2016, Keesey et al. 2016). CHCs in both sexes of adult D. suzukii have the same 

composition but compounds differ in relative abundance between males and females which may 

underlie the differences in deterrence we observed between male and female marking. 

The putative HMP suggested here may instead be microbial in origin. Many insect 

species use fecal-derived volatiles as pheromones or allelochemicals (e.g., Li and Ishikawa 2004, 

Wada-Katsumata et al. 2015, Mansourian et al. 2016). Research on D. suzukii-derived microbes 

from adults and infested fruits confirms their role in adult attraction (Bueno et al. 2019). We 

observed microbial growth on the marked dishes beginning on the second day post marking and 

infestation. Microbial volatiles strongly influence oviposition behavior in D. melanogaster and 

might be mediating the observed oviposition deterrence in this study in D. suzukii. Both 

environment and diet directly influence Drosophila gut microbial community composition and 

abundance (Behar et al. 2008, Yun et al. 2014). Since gut microbiota differ between and among 

lab and wild D. suzukii populations (Bing et al. 2018, Martinez-Sañudo et al. 2018), further 

research will need to evaluate the influence of social information using wild flies and in field 

settings where host marking would only be one of a variety of information sources used in OSS. 
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Our results indicate that conspecific host marking significantly reduces, but does not 

eliminate oviposition by naïve females. Our research provides strong evidence for the use of an 

HMP in D. suzukii. While HMPs have been proposed as a pest management tool for other fruit-

infesting flies (Silva et al. 2012), existing methods may not work universally to reduce D. suzukii 

oviposition given the importance of context on OSS shown in our data. However, the behavioral 

insights into decision making under choice and no choice scenarios suggest there may be 

potential in exploiting this information in push-pull or trap crop strategies, as suggested by others 

(Hamby et al. 2016, Alkema et al. 2019).  
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Figure 2.1. Female D. suzukii prefer to oviposit in unmarked substrates. Mean ± SE number of eggs 
oviposited per dish on a highly preferred raspberry juice-agar substrate in multi-choice assays. All dishes, 
except Control dishes, were exposed to adult D. suzukii for 2 hrs before the assay, and the starting egg 
density (per dish) was achieved by removing or adding eggs to dishes before the assay began. ‘Control’ is 
an unmarked, unoccupied dish. ‘nt’ = treatment was not tested. a) All substrates were marked by adult D. 
suzukii, b) All substrates were unmarked, but contained eggs if applicable (eggs were transferred from a 
marked to unmarked dish using sterile forceps), c) Substrates except for the Control were marked by adult 
D. suzukii. Values sharing the same letter are not significantly different (alpha = 0.05).  
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Figure 2.2. D. suzukii preference for unmarked substrates is modulated by host marking behavior during 
the assay. Mean ± SE number of eggs oviposited per dish on a less preferred raspberry puree-agar substrate 
in multi-choice assays. All dishes, except Control dishes, were exposed to adult D. suzukii for 2 hrs before 
the assay, and the starting egg density (per dish) was achieved by removing or adding eggs to dishes before 
the assay began. ‘Control’ is an unmarked, unoccupied dish. a) 6-way comparison with dishes exposed for 
2 hrs, b) 6-way comparison with dishes exposed for 4 hrs. Values sharing the same letter are not 
significantly different (ANOVA, alpha = 0.05). 
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Figure 2.3. Larval density and host marking type affect D. suzukii oviposition preference. Data are presented as 
proportion of eggs laid in each dish ± SE. ‘Treated’ = marked and/or occupied substrate, ’Untreated’ = unmarked, 
unoccupied substrate. All dishes, except untreated dishes, were exposed to 10 D. suzukii adults for 4 hrs, followed 
by adding or removing eggs for the ‘occupied’ treatment. Dishes were either assayed again immediately, or held for 
a number of days prior to assay. Bars that share the same letter within each panel are not significantly different 
(Kruskal Wallis, Dunn Test, p>0.05). Asterisks indicate significance values as follows: * p<0.05; ** p<0.01; *** 
p<0.001 (Paired t-test). ⌃ No eggs were counted on the marked substrate. 
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Abstract 

 The effects and extent of the impacts of agricultural insect pests in and around cropping 

systems is a well-studied field of research. However, little research exists on the presence and 

consequence of these insects in undisturbed landscapes distantly from crop hosts. Research in 

such non-traditional areas may yield novel or key insights on pest behavior or ecology that is not 

evident from agroecosystem-based studies. Using the invasive fruit pest Drosophila suzukii 

Matsumura as a case study, we investigated the presence and resource use patterns of this 

agricultural pest in wild blackberries growing within the southern Appalachian Mountain range 

of North Carolina over 2 years. We found D. suzukii throughout the sampled range with higher 

levels of infestation (D. suzukii eggs/g fruit) in all ripeness stages in natural areas as compared to 

cultivated blackberry samples, but especially in under-ripe fruit. We also explored a direct 

comparison of oviposition preference between wild and cultivated fruit and found higher 

oviposition in wild berries when equal weights of fruit were offered, but oviposition was higher 

in cultivated berries when fruit number was equal. This difference in preference is likely due to 

the experimental design, which may relate to female foraging strategies. Additional research is 

needed to explore how these forest-based D. suzukii populations affect local food web dynamics 

and the pest’s potential to impact regional agroecosystems.  
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Introduction 

The niche breadth of polyphagous insect pests can be expansive due to a number of 

biological and abiotic factors including the ability to exploit diverse host types in heterogenous 

environments and the capacity to respond to changing conditions over time (Kennedy and Storer 

2000, Sakai et al. 2001, Little et al. 2020). Species with broad host ranges also tend to have an 

outsized impact on crops as compared to monophagous or oligophagous insect species (Ward 

and Spalding 1993). It is reasonable to assume these substantial impacts may also occur in non-

crop areas. Considerable research has been conducted in semi-natural lands adjacent to or near 

affected crops, as these are the areas thought to be highly influential to agroecosystem dynamics 

(Kennedy and Storer 2000, Rand et al. 2006, Mazzi and Dorn 2012).  

For polyphagous pests, non-crop host plants occur throughout the landscape, including 

places far removed from agriculture. These areas, such as forests, are rarely assessed for the 

presence of agricultural insect pests unless they are also considered a forest pest, such as pear 

thrips, Taeniothrips inconsequens (Uzel) (Teulon et al. 1998), or the spotted lanternfly, Lycorma 

deliculata White (Barringer and Ciafré 2020). Nevertheless, studying non-forest crop pests in 

remote areas might be important for a number of reasons. First, these insects may impact forest 

food web dynamics through resource use competition of common host plants. Second, if these 

remote locations host established populations of agricultural pests, then they may be a source for 

seasonal migrants into cultivated areas. Third, understanding pest behavior outside of the 

agroecosystem may yield novel insights into pest behavior and ecology that may not be evident 

in highly human-influenced agricultural areas. Finally, such insights can then be used to improve 

modeling predictions for current and future range expansions.   
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Distribution modeling is a common way to model invasive species and is based on known 

life history traits and occurrence. However, ground truthing to inform or verify model-based 

inferences (e.g., likelihood of occurrence or density) often fails to venture outside of areas where 

the pest is causing direct economic damage, namely cropland in this case. Failure to fully verify 

these distribution models limits their usefulness and insight (Wright et al. 2006, Fitzpatrick et al. 

2007, Sarquis et al. 2018). Furthermore, niche divergence may occur more readily in areas with 

more diverse habitat and can be indicative of ecological changes such as invasive species 

establishment, food web disruption, or climate change (Wright et al. 2006).  

Drosophila suzukii Matsumura is a highly cosmopolitan agricultural pest of berry crops. 

Native to East Asia, D. suzukii was limited in spread until 2008 when accidental introductions 

led to a range expansion into Europe and continental North America, and in subsequent years to 

South America, Western Asia and most recently in Africa (Hauser et al. 2011, Calabria et al. 

2012, Deprá et al. 2014, Parchami-Araghi et al. 2015, Hassani et al. 2020). Ripe fruit from 

cultivated berry crops and wild-growing native and non-native plant species serve as oviposition 

sites for female D. suzukii and nutritional resources for all life stages. The presence and 

movement of this fly has been well-studied in croplands and nearby disturbed or wooded areas 

that serve as potential refuge sites and often contain susceptible hosts (Bellamy et al. 2013, Lee 

et al. 2015, Klick et al. 2016, Elsensohn and Loeb 2018, Santoiemma et al. 2018). Some host 

plant species are regionally common and can be found well outside agroecosystems, including in 

backyards, roadsides, woods, and fields, among other places (e.g., Mitsui et al. 2010, Poyet et al. 

2014, Ballman and Drummond 2017).  

Several ecological models were created to assess the current and future distribution of D. 

suzukii around the world (Gutierrez et al. 2016, dos Santos et al. 2017, Fraimout and Monnet 
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2018, de la Vega and Corley 2019, Ørsted and Ørsted 2019). One species distribution model 

using global occurrence data indicated a higher likelihood of occurrence in the southern 

Appalachian Mountains of the eastern United States than in surrounding areas (Ørsted and 

Ørsted 2019). Contrastingly, a physiologically-based demographic model estimated a lower D. 

suzukii density in the same area (Gutierrez et al. 2016). Much of this region of the Appalachian 

Mountains, which ranges in elevation from 900-1850 m, is designated as federally protected 

National Forest land. No commercial plantings of cultivated D. suzukii hosts are known to occur 

within this area, although D. suzukii-susceptible Vaccinium and Rubus spp. native to North 

America grow well here (Powell and Searman 1990).  

To date, no studies have sought to ground truth model-predicted occurrence sites sparsely 

populated by humans as potential population sources of D. suzukii. In Europe, altitudinal studies 

demonstrated an established presence of D. suzukii in high elevation, mountainous locations 

(Tait et al. 2018, Santoiemma et al. 2019), and documented recapturing marked adults over 9 km 

from the release site (Tait et al. 2018). This distance is suggestive of weather-assisted movement, 

as flight mill tests show the flight capacity of adults is less than 2 km (Wong et al. 2018). Insect 

dispersal through wind patterns is documented in several pest species (Hoelscher 1967, Compton 

2002, Moser et al. 2009) and has been postulated as a potential means of yearly recolonization by 

D. suzukii at northern U.S. latitudes after winter temperatures kill the vast majority of 

overwintering flies (Rossi-Stacconi et al. 2016, Panel et al. 2018, Wallingford et al. 2018). 

Localized D. suzukii movement from shrubby or wooded landscapes into crop fields is well 

documented (Klick et al. 2016, Pelton et al. 2016, Tonina et al. 2018). Uncultivated and 

cultivated areas can be exploited concurrently or consecutively throughout the year, especially in 

areas where adults are caught year-round (Ballman and Drummond 2017, Elsensohn and Loeb 
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2018, Santoiemma et al. 2018). Uncultivated areas can enlarge or sustain pest populations that 

could spill back into crop areas through short or long-distance movement, and vice versa.  

Some non-crop hosts may be preferred oviposition sites for female D. suzukii or offer 

better nutritional resources needed for larval development. Comparative work exploring 

oviposition preference between crop and non-crop host species found that preference depended 

on the specific fruit combinations used (Lee et al. 2015, Diepenbrock et al. 2016). The first direct 

comparison of D. suzukii oviposition preference between wild and cultivated fruit of the same 

crop type found that females laid more eggs into cultivated than wild blueberries (Rodriguez-

Saona et al. 2019). However, these results may be confounded by differences in fruit size, 

weight, and surface area between domesticated and wild relatives.  

Laboratory research into oviposition preference as a factor of fruit ripeness stage revealed 

that the ripe stage was the most preferred for oviposition while progressively under-ripe stages 

received fewer or no eggs (Lee et al. 2011, Kamiyama and Guédot 2019). In a field setting, 

fewer adults emerged from blackberry fruit infested during under-ripe stages than fruit infested 

later at the ripe stage (Swoboda-Bhattarai and Burrack 2017). These results align with laboratory 

studies that show a survival hierarchy with ripe fruit hosting the lowest mortality rate (Lee et al. 

2011, Bernardi et al. 2017, Kamiyama and Guédot 2019).    

To better understand D. suzukii oviposition preference and general resource use in areas 

unaffected by spillover dynamics, we conducted an elevational gradient study in the southern 

Appalachian Mountain region. Here, modeling predictions are uncertain but non-crop hosts are 

common. Over two years, we visited three natural areas and one roadside tract surrounded by 

National Forest lands in western North Carolina to collect wild-growing fruit at different stages 

of ripeness. The main objectives of this study were to: 1) document the presence or absence of D. 
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suzukii in the unpopulated areas; 2) compare seasonal host use patterns of wild and cultivated 

blackberry fruits; and 3) assess host preference between wild and crop fruit in a laboratory 

setting.  

 

Methods 

2017 Field Collections 

We visited four locations in North Carolina where large wild blackberry stands (>15 

canes/10m) were established: Southern Nantahala Forest in Macon County; Cherokee National 

Forest in Avery County, and Joyce Kilmer –Slickrock Wilderness Area (JKWA) and along the 

Cherohala Skyway in Graham County (Appendix A, Table S1). Required permits to sample in 

these places were obtained from the appropriate agencies. Sampling sites were determined by 

location and density of blackberry plants, and separated by a distance of at least 1 km. Fruit 

collection began when fruit appeared almost full size (subjectively determined by drupelet size) 

but were still green. Sites were resampled every 2-3 weeks until no ripe fruit were available.  

At each site, blackberry plants within a radius of 10 m were sampled for fruit at the 

following ripeness stages: green, blush (red-green), red, purple, and ripe. Two research station 

plantings of cultivated blackberries were sampled during the same week as wild collections, but 

only ripe fruit were collected at research farms after the first visit due to low fruit set that year. 

Up to 20 fruit of each stage were sampled at each site as available, grouped in breathable bags, 

and transported to the lab in a cooler (4ºC). Fruits were collectively weighed by sample group 

and examined under a dissecting microscope for the number of D. suzukii eggs laid per berry. 

Drosophila suzukii eggs were distinguished from other potential fruit-infesting flies by observing 

and counting the number of respiratory filaments per oviposition site (Hauser et al. 2011). 
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Although Drosophila melanogaster and D. simulans eggs also possess only two filaments per 

egg, we collected fruits before they were susceptible to oviposition by these two species. Other 

plant species growing adjacent to blackberry plants with ripe fruit that appeared susceptible to D. 

suzukii were collected at random and similarly checked for infestation. All plant species were 

identified using Weakley (2006).  

2018 Field Collections 

JKWA was chosen as the focal wild fruit collection location in 2018. Wild blackberries 

were collected along a trail approximately every 50 m change in elevation at five locations along 

a single trail [1430-1630 m] (Appendix A. Table S1). We could only utilize one research station 

planting in 2018 because the other planting was removed at the end of the 2017 growing season. 

However, all ripeness stages were assessed for infestation at this location, as available. All other 

sampling methods remained the same as in the previous year.  

Oviposition preference 

Exclusion netting (a mesh bag approximately100 x150 mm) was placed around single 

infructescences after petal fall in both years on wild and cultivated blackberry bushes. Netting 

bags were secured at the base of the cluster with a foam strip encircled by a plastic zip tie to 

ensure a tight seal to prevent insect entry but not damage the plant. Fruit were monitored, and 

when ripe fruit were observed in both cultivation types, all netted, ripe berries were collected at a 

single wooded and cultivated site on the same day and brought back to the lab. The following 

day, fruit were examined to verify a lack of insect or mechanical damage. A two-choice bioassay 

was set up using equal weights of cultivated and wild blackberries placed in 35 x10 mm petri 

dishes in the bottom of a 473-ml plastic container. Two 5-7-day old females from the laboratory 

colony (see Hardin et al. 2015) were added to the container and removed after 90 minutes and 
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the number of eggs per berry was counted. A separate two-choice assay compared oviposition 

preference between a single cultivated and single wild blackberry fruit using the same protocol.  

Statistical analysis 

Data were analyzed using SAS v. 9.4 (SAS Institute, Cary, NC). Samples that comprised 

fewer than 10 fruits were excluded from the analysis. Week represents time after the first sample 

was collected and held constant for both years. Cultivation type denotes whether the berry was 

wild-grown or cultivated. Eggs per berry are the mean number of eggs per fruit while eggs per 

gram were calculated using the number of eggs per berry divided by the average per berry weight 

of each sample group. The eggs per gram value was log transformed to adjust for assumptions of 

normality. Unless noted otherwise, we used a generalized mixed model (GLIMMIX) with a log 

normal distribution. Adjusted means were compared using the Tukey-Kramer adjustment.  

In order to examine average infestation by cultivation type and ripeness stage, ripeness 

stage and cultivation type were considered fixed effects, and year, elevation nested within year, 

location, and week nested within year as random effects. For weekly infestation rates, eggs per 

gram was used as the dependent variable, week, ripeness stage and cultivation type were 

considered fixed effects, and year, location, and berry nested in location by week were random 

effects.  

The effect of elevation was assessed for JKWA samples from 2018 with elevation, 

ripeness stage and week as fixed effects. The proportion of infested fruit at each sampling point 

(ripeness stage/location/week) was calculated as the number of berries with one or more eggs 

divided by the total number of berries in that sample group. Data were fitted to a normal 

distribution via Proc GLIMMIX with cultivation type, ripeness stage, and their interaction as 

fixed effects and location, year, and elevation nested within location as random effects. 
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Oviposition preference was calculated as the proportion of eggs laid in either the wild or 

cultivated berries divided by the total number of eggs laid in each replicate. These proportion 

data were then evaluated with a paired Student t-test; replicates with non-responding flies (those 

which did not lay eggs during the experimental period) were removed from analysis. 

 

Results 

Field infestation 

 Both ripeness stage and cultivation type had a significant effect on the number of eggs 

per berry (Fig. 1a; ripeness stage*cultivation type: p < 0.0001, F3, 1951 = 69.72). In both years, 

cultivated ripe and purple berries carried more eggs than wild berries at the same ripeness stage, 

while infestation in red, blush and green berries were more similar. However, cultivated berries 

on average were 3-4-fold the weight of wild ones, and after accounting for weight, wild berries 

contained more eggs per gram than cultivated berries at all ripeness stages (Fig. 1b; ripeness 

stage*cultivation type: p < 0.0001, F3,1786 = 9.08). 

 There was a three-way interaction effect of ripeness stage, week, and cultivation type on 

infestation per gram of fruit over time (ripeness stage*week*cultivation type: p = 0.01, F7,1759 = 

2.52). Cultivated berries appeared to maintain a consistent infestation pattern throughout the 

season, with ripe fruit containing the most eggs and the blush stage (least ripe stage collected) 

having the fewest eggs (Fig. 2a). In contrast, the correlation between infestation and ripeness 

stage in wild fruit is much less clear (Fig. 2b), even though ripeness overall was a significant 

factor (ripeness stage: p < 0.0001, F4,1759 = 91.81). We sampled two habitat types (woods and 

roadside) for wild-growing berries, and surprisingly the average infestation between the two 

types were similar (Appendix A, Table S2).    
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 Focusing only on the 2018 wild fruit samples collected at different elevations, effects 

from elevation and ripeness stage were each significant (elevation: p < 0.0001, F4,851 = 6.21; 

ripeness stage: p < 0.0001, F4,851 = 40.48), but their interaction was not, suggesting that all 

elevations were infested to a similar degree (elevation*ripeness stage: p = 0.35, F12,851 = 1.11). 

There is evidence for differential timing of infestation, as the three-way interaction among all 

variables was significant (Fig. 3; elevation*ripeness stage*week: p = 0.002, F13,851 = 2.49). 

Lower elevations had available fruit for collection two weeks before higher elevations. In 

general, the only significant differences between ripeness stages within each elevation was 

between the blush and ripe stage, otherwise mean infestations were not significantly different.  

 To examine differences in the pattern of infestation among sample types, we calculated 

the percentage of berries that contained at least one egg per sample group. Ripe and purple wild 

berries and ripe cultivated berries had above a 95% mean infestation across all timepoints (Table 

1). Cultivated and wild fruits of the same ripeness stage (cultivation type: p = 0.0625, F1, 55 = 

3.61) were not significantly different from each other, although green wild and blush fruits of 

both types were significantly less infested overall than those at the ripe stage (cultivation 

type*ripeness stage: p < 0.0001, F3, 55 = 8.62). A weekly breakdown shows near 100% 

infestation in wild ripe and purple fruits throughout the sampling period, but more variable 

infestation in fruit at earlier ripeness stages (Appendix A, Fig. S1). 

Oviposition preference 

 When exposed to equal masses of cultivated and wild blackberries, laboratory-reared 

female D. suzukii laid more eggs in wild fruit (Fig. 4; 0.80 ± 0.05 SEM for wild, 0.20 ± 0.05 for 

cultivated; p < 0.0001, t13 = 5.72). The number of wild berries per replicate varied (1-9 

berries/replicate, median = 5 berries) due to the variability in the weights of the cultivated berries 
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(0.82-4.41 g/berry, median weight = 3.38 g). However, when exposed to a single berry of each 

type, that preference was reversed (Fig. 4; 0.14 ± 0.05 for wild, 0.86 ± 0.05 for cultivated, p < 

0.0001, t12 = 4.65).  

 

Discussion 

 By examining the behavior of an agricultural pest in a remote, non-crop setting, we can 

gain a better understanding of the ecological, behavioral, and physiological plasticity of the 

insect. First, the high infestation rates (eggs/g fruit) observed in the forested locations suggest 

these areas are highly suitable to D. suzukii establishment. Distribution models for agricultural 

pests are trained on occurrence data at a regional or global scale, however oftentimes, the 

available data are collected in a non-random manner. For instance, D. suzukii sampling in the 

United States has mostly occurred in and around susceptible cropping areas. As demonstrated 

with these data, a common criticism of presence-only models is that they do not adequately 

extrapolate to novel areas (Elith and Leathwick 2009, Roach et al. 2017). Models trained on D. 

suzukii occurrence data from North and South America performed worse in this ground truthing 

exercise than the model trained on a global data set, suggesting improvements could result from 

more diverse sampling schemes. 

 Wild blackberries were as or more susceptible to D. suzukii oviposition at all ripeness 

stages than the cultivated blackberries in this study. In an evolutionary sense, cultivated crops are 

thought to be more exploitable by insect pests than wild relatives due to human-mediated plant 

domestication selecting against plant defensive traits (Chen et al. 2015, Whitehead et al. 2017). 

For instance, bitter-tasting secondary metabolites that deter insect feeding are greatly reduced in 

domesticated plant species (Wink 1988). Generally speaking, domesticated fruits are also much 
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larger than their wild ancestors, and frugivores tend to prefer larger fruits, lending support to this 

plant domestication-reduced defense hypothesis. Indeed, female D. suzukii laid more eggs into 

cultivated blueberries than wild ones (Rodriguez-Saona et al. 2019). While we also saw the 

greatest eggs per berry in cultivated ripe and purple fruit, there were significantly more eggs in 

wild berries after mass was taken into account. Although we do not know how larval competition 

affects survivability to adulthood in these natural areas, laboratory studies have shown high D. 

suzukii egg and larval densities can lower mean survivorship, however host quality mediates this 

effect (Hardin et al. 2015).  

 A number of factors contribute to oviposition site selection in herbivores, including 

previous experience, host condition, competition, and predator avoidance (Jaenike 1978, 

Futuyma and Peterson 1985, Papaj and Prokopy 1989, Carrasco et al. 2015). The higher 

oviposition we observed in under-ripe wild berries may be, in part, related to shorter ripening 

times. Wild blackberries are about a quarter the size of the cultivated ‘Ouachita’ variety sampled 

here, and exhibited a swifter progression from the blush to ripe stage during collection. That D. 

suzukii can and do develop on a wide variety of host plants and even non-host plants suggests 

that larval nutritional needs are plastic (Jaramillo et al. 2015, Young et al. 2018, Little et al. 

2020). Drosophila suzukii avoid laying eggs in overripe fruit, presumably to avoid interspecific 

competition, so it is reasonable to expect a large spillover effect into under-ripe berries if a 

significant determining factor for fitness is competition. The tradeoff to laying eggs into less-ripe 

fruit may be small if the appropriate nutrients are gathered as the berry ripens during the same 

length of time as larvae develop. This strategy might not translate to oviposition in cultivated 

blackberries because the fruit stay in each ripeness stage for a longer period of time (see 

Swoboda-Bhattarai and Burrack 2017). In a sense, that D. suzukii oviposit more readily into wild 
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fruit suggests that non-domesticated blackberries are more exploitable than their cultivated 

counterpart.  

 Another consequence of fruit domestication is a change in fruit ripening windows. 

Cultivated crops are selected to produce fruit where the majority will ripen around the same time 

to reduce harvesting labor cost, leaving less diversity among ripeness stages for female 

oviposition selection (Heiser 1988). In cultivated berries, the number of eggs per berry at each 

ripeness stage over the season were consistently different from each other, suggesting that 

oviposition was additive at each stage; the number of eggs per berry increased as a function of 

time and ripeness. Contrastingly, there was no such pattern in the wild berry samples, which is 

more indicative of a simultaneous rather than sequential infestation.   

 We also wanted to assess whether any differences in oviposition among the cultivation 

types resulted from host preference. In a direct preference comparison, females preferred laying 

eggs in cultivated fruit when exposed to a single berry of each type, which may indicate a size or 

surface area preference given the physical disparity between the two fruit types. However, when 

offered an equal weight, corresponding to a single cultivated versus several wild berries, females 

laid more eggs in wild fruit. Long-range perception in oviposition site selection relies heavily on 

visual cues; at a distance, clusters of berries may appear as a single, large fruit, which could 

explain why our lab preference results differed when the set-up changed. The observed 

correlation between apparent fruit size and preference agrees with other visual research on D. 

suzukii attraction and its effects on oviposition behavior (Rice et al. 2016). Additional 

experiments that eliminate visual cues will be needed to further assess any preference among 

cultivated and wild blackberry fruits. 
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 The pattern and timing of infestation we observed in wild-growing berries from natural 

habitats in the eastern United States is consistent with research in Hawaii, Europe and Japan that 

trapped adult D. suzukii in montane habitats (Ometto et al. 2013, Mueller 2015, Santioemma et 

al. 2019). In Japan, while most fruit crops were grown below 600m, the majority of D. suzukii 

adults were trapped at higher elevations (Ometto et al. 2013). The present study supports this 

idea, finding a variety of susceptible host plants and high levels of infestation in the most 

abundant resource, wild blackberry. We observed that once fruit began to ripen, sometime 

between the green and blush stage, the berries were exploited for oviposition by D. suzukii 

females.     

 Given this information about the presence of established populations of D. suzukii in 

remote, montane regions of the southern Appalachian Mountains, several new research questions 

arise. Within the wooded landscape, D. suzukii may be affecting the local food web by utilizing 

wild blackberries upstream of other organisms. What effect does this invasive pest have on other 

blackberry feeders such as birds, bears, or other invertebrates? In terms of agroecosystem impact, 

do these types of forest populations serve as a potential source for regional migration into crop 

habitats? No seasonal migration pattern has been established for D. suzukii, though marked 

adults have been caught at distances in excess of four times their flight capacity (Tait et al. 2018, 

Wong et al. 2018). The full extent of current and future impacts of D. suzukii in croplands and 

beyond has yet to be fully realized.   
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Figures and Tables 
 

 

 
Figure 3.1. a) Mean ± SEM number of D. suzukii eggs/berry averaged across all collection locations and dates. 
Cultivated purple and ripe fruit contain more eggs than the wild type.  b) Mean ± SEM eggs/gram of fruit show 
higher infestation levels in wild fruit. Raw means are presented, with adjusted means used for mean separation. 
Means within each pane indicated by the same letter are not significantly different from each other (alpha = 0.05).  
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Figure 3.2. Weekly infestation rates ± SEM across both years for a) cultivated berries and b) wild berries. Symbols 
denote sample points; not all ripeness stages were available to be collected each week. Raw means are presented, 
with adjusted means used for mean separation. Means within the same cultivation type and within the same 
quadrangle are not significantly different from each other (alpha = 0.05).  
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Figure 3.3. Weekly infestation averages at JKWA elevational transects. Means within the same elevation indicated 
by the same letter are not significantly different from each other (alpha = 0.05). NS= zero or fewer than 10 berries 
were sampled at that collection point.  
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Figure 4. Mean proportion of eggs ± SEM laid into cultivated or wild-grown blackberries. Females show opposite 
oviposition preferences when given an equal mass or equal number of cultivated and wild fruit. Student t-test: equal 
mass t13=5.72; equal number t12=-4.65, alpha=0.05.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Cultivated Wild-grown

Equal 
mass

Equal 
number

Signif.
Non

responders

<0.0001

<0.0001

0/14

4/17

Proportion of oviposited eggs



   

 
 

83 

 
Table 3.1. Yearly average percent of berries per sample that were infested with at least one egg for each cultivation 
and ripeness type. Mean separations determined by ANOVA followed by Tukey Kramer adjustment, alpha = 0.05. 

Growth type Ripeness 
stage 

No. collection 
points Total N Mean percent 

infestation ± SE 

Wild Green 8 119 55.7 ± 16.0 ab 

Wild Blush 19 350 81.0 ± 4.6 bc 

Wild Red 20 378 93.6 ± 2.8 bd 

Wild Purple 29 496 96.4 ± 2.5 bd 

Wild Ripe 30 562 98.6 ± 0.7 d 
     

Cultivated Blush 4 80 28.8 ± 10 a 

Cultivated Red 5 100 82.0 ± 4.1 bd 

Cultivated Purple 5 101 94.0 ± 4.8 bd 

Cultivated Ripe 10 185 98.0 ± 1.5 cd 
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Appendix A 

Supplemental Information 
 
Table S1. Collection locations with corresponding habitat and elevation data.  
Location  Habitat  Zone Longitude Latitude Elevation 

(m) 
Years 
sampled 

Southern 
Nantahala 

woods 17S 83°01'20.4"W 35°09'19.5"N 1230 2017 

Southern 
Nantahala 

woods 17S 83°17'16.5"W 35°04'33.7"N 1330 2017 

Joyce Kilmer woods 17S 83°58'41.81"W 35°21'50.89"N 1430 2017, 2018 

Joyce Kilmer woods 17S 83°59'19.09"W 35°22'31.46"N 1630 2017, 2018 
Joyce Kilmer roadside 16S 84°01'28.0"W 35°20'16.7"N 1345 2017 

Joyce Kilmer roadside 16S 84°00'09.1"W 35°18'14.3"N 1630 2017 

Joyce Kilmer roadside 16S 84°02'07.7"W 35°20'42.9"N 1360 2017 

Joyce Kilmer roadside 17S 84°01'18.8"W 35°19'03.6"N 1085 2017 
Joyce Kilmer roadside 17S 84°02'07.7"W 35°20'42.9"N 1500 2017 

Joyce Kilmer roadside 17S 83°58'57.1"W 35°19'14.2"N 1260 2017 

Joyce Kilmer roadside 17S 83°49'34.1"W 35°20'07.2"N 610 2017, 2018 

Research station farm 17S 81°19'01.5"W 36°23'59.3"N  900 2017, 2018 
Research station farm 17S 82°33'29.7"W 35°25'05.9"N 610 2017 

Cherokee  woods 17S 81°49'50.2"W 36°05'49.6"N 1630 2017 

Cherokee woods 17S 81°50'13.6"W 36°05'23.8"N 1430 2017 

Joyce Kilmer woods 17S 83°59'3.62"W 35°22'50.16"N 1480 2018 
Joyce Kilmer woods 17S 83°59'12.08"W 35°22'41.74"N 1530 2018 

Joyce Kilmer woods 17S 83°59'18.13"W 35°22'33.49"N 1580 2018 
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Table S2. Combined season long average eggs per berry in samples of wild-grown blackberries collected in and 
around JKWA.  
Ripeness stage Mean ± SE 

Roadside 
N  Mean ± SE 

Woods 
N 

Green 4.02 ± 0.54 51 4.88 ± 1.0 33 
Blush 2.17 ± 0.33 46 5.42 ± 0.26 254 
Red 6.67 ± 0.45 148 5.80 ± 0.32 196 
Purple 9.16 ± 0.46 177 8.69 ± 0.35 245 
Ripe 9.25 ± 0.40 178 11.03 ± 0.39 253 
 
 
 
 
 
 
 
 
 
Table S3. Plant species sampled at the ripe stage during study period. Percent infestation is defined as the 
percentage of berries containing at least one egg.  
 
Species Mean eggs 

per berry ± 
SE 

Mean eggs 
per gram ± 
SE 

N Percent 
infestation 

Vaccinium 
erythrocarpum 

4.91± 0.32 21.16 ± 1.37 60 100% 

Vaccinium 
pallidum 

5.9 ± 0.61 20.03 ± 2.06 20 100% 

Phytolacca 
americana 

12.4 ± 0.8 34.51 ± 2.24 30 100% 

Maianthemum 
racemosum 

0.33 ± 0.17 1.81 ± 0.94 21 19% 

Polygonatum 
biflorum 

0 ± 0 0 ± 0 18 0% 
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Figure S1. Weekly average percentage of fruit infested per sample date in a) cultivated or b) wild-grown 
blackberries. Weeks with a line but no symbol mean no samples were collected of that type that week. 
 
 

a)

b)


