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Abstract

Drosophila suzukii (Matsumura) is an invasive pest of soft-skinned fruits that has caused significant economic 
damage worldwide. In this study, we focused on the seasonal abundance of D. suzukii during the early years of 
establishment in Wisconsin. We explored the seasonal patterns of summer and winter morphs, their reproductive 
output, and the effect temperature and humidity may have on their seasonal phenology. The seasonal abundance 
of D. suzukii during 2 yr (2014–2015) revealed that flies were detected in Wisconsin from early July to late December, 
with winter morphs being trapped from August through December. The adult populations trapped spanned 1 mo 
longer in 2015 than in 2014. The peak proportional abundance of D. suzukii in 2015 was recorded in August which 
was about 2 mo earlier than that in 2014. The combined factor [maximum temperature and maximum humidity] 
explained the most amount of variation in D. suzukii abundance consistently across the 2 yr in Wisconsin. We did 
not find significant differences in the fat content, number of mature eggs, proportion of females with immature 
eggs, or proportion of mated females between summer morph females at the beginning, summer and winter 
morph females during the middle, or winter morph females at the end of the collecting season in 2015. Our results 
build on the body of work providing a better understanding of the D. suzukii–overwintering abilities and strengthen 
the importance of early crop risk assessment and targeted control strategies.
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Invasive species demonstrate a diverse set of adaptations to novel envi-
ronments (Lee 2002). The successful establishment of an invasive spe-
cies in a new introduced range can be explained by multiple factors, 
such as their escape from native predators (Keane and Crawley 2002), 
their high competitive ability (Blossey and Notzold 1995), their phy-
logenetic relatedness to native species (Darwin 1859), the availability 
of resources in the introduced range (Davis et al. 2000), or the novelty 
of exotic species’ traits (Callaway and Ridenour 2004). In addition, 
a combination of different factors, such as available resources com-
bined with release from native natural enemies, or several combined 
biotic factors, might also affect the success of species invasions (Lau 
and Schultheis 2015). Chill-coma tolerance was reported as the main 
climatic adaptation in Drosophila species (Gibert et al. 2001). Cold 
tolerance may play an important role in successful colonization of the 
temperate and northern regions by many invasive insects, including 
Drosophila suzukii (Matsumura) which is the focus of this study.

Drosophila suzukii is an emerging invasive pest of soft-skinned 
fruit such as cherry, blueberry, strawberry, and raspberry (Lee et al. 

2011; Burrack et al. 2012, 2013; Asplen et al. 2015). Native to Asia 
it was first reported in 1916 in mainland Japan (Kanzawa 1936). 
Due to its high dispersal capacity (Hauser 2011), D. suzukii is appar-
ently able to invade new geographical regions very fast: several dec-
ades after the first reports in its native range, D. suzukii was detected 
in Europe, North America, and South America (Asplen et al. 2015, 
Fraimout et al. 2017). To date, seasonal monitoring of D. suzukii has 
been conducted in several states including California (Hamby et al. 
2014, Harris et  al. 2014); North Carolina, Georgia (Diepenbrock 
et al. 2017); Maryland, Pennsylvania (Joshi et al. 2016); Minnesota, 
Michigan, Wisconsin (Pelton et al. 2016), Washington (Bahder et al. 
2016), and Tennessee (Addesso et  al. 2015). Previous population 
monitoring in Wisconsin assessed the effect of surrounding land-
scape on infestation levels and population dynamics in raspberry 
(Pelton et al. 2016) and did not address the impact of abiotic factors, 
such as temperature and humidity, on seasonal population dynamics.

The successful invasion of D.  suzukii in temperate regions may 
be associated with its preadaptations to temperate climate prior to 
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its actual introduction (Ometto et  al. 2013). In temperate regions, 
D. suzukii shows remarkable phenotypic plasticity, producing seasonal 
morphs, with a more cold-tolerant winter morph which is darker and 
has longer wings than summer morphs (Stephens et al. 2015; Zerulla 
et al. 2015; Shearer et al. 2016; Jakobs et al. 2015, 2017). Drosophila 
suzukii individuals presumably overwinter as adult winter morphs 
that undergo a reproductive diapause (Dalton et al. 2011, Jakobs et al. 
2015, Stephens et al. 2015, Zerulla et al. 2015, Wallingford et al. 2016). 
It has been proposed that such diapause can occur due to decreased 
expression of genes which regulate reproductive activities (Shearer et al. 
2016). The ability to overwinter in reproductive diapause may be the 
main factor affecting invasion success of this species (Rossi-Stacconi 
et al. 2016). However, it is currently unclear whether D. suzukii under-
goes a ‘true’ diapause (Toxopeus et al. 2016, Wallingford et al. 2016, 
Zhai et al. 2016). Toxopeus et al. (2016) found that D. suzukii winter 
morphs demonstrated delayed reproductive maturity that was mostly 
regulated by temperature and not photoperiod, whereas Wallingford 
et al. (2016) showed that photoperiod affected when females began 
producing offspring. Temperature and photoperiod combined seem to 
regulate ovary development (Zhai et al. 2016).

Our knowledge about overwintering behavior of D. suzukii, and 
specifically about microhabitats it might use for overwintering in the 
adult stage is limited (Wiman et al. 2014, Hamby et al. 2016, Pelton 
et al. 2016). Drosophila suzukii adults prefer overwintering habitats 
comprising leaves and dropped fruit compare with bare soil, leaves 
alone, or barky sticks (Wallingford et al. 2018) and can reproduce 
in dropped fruit in the fall, including less preferred hosts, such as 
apple, peach, and grape, which can provide suitable sources of food 
for late-season D. suzukii (Bal et al. 2017). However, the question 
of where D.  suzukii overwinter, whether in man-made or natural 
shelters, remains to be explored further.

Abiotic factors, and, in particular, temperature and humidity, are 
among the key factors (along with food availability) which seem to 
affect D. suzukii survival and reproduction (Kacar et al. 2015, Rossi-
Stacconi et  al. 2016, Tonina et  al. 2016, Wiman et  al. 2016, Eben 
et al. 2018). It has been shown that D. suzukii adults are chill suscep-
tible, and temperature affects D. suzukii survival, abundance, flight, 
fecundity, development, and reproductive activity (Harris et al. 2014, 
Kinjo et al. 2014, Tochen et al. 2014, Jakobs et al. 2015, Kacar et al. 
2015, Hamby et al. 2016, Haviland et al. 2016, Tonina et al. 2016).

The effect of temperature on D. suzukii physiology and behav-
ior has been extensively studied under both laboratory conditions 
(e.g., Tochen et al. (2014), Jakobs et al. (2015), Wallingford et al. 
(2016), Zhai et al. (2016), and Eben et al. 2018) and field conditions 
(e.g., Jakobs et al. (2015) and Tonina et al. (2016)). Only few stud-
ies focused on the relationships between temperature changes and 
D. suzukii seasonal abundance (e.g., Tochen et al. (2014), Haviland 
et al. (2016), and Ryan et al. (2016)) or on temperature as it relates 
to the presence of seasonal morphs in D. suzukii. Consequently, our 
ability to predict changes in D. suzukii abundance during the season 
based on temperature data is currently limited and may significantly 
vary with geographical regions.

The effect of humidity, another potentially important factor 
affecting the activity of D. suzukii, as well as other Drosophila spe-
cies, is also underrepresented in experimental studies (Aggarwal et al. 
2013). Recently, under both laboratory and field conditions, Tochen 
et  al. (2015, 2016) showed a strong positive relationship between 
mean daily humidity and D.  suzukii population growth. Another 
study also found that increased ambient levels of relative humidity 
were correlated with fruit infestation and concluded that higher rela-
tive humidity may create ideal microhabitats promoting feeding and 
oviposition of D. suzukii (Diepenbrock and Burrack 2017). However, 

studies considering whether temperature and humidity act alone or 
have a combined effect on D. suzukii seasonal abundance are largely 
lacking, though a recent study showed increased age-dependent mor-
tality of adult D.  suzukii when exposed to extreme heat and low 
humidity under laboratory conditions (Eben et  al. 2018). Abiotic 
factors, such as temperature and humidity, are constantly interacting 
in the environment and determining which characteristics of these 
factors, i.e., maximum, mean, and minimum, are most influencing 
D. suzukii activities is important. This information would be invalu-
able for improving management of D. suzukii and could help better 
predict population abundance in a particular season and region.

Another aspect of the D. suzukii seasonal activity which might 
help us to understand how this species overwinter is the females’ 
reproductive status before and after their exposure to winter condi-
tions. Previous studies have suggested a decrease in the number of 
mature eggs in a female’s reproductive tract throughout the season 
(e.g., Zerulla et al. (2015), Wallingford et al. (2016), and Grassi et al. 
2018) and that ovary size and development are influenced by cooler 
temperatures (Everman et al. 2018). However, little is known about 
a female’s mating status during the winter season and how it might 
affect abundance of the subsequent generation. Ryan et al. (2016) 
found that 38% of D. suzukii females mated before a simulated cold 
exposure were still able to produce viable offspring when the tem-
perature conditions returned to 22°C. This suggests that the sperm 
stored in the spermathecae during the winter season may remain 
viable until flies need it to fertilize their eggs once the environmental 
conditions become favorable for oviposition in the growing season. 
It is currently unclear, however, whether the proportion of mated 
females changes during the season, especially with regard to sum-
mer versus winter morphs. If females can use the stored sperm from 
prewinter matings (Ryan et al. 2016), then the information about the 
proportion of mated winter morphs could be especially helpful to 
better predict females spring fecundity and risk to crops.

Here we report the results of a 2-yr monitoring study of 
D.  suzukii population dynamics in Wisconsin. Our first objective 
was to evaluate the seasonal phenology of D. suzukii in Wisconsin, 
with three subobjectives: 1) determine whether winter morphs are 
present in the Midwest; 2) describe when in the growing season the 
winter and summer morphs are present; and 3) determine changes 
in the reproductive status of winter and summer morph females 
throughout the season. Our second objective was to estimate the 
effect of 1)  temperature, 2) humidity, and 3) a combined effect of 
temperature and humidity on D. suzukii seasonal abundance. Here, 
in addition to the effect of temperature and humidity on D. suzukii 
males and females, we also investigated the difference between win-
ter and summer morphs.

Materials and Methods

Study Sites
Drosophila suzukii adults were monitored in raspberry crops in 
south-central Wisconsin on a weekly basis over a 24-wk period, 
from late spring into the winter of 2014 and 2015. Adults were mon-
itored at three farms in Dane and Iowa Counties, WI in 2014 and 
at six farms in Dane, Iowa, and Rock Counties, WI in 2015. Each 
farm had three yeast-sugar traps in 2014 and two yeast-sugar traps 
set in 2015 placed in the fruiting zone of plants. Four of the farms 
did not apply any insecticide during the growing season. The other 
two farms applied either three or four applications of insecticides, 
including Malathion, Brigade, Assail, Delegate, or Mustang Maxx 
during the entire season. The trapping containers were 950-ml clear 
plastic cups and lids (Webstaurant Store, Lancaster, PA) with ten 
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5-mm entrance holes drilled around the top of the cup. Each trap 
was hung in the shade on the trellis or raspberry cane in the fruiting 
zone, about 1 m from the ground. The bait for each trap was made 
of 3.5 g of dry active baker’s yeast (Red Star, Milwaukee, WI), 14 g 
of white cane sugar, and approximately 150 ml of water, and a drop 
of unscented dish soap (Seventh Generation, Burlington, VT). The 
minimum distance between any two traps was 30 m.  Each week, 
samples from each trap were collected and the bait was replaced. 
Insects were stored in 70% ethanol until further identification in the 
laboratory. Trapping began mid-May before fruit set in both years 
and was terminated in late fall, following two consecutive weeks of 
no D. suzukii adults caught in traps.

Data Collection
Each week, trap contents in ethanol were returned to the laboratory 
and D. suzukii were sorted by sex. Following Pelton et al. (2016), 
samples with more than 200 D. suzukii adults (in 2014) and more 
than 100 D. suzukii adults (in 2015) were subsampled, using a 4 × 6 
gridded tray and counting 20% of the tray cells (5 of 24 cells), and 
then calculating the sample total. Males and females were counted 
and further separated into seasonal morphs, as described below.

Seasonal Morphology
Adult flies caught in monitoring traps were sorted by pigmentation 
to quantify seasonal morphs. All adults were sorted by male winter 
morph, female winter morph, male summer morph, and female sum-
mer morph using pigmentation characteristics described in Shearer 
et  al. (2016) for each week of the sampling period for each year. 
Samples containing more than 250 flies were subsampled to 250 
D. suzukii flies to determine the seasonal morphs and the ratios of 
winter and summer morphs for both males and females were deter-
mined for all weekly samples in both years.

Based on Shearer et al. (2016), D. suzukii seasonal morphs were 
defined in this study as follows: 1)  summer morph male charac-
terized by a continuous dark band at the lower edge of the third 
abdominal segment; 2)  summer morph female characterized by a 
continuous dark band at the lower edge of the fourth abdominal 
segment; 3) winter morph male characterized by the third abdomi-
nal segment completely melanized (filled in with dark pigmentation); 
4) winter morph female characterized by the fourth abdominal seg-
ment completely melanized; and 5) unknown characterized by any 
specimen that did not clearly fall into one morph category for vari-
ous reasons (e.g., damaged, bleached out, bloated, or unclear). This 
last category (5) was not included in the analysis.

To estimate changes in the proportional abundance of D. suzukii 
adults during the season, for each year, we calculated the mean 
weekly proportional abundance as [the total weekly proportional 
abundance for all farms/the number of farms]. Following Inamine 
et al. (2016), the total weekly proportional abundance for each farm 
was calculated as [the population index at each week/the total index 
for that year across all weeks]; and the total index for a year was cal-
culated as [the total number of collected D. suzukii flies/the number 
of traps * the number of farms for that year]. The population index 
at each week was determined as [the number of collected D. suzukii 
flies per week/the number of traps * the number of farms] following 
Pelton et al. (2016).

Temperature and Humidity Effect
Both temperature and humidity data were retrieved from Weather 
Underground (www.wunderground.com; Dane County Regional-
Truax, WI) for 2014 and 2015. The weather station was located 

18–55 km from the test sites. These data were retrieved for each 
collection date during the trapping season (5/20/14–11/18/14 and 
5/20/15–1/13/16). For both factors, the following data were used: 
1)  daily average; 2)  daily minimum; and 3)  daily maximum. For 
these analyses, the retrieved temperature and humidity data, as well 
as the calculated mean weekly proportional abundance of D. suzukii 
adults, were averaged for each month.

Female Reproductive Output
To further explore the seasonal phenology of D. suzukii, in 2015, 
the female reproductive output potential was additionally estimated. 
Ten D. suzukii females of both summer and winter morphs were dis-
sected at each of three time points during the season: 1) early in the 
season (weeks 1 and 2; summer morphs only); 2) population peak 
(week 13, both summer and winter morphs); and 3) at the end of the 
season (week 20; winter morphs only).

For each dissected female, we recorded the fat content index 
(Jaffe et  al. 2018), the presence or absence of immature eggs, the 
number of mature eggs, and their mating status (Avanesyan et  al. 
2017). The fat content of each female was rated as low, medium, or 
high. To compare the female reproductive potential between weeks, 
we used the following measurements: 1) the fat content mean index 
as [the sum of individual indexes/the number of flies for each time 
point]; 2)  the mean number of mature eggs (±SE); 3)  the propor-
tion of females with immature eggs; and 4) the proportion of mated 
females.

Statistical Analysis
All analyses were conducted in R (R v.3.2.2). To compare the pro-
portional abundance of males and females in both 2014 and 2015, 
as well as between years, a Kruskal–Wallis test was used, as the 
data did not meet the assumptions of normality and homogeneity 
of variances.

To estimate the effect of temperature and humidity, alone and as 
combined factors, on D. suzukii proportional abundance, we com-
pared the following predictor variables: 1)  minimum temperature 
(Min Temp); 2) mean temperature (Mean Temp); 3) maximum tem-
perature (Max Temp); 4) minimum humidity (Min Humid); 5) mean 
humidity (Mean Humid); 6) maximum humidity (Max Humid); 7) a 
combined [Min Temp and Min Humid]; 8) a combined [Min Temp 
and Mean Humid]; 9) a combined [Min Temp and Max Humid]; 
10)  a combined [Mean Temp and Min Humid]; 11)  a combined 
[Mean Temp and Mean Humid]; 12) a combined [Mean Temp and 
Max Humid]; 13) a combined [Max Temp and Min Humid]; 14) a 
combined [Max Temp and Mean Humid]; and 15) a combined [Max 
Temp and Max Humid].

The predictor variables were compared using regression in R (R 
v.3.2.2, package lme4). To achieve linearity, all data for D. suzukii 
proportional abundance (except the proportional abundance of 
male summer morphs in 2014) were square root transformed. For 
each D.  suzukii morph (of both males and females) in each year, 
the regression model with the lowest Akaike Information Criterion 
(AIC) was considered to be the best model; consequently, it was con-
cluded that the predictor variable used in such model was the best 
predictor variable for a particular D. suzukii morph.

Correlation between each single factor (Min Temp, Mean Temp, 
Max Temp, Min Humid, Mean Humid, and Max Humid) and the 
proportional abundance of D. suzukii males and females for both 
summer and winter morphs was also estimated.

To compare the reproductive output of females at different 
time points, two-way ANOVA with post hoc Tukey’s HSD test (to 
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compare fat content and number of mature eggs), as well as chi-
squared test (to compare proportions of females with immature eggs 
and proportion of mated females) were used.

Results

Population Monitoring
In both 2014 and 2015, D. suzukii adults were present in all traps at 
all farms, from July to at least November (Fig. 1A and B). Drosophila 
suzukii summer morphs were present almost every week until the 
last week of the collecting season and winter morphs were captured 
at all farms in both years (Fig. 2).

In 2014, both males and females D. suzukii were first detected on 
July 14 (Figs. 2 and 3) and were all summer morphs. The first winter 
morph females (n = 4) were detected on July 21, whereas the first 
winter morph males were recorded in mid-August (n = 2 and n = 5 
in 2014 and 2015, respectively). We did not find a significant dif-
ference between the proportional abundance of males and females, 
with seasonal morphs combined (χ2 (1, N = 54) = 0.005, P = 0.94). 
The average proportional abundance of D. suzukii males (±SE) dur-
ing the collecting season was 0.012 ± 0.002, whereas the average 
proportional abundance of D. suzukii females was 0.014 ± 0.003. 
The population peak was recorded on September 8 for summer 
morph males and females. The maximum proportional abundance 
of D.  suzukii winter morphs (for both males and females) was 
recorded on October 6. The last detection of D.  suzukii occurred 
on November 11, for males and females of both seasonal morphs.

In 2015, the first D.  suzukii males and females, all summer 
morphs, were captured on July 8, 1 wk earlier than in 2014 (Figs. 2 
and 3). The first winter morphs were detected on August 12 for males 
and August 19 for females. We did not find a significant difference 
between the proportional abundance of males and females, with 
seasonal morphs combined (χ2 (1, N = 69) = 0.213, P = 0.64). The 
average proportional abundance of D. suzukii during the collecting 
season was 0.016 ± 0.004 and 0.022 ± 0.005 for males and females, 
respectively, which was up to 39% higher than in 2014 (although this 
difference was not significant; χ2 (1, N = 61) = 0.403, P = 0.53). The 
population peak for summer morph males was recorded on August 12 
and on August 5 for females, which was 1 mo earlier than in 2014; the 
maximum proportional abundance of summer morphs was approxi-
mately four times higher than the average proportional abundance 

during the whole season. The maximum proportional abundance of 
D. suzukii winter morphs, for both males and females, was recorded 
on October 7, similar to 2014. The last D. suzukii were captured on 
December 16, for males and females of both seasonal morphs, except 
a single male summer morph captured on December 30.

Effect of Temperature on SWD Proportional 
Abundance
Overall, temperature did not have a significant effect on the propor-
tional abundance of D. suzukii males and females in 2014 and 2015 
(Table 1; Fig. 3). In 2014, the weekly minimum, mean, and maxi-
mum temperature explained none of the variation in the propor-
tional abundance of summer morphs and 21–24% of the variation 
in the proportional abundance of winter morphs (for both males 
and females). Minimum temperature explained the most amount of 
variation in the proportional abundance of female (24%) and male 
(22%) winter morphs.

In 2015, daily minimum, mean, and maximum temperature 
explained about 30–41% of the variation in proportional abun-
dance of males, and none of the variation in the proportional abun-
dance of females of either summer or winter morphs (Table  1). 
Maximum temperature explained the most amount of variation 
(41%) in the proportional abundance of males of both winter and 
summer morphs.

Effect of Relative Humidity on SWD Proportional 
Abundance
In 2014, maximum humidity had a significant effect on the pro-
portional abundance for both male and female summer morphs, 
explaining 60 and 72% of the variation in the proportional abun-
dance of males and females, respectively (Table 1; Fig. 4). Maximum 
humidity was also the best predictor for the proportional abundance 
of D. suzukii winter morphs, though the effect was not significant 
and explained 18 and 19% of variation in the proportional abun-
dance of winter morph males and females, respectively, in 2014 
(Table 1; Fig. 4).

In 2015, humidity did not have a significant effect on the propor-
tional abundance of D. suzukii males and females. Minimum, mean, 
and maximum humidity explained from 0 to 16% of variation in the 
proportional abundance of D. suzukii (Table 1; Fig. 4).

Fig. 1.  Mean (±SEM) weekly proportional abundance of D. suzukii adults in 2014 (A) and 2015 (B).
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Combined Effects of Temperature and Relative 
Humidity on SWD Proportional Abundance
The combination of maximum temperature and maximum humidity 
explained the most amount of variation (up to 66%) in D. suzukii 
proportional abundance in both 2014 and 2015 (Tables 2 and 3). 
This ‘maximum temperature and maximum humidity’ combination 
was the best predictor variable of the proportional abundance of 
D. suzukii winter morphs (both males and females) and D. suzukii 
males (both summer and winter morphs) in both years, when com-
pared with temperature and humidity alone (Table 3).

Overall, when comparing humidity, temperature, and a com-
bined [Temperature and Humidity] factor, maximum humidity 
was the best predictor variable for the proportional abundance of 
D. suzukii summer morphs and of females (Table 3).

Female Reproductive Status
The reproductive status of females collected the first week of trapping, 
during peak fly activity, and during the last week of trapping was not 
significantly different in the fat content index, the number of mature 
eggs, the proportion of female with immature eggs, and the propor-
tion of mated females, among weeks or between morphs (Table 4).

Discussion

The 2 yr of monitoring D.  suzukii populations in Southern 
Wisconsin showed consistent fly activity from July through 

November–December across all sites monitored. Overall, our results 
indicate that the seasonal pattern of D.  suzukii populations in 
Wisconsin varies from year to year and differs from seasonal pat-
terns previously reported in other locations, such as California and 
Northern Spain, where populations tend to develop early in the 
spring, decrease significantly during the hot summer months, and 
increase again in the fall (Harris et al. 2014, Wiman et al. 2014, Arno 
et al. 2016, Wang et al. 2016). In more temperate climates, the first 
D. suzukii flies could be detected as early as May, with the population 
peak around July, and the decrease of D. suzukii seasonal abundance 
during October–December (Wiman et al. 2014, Hamby et al. 2016, 
Rossi-Stacconi et al. 2016). Similar to other studies in continental 
climates (Bahder et  al. 2016, Joshi et  al. 2016, Leach et  al. 2016, 
Pelton et al. 2017), the D. suzukii abundance in Wisconsin showed 
that in both years, the first flies were detected in early July. This later 
fly emergence was followed with the population peak in September–
October in 2014 and in July–September in 2015, and then a decrease 
in D. suzukii abundance in late October to December.

Drosophila suzukii winter morphs, both males and females, were 
detected in Wisconsin in both 2014 and 2015. To the best of our 
knowledge, this is the first report of the presence of winter morph 
D. suzukii in Wisconsin and the Midwest. The presence of winter 
morphs in Wisconsin may help explain their successful colonization 
in the Midwest (Shearer et al. 2016). In colder regions, such as the 
Midwest, evidence of whether D. suzukii overwinter or migrate sea-
sonally from warmer regions has been lacking (Asplen et al. 2015, 
Hamby et al. 2016). However, in a recent study, Thistlewood et al. 

Fig. 2.  Mean (±SEM) weekly proportional abundance of D. suzukii (A) males, (B) females in 2014, and (C) males and (D) females in 2015, for each seasonal morph.
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(2018) provided the first evidence of adult overwintering in cold cli-
mates and suggest that the patterns they observed do not support 
the hypothesis of reinfestation via passive dispersal or movement 
of fruit imports. Although our results support previous work show-
ing that D. suzukii winter morphs are able to overwinter in north-
ern climates (Thistlewood et al. 2018), we are yet to catch adults 
from January to June in Wisconsin (Christelle Guedot, unpublished 
data). Understanding the phenology of the two seasonal morphs is 
important as attractants vary in their attractiveness based on crop, 
region, timing in the season, and seasonal morphs (Jaffe et al. 2018, 
Kirkpatrick et al. 2018), suggesting that management strategies will 
likely need to be tailored to the specific morph, time of year, hosts, 
and regions to be most effective.

Temperature has been proposed as one of the primary drivers 
of D. suzukii population abundance (e.g., Wiman et al. (2014)) and 
was linked to fecundity and survival in previous studies (Dalton 
et al. 2011, Kinjo et al. 2014, Tochen et al. 2014, Wiman et al. 2014, 
Ryan et  al. 2016). Average daily high temperature was negatively 
correlated with numbers of D.  suzukii adults in weekly trap cap-
tures, with close to no trap captures above 35°C (Haviland et  al. 
2016). In contrast to some of the previous studies conducted in other 
regions (reviewed in Hamby et al. (2016)), in this study, none of the 
temperature levels (minimum, mean, or maximum) experienced in 
Wisconsin during our study had a significant effect on the number 

of males or females captured, for either seasonal morphs. This result 
is not surprising for summer morphs, considering that summer tem-
peratures in our study did not go above 30°C in either year of our 
study and 30°C has been suggested as a temperature threshold above 
which D. suzukii populations begin to decline (reviewed in Hamby 
et al. (2016)). Overall, the minimum and maximum temperature lev-
els explained more variation in the proportional abundance of win-
ter morphs than that of summer morphs and of males than females, 
suggesting that winter morphs and males may be more sensitive to 
temperatures than summer morphs.

Relative humidity has also been proposed to affect D. suzukii pop-
ulations (Hamby et al. (2016) and references therein). In this study, 
maximum humidity had a significant effect on D. suzukii summer 
morph population abundance, but not on winter morph abundance. 
Overall our results were consistent with previous findings showing 
higher trap catches associated with higher relative humidity in the 
field (Tochen et al. 2016). Relative humidity was found to be higher 
inside the canopy of blackberry bushes where the highest fruit infes-
tation was reported, suggesting within-crop microclimates that may 
enhance the reproductive potential of D. suzukii (Diepenbrock and 
Burrack 2017). In lab assays, fecundity and longevity were shown to 
increase with increasing humidity, with the highest reproductive rate 
and intrinsic rate of population increase recorded at 94% humid-
ity (Tochen et al. 2016). It has been shown with D. melanogaster 

Fig. 3.  Weekly temperature and mean weekly proportional abundance of D. suzukii (A) males in 2014, (B) females in 2014, (C) males in 2015, and (D) females 
in 2015 for each seasonal morph. Solid gray lines represent summer morphs, and solid black lines represent winter morphs. Dotted lines are maximum 
temperature (light gray), mean temperature (dark gray), and minimum temperature (black).
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Table 1. The relationship between two single factors (weekly temperature and weekly humidity alone) and mean weekly proportional abun-
dance of D. suzukii adults

Factor Year Sex† Morph Min‡ Mean Max

Pearson’s r R2-adjusted AIC Pearson’s r R2-adjusted AIC Pearson’s r R2-adjusted AIC

Temperature 2014 M Summer 0.15 −0.17 −49.58 0.15 −0.15 −49.71 0.24 −0.13 −49.83
Winter −0.59 0.22|| −22.14 −0.59 0.21 −22.04 −0.58 0.21 −21.99

F Summer 0.08 −0.19 −17.47 0.08 −0.18 −17.53 0.15 −0.17 −17.59
Winter −0.60 0.24 −22.18 −0.60 0.23 −22.06 −0.59 0.22 −21.99

2015 M Summer 0.52 0.33 −41.96 0.54 0.38 −42.30 0.55 0.41 −42.56
Winter 0.52 0.30 −48.87 0.55 0.36 −49.28 0.56 0.41 −49.62

F Summer 0.02 −0.16 −53.86 0.07 −0.15 −53.87 0.12 −0.13 −53.91
Winter −0.03 −0.17 −58.07 0.02 −0.16 −58.03 0.06 −0.16 −58.03

Humidity 2014 M Summer 0.27 −0.11 −49.94 0.62 0.27 −52.87 0.81 0.59*,$ −56.97
Winter 0.26 −0.07 −19.92 0.48 0.17 −21.66 0.52 0.18 −21.72

F Summer 0.33 −0.06 −18.31 0.68 0.41 −22.40 0.84 0.72* −27.50
Winter 0.27 −0.07 −19.81 0.49 0.17 −21.59 0.53 0.19 −21.73

2015 M Summer −0.26 0.05 −41.12 0.62 −0.11 −39.76 0.21 −0.04 −40.34
Winter −0.28 0.05 −48.31 0.48 −0.12 −46.86 0.24 0.01 −47.95

F Summer −0.09 −0.12 −54.02 0.19 −0.12 −54.02 0.54 0.12 −56.17
Winter −0.04 −0.14 −58.05 0.23 −0.09 −58.42 0.56 0.16 −60.84

Comparisons of linear models based on monthly data.
†Males are denoted as ‘M’ and females are denoted as ‘F’.
‡Temperature and humidity factors at their minimum (Min), average (Mean), and maximum (Max).
||Results for the best predictor variable within each sex/morph are in bold.
$Significant results at α = 0.05 are denoted as ‘*’.

Fig. 4.  Weekly humidity and mean weekly proportional abundance of D. suzukii (A) males, (B) females in 2014, and (C) males and (D) females in 2015, for each 
seasonal morph. Solid gray lines represent summer morphs, and solid black lines represent winter morphs. Dotted lines are maximum humidity (light gray), 
mean humidity (dark gray), and minimum humidity (black).
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that humidity might potentially affect the successful establishment 
of Drosophila populations in temperate regions (Aggarwal et  al. 
2013). Acclimation to low-humidity conditions seemed to facilitate 
cold tolerance in D. melanogaster (Aggarwal et al. 2013) and fur-
ther work should address the impact of relative humidity on cold 
tolerance and how this may explain the establishment of D. suzukii 
in colder regions.

Recent studies have suggested that the combined effect of abi-
otic factors could help better understand population dynamics 
(Wiman et al. 2016, Tochen et al. 2016, Eben et al. 2018). In this 
study, the combined effect of maximum temperature and maxi-
mum humidity turned out to be the best predictor for D. suzukii 

proportional abundance, consistently across both years. Under 
controlled conditions, extreme high temperature and low humidity 
were shown to decrease D. suzukii adult survival in the laboratory 
(Eben et al. 2018). A combined effect of temperature and humidity 
on organism survival and fecundity has been shown for other insect 
species, such as the Banks grass mite Oligonychus pratensis (Banks) 
(Perring et al. 1984) and the mosquito Aedes aegypti L. (Costa et al. 
2010). To the best of our knowledge, this is the first study address-
ing the combined effect of these two abiotic factors on D. suzukii 
seasonal population abundance in the field, and our results provide 
a better understanding of the seasonal dynamics of D.  suzukii in 
the Midwest.

Table 3.  Best predictor variables based on lowest AICs for proportional abundance of D. suzukii males and females of each seasonal morph 
for 2014 and 2015

Year Sex Morph Predictor variables

Temperature Humidity Combined ‘Temperature + Humidity’

2014 Males Summer − Max Humidity −
Winter – – ‘Max Temperature + Max Humidity’

Females Summer – Max Humidity –
Winter – – ‘Max Temperature + Max Humidity’

2015 Males Summer – – ‘Max Temperature + Max Humidity’
Winter – – ‘Max Temperature + Max Humidity’

Females Summer – Max Humidity –
Winter – Max Humidity –

Table 2. The relationship between combined factors (weekly temperature and weekly humidity) and mean weekly proportional abundance 
of D. suzukii adults

Year Sex Morph Factors  
(Temperature / Humidity)

Min Temp† Mean Temp Max Temp

R2-adjusted AIC R2-adjusted AIC R2-adjusted AIC

2014 M‡ Summer Min Humid −0.29 −48.46 −0.23 −48.79 −0.17 −49.17
Average Humid 0.20 −51.79 0.25 −52.24 0.30 −52.75
Max Humid 0.50 −55.09 0.51 −55.19 0.51 −55.31

Winter Min Humid 0.06 −20.33 0.04 −20.19 0.02 −20.09
Average Humid 0.33 −22.72 0.31 −22.57 0.30 −22.41
Max Humid 0.59 −26.24 0.02 26.64 0.63 −26.93

F Summer Min Humid −0.25 −16.71 −0.21 −16.95 −0.16 −17.22
Average Humid 0.34 −21.18 0.37 −21.53 0.41 −21.93
Max Humid 0.64 −25.50 0.65 −25.51 0.65 −25.53

Winter Min Humid 0.07 −20.35 0.05 −20.19 0.03 −20.08
Average Humid 0.35 −22.82 0.33 −22.65 0.31 −22.46
Max Humid 0.63 −26.80 0.65 −27.21 0.66 −27.48

2015 M Summer Min Humid −0.01 −40.00 0.05 −40.53 0.11 −41.07
Average Humid 0.09 −40.87 0.15 −41.52 0.20 −42.02
Max Humid 0.15 −41.49 0.18 −41.81 0.20 −42.06

Winter Min Humid −0.04 −46.87 0.02 −47.39 0.08 −48.00
Average Humid 0.07 −47.85 0.15 −48.66 0.21 −49.37
Max Humid 0.17 −48.97 0.21 −49.40 0.24 −49.77

F Summer Min Humid −0.22 −52.64 −0.27 −52.33 −0.30 −52.11
Average Humid −0.29 −52.18 −0.26 −52.37 −0.23 −52.63
Max Humid −0.03 −54.18 −0.03 −54.22 −0.02 −54.28

Winter Min Humid −0.25 −56.62 −0.29 −56.32 −0.32 −56.12
Average Humid −0.26 −56.57 −0.23 −56.76 −0.20 −57.00
Max Humid 0.03 −58.85 0.03 −58.84 0.03 −58.86

Comparisons of linear models based on monthly data.
†Temperature and humidity factors are used at their minimum (Min Temp, Min Humid), average (Mean Temp, Mean Humid), and maximum (Max Temp, Max 

Humid).
Results for the best predictor variable within each sex/morph are in bold.
‡Males are denoted as ‘M’ and females are denoted as ‘F’.
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It has been suggested that the reproductive status of D. suzukii 
females changes during the season (Mitsui et al. 2010, Zerulla et al. 
2015, Arno et al. 2016, Wallingford et al. 2016, Grassi et al. 2018). 
The number of mature eggs in D. suzukii females trapped in the field 
has been shown to decrease over time, suggesting that D.  suzukii 
undergoes a reproductive diapause (Arno et al. 2016, Wallingford 
et al. 2016, Grassi et  al. 2018). In Wisconsin, we did not observe 
seasonal changes in the number of mature eggs or the presence of 
immature eggs in trapped D. suzukii females, regardless of morpho-
type. In recent studies, populations of D. suzukii were found with 
mature eggs in late fall and winter (Zerulla et al. 2015, Kaçar et al. 
2015, Grassi et al. 2018), supporting our results and suggesting that 
overwintering winter morph females, at least in Wisconsin, tend to 
be reproductively mature before going into diapause. This finding 
should be further investigated with other populations in the Midwest 
to confirm the reproductive status of winter morph females.

In this study, the majority of the females collected were mated, 
regardless of the time of the season and morphotype, supporting 
recent findings suggesting that D. suzukii females are able to store 
viable sperm through the winter (Ryan et al. 2016, Rossi-Stacconi 
et  al. 2016, Grassi et  al. 2018). The mating status before winter 
exposure affects spring fecundity, as females mated before winter 
were able to lay viable eggs after overwintering (Arno et al. 2016, 
Ryan et al. 2016). The reproductive status of D. suzukii females was 
recently shown to affect the females’ response to baits and lures and 
to vary with the time in the season and the developmental stage of 
fruit (Jaffe et  al. 2018, Wong et  al. 2018). Although females with 
mature eggs seem to be more attracted to fermenting baits (such as 
the bait used in our study) than females without mature eggs, the 
mating status, reproductive status, and seasonal morph status did not 
affect their attraction to fermenting baits (Wong et al. 2018). Such 
findings have important implications for management decisions the 
following spring and should focus on control strategies that target 
mated overwintering females seeking feeding and oviposition sites.

Here, D.  suzukii females had similar fat content throughout 
the season, suggesting that females are able to feed all the way into 
December. In a recent study, D.  suzukii were found to emerge and 
reproduce on dropped fruit in the Fall in Michigan (Bal et al. 2017), 
providing reproduction hosts for winter morph populations later in 
the season. In addition, dropped fruit wastes could be utilized by 
D. suzukii adults as a source of food. In fact, D. suzukii females were 
shown to feed on decaying or damaged fruit and females feeding on 
these were in turn able to produce oocytes and increase their longevity 
(Plantamp et al. 2017).

This study focused on describing the seasonal abundance of 
D. suzukii in Wisconsin, and identified the seasonal phenology of 
summer and winter morphs, the female reproductive output, and 
the effect of temperature and humidity on seasonal abundance. 
Seasonal phenology and abundance varied between years, empha-
sizing the importance for commercial growers to monitor popula-
tions early in susceptible crops and for research efforts to address 
the correlation between degree days and first occurrence in the 
Midwest to help better predict population dynamics. This is the first 
report of D. suzukii wintermorph in the Midwest and this finding 
combined with their reproductive status will help better understand 
their overwintering ability in this region. Overall, the variation 
observed in D. suzukii abundance was best explained by the com-
bined effect of maximum temperature and maximum humidity and 
maximum humidity alone, providing a better understanding of the 
abiotic factors affecting populations in Wisconsin, and emphasizing 
the importance of management strategies that reduce humidity lev-
els in susceptible crops.Ta

b
le

 4
. 

R
ep

ro
d

u
ct

iv
e 

o
u

tp
u

t 
o

f 
D

. s
u

zu
ki

i f
em

al
es

 c
o

lle
ct

ed
 a

t 
th

re
e 

ti
m

e 
p

o
in

ts
 in

 2
01

5:
 w

ee
k 

1 
(fi

rs
t 

tr
ap

 c
at

ch
es

),
 w

ee
k 

13
 (

p
o

p
u

la
ti

o
n

 p
ea

k)
, a

n
d

 w
ee

k 
20

 (
la

st
 t

ra
p

 c
at

ch
es

)

W
ee

ks
/m

or
ph

s
Fa

t 
co

nt
en

t 
 

(m
ea

n 
in

de
x)

N
um

be
r 

of
 m

at
ur

e 
eg

gs
  

(m
ea

n 
± 

SE
)

Pr
op

or
ti

on
 o

f 
fe

m
al

es
  

w
it

h 
im

m
at

ur
e 

eg
gs

Pr
op

or
ti

on
 o

f 
 

m
at

ed
 f

em
al

es

W
ee

k 
1 

(fi
rs

t 
tr

ap
 c

at
ch

es
)

Su
m

m
er

 (
n 

= 
10

)
1.

9 
± 

0.
07

1.
9 

± 
0.

4
0.

8
1

W
ee

k 
13

 (
Po

pu
la

ti
on

 p
ea

k)
Su

m
m

er
 (

n 
= 

10
)

1.
8 

± 
0.

09
1 

± 
0.

6
0.

7
0.

9
W

in
te

r 
(n

 =
 1

0)
2.

4 
± 

0.
07

0.
4 

± 
0.

27
0.

2
0.

6
W

ee
k 

20
 (

la
st

 t
ra

p 
ca

tc
he

s)
W

in
te

r 
(n

 =
 1

0)
1.

8 
± 

0.
09

0.
7 

± 
0.

37
0.

6
0.

9
D

at
a 

co
m

pa
ri

so
ns

W
ee

ks
F(

2,
35

) 
= 

0.
33

, P
 =

 0
.7

2
F(

2,
35

) 
= 

2.
87

, P
 =

 0
.0

7
X

2 
(2

, N
 =

 3
9)

 =
 3

.6
61

, P
 =

 0
.1

6
X

2 
(2

, N
 =

 3
9)

 =
 0

.1
9,

 P
 =

 0
.1

8
M

or
ph

s
F(

1,
35

) 
= 

2.
89

, P
 =

 0
.1

0
F(

1,
35

) 
= 

1,
 P

 =
 0

.3
2

X
2 

(1
, N

 =
 3

9)
 =

 3
.1

04
, P

 =
 0

.0
8

X
2 

(1
, N

 =
 3

9)
 =

 1
.9

6,
 P

 =
 0

.1
6

Environmental Entomology, 2018, Vol. 47, No. 6� 1373
D

ow
nloaded from

 https://academ
ic.oup.com

/ee/article-abstract/47/6/1365/5159616 by guest on 07 D
ecem

ber 2018



Acknowledgments
We thank the growers in Wisconsin for providing access to the collection 
sites and for their assistance in experimental set up and collection data. We 
also thank Emma Pelton for providing preserved flies and Claire Mattmiller 
for help with fly dissections, collecting temperature and humidity data, and 
preparing data for statistical analysis. The study was supported by USDA 
Wisconsin Department of Agriculture, Trade and Consumer Protection 
Specialty Crop Block Grant #14-016.

References Cited
Addesso, K. M., Oliver, J. B., and P. A. O’Neal. 2015. Survey for spotted-wing 

drosophila (Diptera: Drosophilidae) in the five-county nursery production 
region of middle Tennessee, USA. Fla. Entomol. 98: 1050–1055.

Aggarwal, D. D., P. Ranga, B. Kalra, R. Parkash, E. Rashkovetsky, and L. 
E.  Bantis. 2013. Rapid effects of humidity acclimation on stress resist-
ance in Drosophila melanogaster. Comp. Biochem. Physiol. A. Mol. Integr. 
Physiol. 166: 81–90.

Arno, J., M. Solà, J. Riudavets, and R. Gabarra. 2016. Population dynamics, 
non-crop hosts, and fruit susceptibility of Drosophila suzukii in Northeast 
Spain. J. Pest Sci. 89: 713–723.

Asplen, M. K., G. Anfora, A. Biondi, D-S. Choi, D. Chu, K. M. Daane, P. Gibert, 
A. P. Guttierrez, K. A. Hoelmer, and W. D. Hutchison. 2015. Invasion biol-
ogy of spotted wing Drosophila (Drosophila suzukii): a global perspective 
and future priorities. J. Pest Sci. 88: 469–494.

Avanesyan, A., B. D. Jaffe, and C. Guédot. 2017. Isolating spermathecae and 
determining mating status of Drosophila suzukii: a protocol for tissue dis-
section and its applications. Insects. 8: 32.

Bahder, B. W., L. D. Bahder, M. Hauser, E. Beers, and D. B. Walsh. 2016. 
Relative abundance and phenology of Drosophila Fallén, 1815 (Diptera: 
Drosophilidae) species in south-central Washington State. Pan-Pac. 
Entomol. 92: 92–99.

Bal, H. K., C. Adams, and M. Grieshop. 2017. Evaluation of off-season poten-
tial breeding sources for spotted wing Drosophila (Drosophila suzukii 
Matsumura) in Michigan. J. Econ. Entomol. 110: 2466–2470.

Blossey, B. and R. Notzold. 1995. Evolution of increased competitive ability in 
invasive nonindigenous plants: a hypothesis. J. Ecol. 83: 887–889.

Burrack, H. J., J. P. Smith, D. G. Pfeiffer, G. Koeher, and J. Laforest. 2012. 
Using volunteer-based networks to track Drosophila suzukii (Diptera: 
Drosophilidae) an invasive pest of fruit crops. J. Integr. Pest Manag. 4: 1–5.

Burrack, H. J., G. E. Fernandez, T. Spivey, and D. A. Kraus. 2013. Variation 
in selection and utilization of host crops in the field and laboratory by 
Drosophila suzukii Matsumara (Diptera: Drosophilidae), an invasive 
frugivore. Pest Manag. Sci. 69: 1173–1180.

Callaway, R. M. and W. M. Ridenour. 2004. Novel weapons: invasive success 
and the evolution of increased competitive ability. Front. Ecol. Environ. 
2: 436–443.

Costa, E. A.  P.  de A., E. M. de M.  Santos, J. C. Correia, and C. M. R.  de 
Albuquerque. 2010. Impact of small variations in temperature and humid-
ity on the reproductive activity and survival of Aedes aegypti (Diptera, 
Culicidae). Revista Brasileira de Entomol. 54: 488–493.

Dalton, D. T., V. M. Walton, P. W. Shearer, D. B. Walsh, J. Caprile, and R. Isaacs. 
2011. Laboratory survival of Drosophila suzukii under simulated winter 
conditions of the Pacific Northwest and seasonal field trapping in five pri-
mary regions of small and stone fruit production in the United States. Pest 
Manag. Sci. 67: 1368–1374.

Darwin, C. 1859. On the origin of species by means of natural selection, or 
preservation of favoured races in the struggle for life: Murray.

Davis, M. A., J. P. Grime, and K. Thompson. 2000. Fluctuating resources in 
plant communities: a general theory of invisibility. J. Ecol. 88: 528–534.

Diepenbrock, L. M. and H. J. Burrack. 2017. Variation of within-crop micro-
habitat use by Drosophila suzukii (Diptera: Drosophilidae) in blackberry. 
J. Appl. Entomol. 141: 1–7.

Eben, A., M. Reifenrath, F. Briem, S. Pink, and H. Vogt. 2018. Response of 
Drosophila suzukii (Diptera: Drosophilidae) to extreme heat and dryness. 
Agr. Forest Entomol. 20: 113–121.

Everman, E. R., P. J. Freda, M. Brown, A. J. Schieferecke, G. J. Ragland, and T. 
J. Morgan. 2018. Ovary development and cold tolerance of the invasive 

pest Drosophila suzukii (Matsumura) in the Central Plains of Kansas, 
United States. Environ. Entomol. 47: 1013–1023.

Fraimout, A., V. Debat, S. Fellous, R. A. Hufbauer, J. Foucaud, P. Pudlo, J-
M.  Marin, D. K.  Price, J.  Cattel, and X.  Chen. 2017. Deciphering the 
routes of invasion of Drosophila suzukii by means of ABC random forest. 
Mol. Biol. Evol. 34: 980–996.

Gibert, P., B. Moreteau, G. Pétavy, D. Karan, and J. R. David. 2001. Chill-
coma tolerance, a major climatic adaptation among Drosophila species. 
Evolution. 55: 1063–1068. 

Grassi, A., A. Gottardello, D. T. Dalton, G. Tait, D. Rendon, C. Ioriatti, D. 
Gibeaut, M. V. Rossi Stacconi, and V. M. Walton. 2018. Seasonal repro-
ductive biology of Drosophila suzukii (Diptera: Drosophilidae) in temper-
ate climates. Environ. Entomol. 47: 166–174.

Hamby, K. A., M. P. Bolda, M. E. Sheehan, and F. G. Zalom. 2014. Seasonal 
monitoring for Drosophila suzukii (Diptera: Drosophilidae) in California 
commercial raspberries. Environ. Entomol. 43: 1008–1018.

Hamby, K. A., D. E. Bellamy, J. C. Chiu, J. C. Lee, V. M. Walton, N. G. Wiman, 
R. M.  York, and A.  Biondi. 2016. Biotic and abiotic factors impact-
ing development, behavior, phenology, and reproductive biology of 
Drosophila suzukii. J. Pest Sci. 89: 605–619.

Harris, D. W., K. A. Hamby, H. E. Wilson, and F. G. Zalom. 2014. Seasonal 
monitoring of Drosophila suzukii (Diptera: Drosophilidae) in a mixed 
fruit production system. J. Asia Pac. Entomol. 17: 857–864.

Hauser, M. 2011. A historic account of the invasion of Drosophila suzukii 
(Matsumura) (Diptera: Drosophilidae) in the continental United States, 
with remarks on their identification. Pest Manag. Sci. 67: 1352–1357.

Haviland, D. R., J. L. Caprile, S. M. Rill, K. A. Hamby, and J. A. Grant. 2016. 
Phenology of spotted wing Drosophila in the San Joaquin Valley varies by 
season, crop and nearby vegetation. Calif. Agr. 70: 24–31.

Inamine, H., S. P. Ellner, J. P. Springer, and A. A. Agrawal. 2016. Linking the 
continental migratory cycle of the monarch butterfly to understand its 
population decline. OIKOS. 125: 1081–1091.

Jaffe, B. D., A. Avanesyan, H. K. Bal, Y. Feng, J. Grant, M. J. Grieshop, J. C. 
Lee, O. E. Liburd, E. Rhodes, C. Rodriguez-Saona, et al. 2018. Multistate 
comparison of attractants and the impact of fruit development stage on 
trapping Drosophila suzukii (Diptera: Drosophilidae) in raspberry and 
blueberry. Environ. Entomol. 47: 935–945.

Jakobs, R., T.  D. Gariepy, and B. J.  Sinclair. 2015. Adult plasticity of cold 
tolerance in a continental-temperate population of Drosophila suzukii. J. 
Insect Physiol. 79: 1–9.

Jakobs, R., B. Ahmadi, S. Houben, T. D. Gariepy, and B. J. Sinclair. 2017. Cold 
tolerance of third-instar Drosophila suzukii larvae. J. Insect Physiol. 96: 
45–52.

Joshi, N. K., B. Butler, K. Demchak, and D. Biddinger. 2016. Seasonal occur-
rence of spotted wing Drosophila in various small fruits and berries in 
Pennsylvania and Maryland. J. Appl. Entomol. doi:10.1111/jen.12325

Kaçar, G., X. G. Wang, T. J. Stewart, and K. M. Daane. 2015. Overwintering 
survival of Drosophila suzukii (Diptera: Drosophilidae) and the effect 
of food on adult survival in California’s San Joaquin Valley. Environ. 
Entomol. 45: 763–771.

Kanzawa, T. 1936. Studies on Drosophila suzukii Mats. Kofu. Rev. App. 
Entomol. 29: 622.

Keane, R. M. and M. J. Crawley. 2002. Exotic plant invasions and the enemy 
release hypothesis. Trends Ecol. Evolut. 17: 164–170.

Kinjo, H., Y. Kunimi, and M. Nakai. 2014. Effects of temperature on the repro-
duction and development of Drosophila suzukii (Diptera: Drosophilidae). 
Appl. Entomol. Zool. 49: 297–304.

Kirkpatrick, D. M., H. L. Leach, P. Xu, K. Dong, R. Isaacs, and L. J. Gut. 2018. 
Comparative antennal and behavioral responses of summer and winter 
morph Drosophila suzukii (Diptera: Drosophilidae) to ecologically rele-
vant volatiles. Environ. Entomol. 47: 700–706.

Lau, J. A., and E. H.  Schultheis. 2015. When two invasion hypotheses are 
better than one. New Phytol. 205: 958–960.

Leach, H., S. Van Timmeren, and R. Isaacs. 2016. Exclusion netting delays and 
reduces Drosophila suzukii (Diptera: Drosophilidae) infestation in rasp-
berries. J. Econ. Entomol. 109: 2151–2158.

Lee, C. E. 2002. Evolutionary genetics of invasive species. Trends Ecol. Evol. 
17: 386–391.

1374� Environmental Entomology, 2018, Vol. 47, No. 6
D

ow
nloaded from

 https://academ
ic.oup.com

/ee/article-abstract/47/6/1365/5159616 by guest on 07 D
ecem

ber 2018



Lee, J. C., D.  J. Bruck, H. Curry, D. Edwards, D. R. Haviland, R. A. Van 
Steenwyk, and B. M. Yorgey. 2011. The susceptibility of small fruits and 
cherries to the spotted-wing Drosophila, Drosophila suzukii. Pest Manag. 
Sci. 67: 1358–1367.

Mitsui, H., K.  Beppu, and M. T.  Kimura. 2010. Seasonal life cycles and 
resource uses of flower- and fruit-feeding drosophilid flies (Diptera: 
Drosophilidae) in central Japan. Entomol. Sci. 13: 60–67.

Ometto, L., A. Cestaro, S. Ramasamy, A. Grassi, S. Revadi, S. Siozios, M. 
Moretto, P. Fontana, C. Varotto, D. Pisani, et al. 2013. Linking genom-
ics and ecology to investigate the complex evolution of an invasive 
Drosophila pest. Genome Biol. Evol. 5: 745–757.

Pelton, E., C. Gratton, R. Isaacs, S. Van Timmeren, A. Blanton, and C. Guédot. 
2016. Earlier activity of Drosophila suzukii in high woodland landscapes 
but relative abundance is unaffected. J. Pest Sci. 89: 725–733.

Pelton, E., C.  Gratton, and C.  Guédot. 2017. Susceptibility of cold hardy 
grapes to Drosophila suzukii (Diptera: Drosophilidae). J. Appl. Entomol. 
144: 644–652.

Perring, T. M., T. O. Holtzer, J. L. Toole, J. M. Norman, and G. L. Myers. 
1984. Influences of temperature and humidity on pre-adult development 
of the banks grass mite (Acari: Tetranychidae). Environ. Entomol. 13: 
338–343.

Plantamp, C., V.  Estragnat, S.  Fellous, E.  Desouhant, and P.  Gibert. 2017. 
Where and what to feed? Differential effects of fecundity and longevity in 
the invasive Drosophila suzukii. Basic Appl. Ecol. 19: 56–66.

Rossi-Stacconi, M. V., R.  Kaur, V.  Mazzoni, L.  Ometto, A.  Grassi, 
A. Gottardello, O. Rota-Stabelli, and G. Anfora. 2016. Multiple lines of 
evidence for reproductive winter diapause in the invasive pest Drosophila 
suzukii: useful clues for control strategies. J. Pest Sci. 89: 689–700.

Ryan, G. D., L. Emiljanowicz, F. Wilkinson, M. Kornya, and J. A. Newman. 
2016. Thermal tolerances of the spotted-wing Drosophila Drosophila 
suzukii (Diptera: Drosophilidae). J. Econ. Entomol. 109: 746–752.

Shearer, P. W., J. D. West, V. M. Walton, P. H. Brown, N. Svetec, and J. C. Chiu. 
2016. Seasonal cues induce phenotypic plasticity of Drosophila suzukii to 
enhance winter survival. BMC Ecol. 16: 1–18.

Stephens, A. R., M.  K. Asplen, W. D. Hutchison, and R. C.  Venette. 2015. 
Cold hardiness of winter-acclimated Drosophila suzukii (Diptera: 
Drosophilidae) adults. Environ. Entomol. 44: 1619–1626.

Thistlewood, H. M.  A., P. Gill, E. H. Beers, P. W. Shearer, D. B. Walsh, B. 
M. Rozema, S. Acheampong, S. Castagnoli, W. L. Yee, P. Smytheman, 

et al. 2018. Spatial analysis of seasonal dynamics and overwintering of 
Drosophila suzukii (Diptera: Drosophilidae) in the Okanagan-Columbia 
Basin, 2010-2014. Environ. Entomol. 47: 221–232.

Tochen, S., D. T. Dalton, N. Wiman, C. Hamm, P. W. Shearer, and V. M. Walton. 
2014. Temperature-related development and population parameters for 
Drosophila suzukii (Diptera: Drosophilidae) on cherry and blueberry. 
Environ. Entomol. 43: 501–510.

Tochen, S., J. M.  Woltz, D. T.  Dalton, J. C.  Lee, N. G.  Wiman, and V. 
M.  Walton. 2016. Humidity affects populations of Drosophila suzukii 
(Diptera: Drosophilidae) in blueberry. J. Appl. Entomol. 140: 47–57.

Tonina, L., N. Mori, F. Giomi, and A. Battisti. 2016. Development of Drosophila 
suzukii at low temperatures in mountain areas. J. Pest Sci. 89: 667–678.

Toxopeus, J., R. Jakobs, L. V. Ferguson, T. D. Gariepy, and B. J. Sinclair. 2016. 
Reproductive arrest and stress resistance in winter-acclimated Drosophila 
suzukii. J. Insect Physiol. 89: 37–51.

Wallingford, A. K., J. C. Lee, and G. M. Loeb. 2016. The influence of temperature 
and photoperiod on the reproductive diapause and cold tolerance of spot-
ted-wing Drosophila, Drosophila suzukii. Entomol. Exp. App. 159: 327–337.

Walsh, D. B., M. P. Bolda, R. E. Goodhue, A. J. Dreves, J. Lee, D. J. Bruck, 
V. M. Walton, S. D. O’Neal, and F. G. Zalom. 2011. Drosophila suzukii 
(Diptera: Drosophilidae): invasive pest of ripening soft fruit expanding 
its geographic range and damage potential. J. Integr. Pest Manag. 2: 1–7.

Wiman, N. G., V. M. Walton, D. T. Dalton, G. Anfora, H. J. Burrack, J. C. Chiu, 
K. M. Daane, A. Grassi, B. Miller, S. Tochen, et al. 2014. Integrating tem-
perature-dependent life table data into a matrix projection model for 
Drosophila suzukii population estimation. PLoS ONE 9: e106909.

Wiman, N. G., D. T. Dalton, G. Anfora, A. Biondi, J. C. Chiu, K. M. Daane, B. 
Gerdeman, A. Gottardello, K. A. Hamby, R. Isaacs, et al. 2016. Drosophila 
suzukii population response to environment and management strategies. J. 
Pest Sci. (2004). 89: 653–665.

Wong, J. S., A. K. Wallingford, G. M. Loeb, and J. C. Lee. 2018. Physiological 
status of Drosophila suzukii (Diptera: Drosophilidae) affects their 
response to attractive odours. J. Appl. Entomol. 142: 473–482

Zerulla, F. N., S. Schmidt, M. Streitberger, C. P. Zebitz, and R. Zelger. 2015. 
On the overwintering ability of Drosophila suzukii in South Tyrol. J. Berry 
Res. 5: 41–48.

Zhai, Y., Q.  Lin, J.  Zhang, F.  Zhang, L.  Zheng, and Y.  Yu. 2016. Adult 
reproductive diapause in Drosophila suzukii females. J. Pest Sci. 89: 
679–688.

Environmental Entomology, 2018, Vol. 47, No. 6� 1375
D

ow
nloaded from

 https://academ
ic.oup.com

/ee/article-abstract/47/6/1365/5159616 by guest on 07 D
ecem

ber 2018


