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Abstract

Temperature-dependent fecundity and survival data was integrated into a matrix population model to describe relative
Drosophila suzukii Matsumura (Diptera: Drosophilidae) population increase and age structure based on environmental
conditions. This novel modification of the classic Leslie matrix population model is presented as a way to examine how
insect populations interact with the environment, and has application as a predictor of population density. For D. suzukii, we
examined model implications for pest pressure on crops. As case studies, we examined model predictions in three small
fruit production regions in the United States (US) and one in ltaly. These production regions have distinctly different
climates. In general, patterns of adult D. suzukii trap activity broadly mimicked seasonal population levels predicted by the
model using only temperature data. Age structure of estimated populations suggest that trap and fruit infestation data are
of limited value and are insufficient for model validation. Thus, we suggest alternative experiments for validation. The model
is advantageous in that it provides stage-specific population estimation, which can potentially guide management
strategies and provide unique opportunities to simulate stage-specific management effects such as insecticide applications
or the effect of biological control on a specific life-stage. The two factors that drive initiation of the model are suitable
temperatures (biofix) and availability of a suitable host medium (fruit). Although there are many factors affecting population
dynamics of D. suzukii in the field, temperature-dependent survival and reproduction are believed to be the main drivers for
D. suzukii populations.

Citation: Wiman NG, Walton VM, Dalton DT, Anfora G, Burrack HJ, et al. (2014) Integrating Temperature-Dependent Life Table Data into a Matrix Projection Model
for Drosophila suzukii Population Estimation. PLoS ONE 9(9): e106909. doi:10.1371/journal.pone.0106909

Editor: Kostas Bourtzis, International Atomic Energy Agency, Austria
Received March 17, 2014; Accepted August 11, 2014; Published September 5, 2014

Copyright: © 2014 Wiman et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are included within the paper.

Funding: Funding for research in the USA was provided by the United States Department of Agriculture National Institue for Food and Agriculture award #2010-
51181-21167. In Italy, this work was partly funded by the Autonomous Province of Trento (ltaly), Research funds for Grandi Progetti, Project LEXEM (Laboratory of
excellence for epidemiology and modeling, http://www.lexem.eu). The funders had no role in study design, data collection and analysis, decision to publish, or

preparation of the manuscript.

* Email: vaughn.walton@oregonstate.edu

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Drosophila suzukii Matsumura (Diptera: Drosophilidae) is an
economic pest of small and stone fruit in major production areas
including North America, Asia and Europe [1-6]. Female D.
suzukit oviposit into suitable ripening fruits using a serrated
ovipositor [5,6]. This is unique compared to other drosophilids,
including the common fruit fly, D. melanogaster, which oviposit
into overripe or previously damaged fruit [7,8]. Developing fruit
fly larvae render infested fruit unmarketable for fresh consumption
and may reduce processed fruit quality and cause downgrading or
rejection at processing facilities. In Western US production areas,
D. suzukii damage may cause up to $500 million in annual losses
assuming 30% damage levels [2], and $207 million in Eastern US
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production regions [9]. Worldwide, the potential economic
impacts of this pest are staggering.

Pesticide applications have been the primary control tactic
against D. suzukii both in North America and in Europe. The
most effective materials are those that target gravid females,
including pyrethoids, carbamates, and spinosyns [1,10,11]. These
applications are timed to prevent oviposition in susceptible
ripening host crops [10,11]. In the Pacific Northwest, many
growers have adopted scheduled spray intervals of 4-7 days
[10,11]. This prophylactic use of insecticide is unsustainable as
growers have a limited selection of products and modes of action.
This could ultimately lead to D. suzukii becoming resistant and
may cause secondary pest problems because of negative effects on
beneficial organisms. Furthermore, production costs have in-
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creased substantially in crops where D. suzukii must be managed
[6].

Effective sampling methodology for D. suzukii is lacking despite
extensive efforts to improve trap technology or determine effective
fruit infestation sampling protocols. Theoretically, traps to capture
adult flies should aid growers in the timing of spray applications so
that insecticides could be used more judiciously. Traps baited with
apple cider vinegar or a combination of sugar-water and yeast are
currently used to monitor adult D. suzukii flight patterns [12—14].
However, without standard methods for trapping or management
thresholds based on trap count data, it is questionable how much is
gained by establishing and monitoring traps in crops. Establishing,
monitoring, and maintaining traps is very labor intensive and the
costs do not justify the benefits for many growers. Historically, trap
data has not provided a reliable warning against D. suzukii attack,
especially for susceptible crops in high-density population areas
where considerable oviposition can occur in short time periods
[5,14]. Currently, no significant differences are found in any traps
used for monitoring D. suzukii given differences between crops
and environments where traps have been tested [14]. Monitoring
fruit infestation levels to guide management may also be
impractical. It is unclear how many samples would be needed to
accurately determine infestation levels. Furthermore, by the time
larvae are detected in the fruit, it is too late for management action
and damage has already occurred. No detailed studies could be
found using monitoring for fruit infestation for this pest, and
precision of sampling methodology is currently unavailable.

Degree-day (DD), or phenology models, are standard tools for
integrated pest management in temperate regions and are used to
predict the life stages of pests in order to time management
activities and increase the effectiveness of control measures.
Degree-day models work best for pests with a high level of
synchronicity and few generations [15-19]. Our data suggest that
D. suzukii has short generation times, high reproductive levels,
and high generational overlap compared to other dipteran fruit
pests [8,15,17,19]. Given this life history, stage-specific population
models represent an alternative and potentially more applicable
tool for modeling pest pressure. Pest population estimates may be
greatly improved by employing additional tools such as mark-
recapture [20] and analytical or individual-based models [21-23].
The ability to describe and forecast damaging pest populations is
highly advantageous for fruit producers, policy makers, and
stakeholder groups [20,21,24-27]. Many such studies have been
directed at forecasting populations of medically important insect
species [28,29]. The major factors affecting survival, fecundity and
population dynamics of drosophilids include temperature, humid-
ity, and the availability of essential food resources [30-32].
Therefore, an improved understanding of the role of temperature
on D. suzukii may provide for a better understanding its seasonal
population dynamics.

In this paper, we present a population model for D. suzukii that
represents a novel modification of the classic Leslie projection
matrix [33,34], which has proven to be one of the most useful age-
structured population models in ecology, with applications for
diverse organisms including plants, animals, and diseases [35-38].
Our modification accounts for the effect of temperature on the
survival and fertility of D. suzukii in calculating population growth
of the organism. Typically, researchers have introduced elements
of environmental stochasticity to matrix models to study environ-
mental effects on population trajectories [38]. However, our
approach relies on temperature-dependent estimations of age-
specific fecundities and survival that are determined by models fit
to life table data generated for multiple temperatures [8]. Our
environmentally dependent matrix model is unique in that it does
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not rely on simulation of environmental effects on populations, but
the matrix itself is recalculated at each iteration in direct response
to environmental input. Model predictions were run under
environmental conditions from different regions to illustrate
variation between and within study sites in different years. These
simulations make important predictions about age structure and
population trends that have implications for pest management
both in a broad sense and with regional specificity. This modeling
tool may improve current management practices by predicting
pest pressure independent of trap catches or samples of infested
fruit. We also see potential applications of this model for research
in other fields of study and for broadening the understanding of
how pests interact with the environment.

Materials and Methods

Study sites

We selected three US regions with distinct climatic differences
as test cases for comparison to examine model predictions. These
sites were: Salem, Oregon; Wilmington, North Carolina; and
Parlier, California. To examine the effects of environmental
influences within a single region, we compared Pergine, Riva del
Garda and Sant’Orsola, in Trentino Province of Northern Italy,
for the 2013 season. For annual climatic variation, we compared
model predictions based on environmental data from a site near
Salem (Oregon, US) and Pergine (Trentino, Italy) in 2012 and
2013.

Temperature data

Daily mean temperature data were acquired from four fruit
production regions from weather stations that were proximal to
the field sites where trap and fruit infestation data were procured:
Salem Oregon, US (44°43'N, 123°02"W, 70 m elev., years 2012—
2013 [39], Parlier, California, US (36°36'N; 119°30W, 110 m
elev., year 2013) [40], Wilmington, North Carolina, US (34°13'N;
77°56W, 3 m elev., year 2013) [41] and Trentino, Italy (years
2012-2013; C. Ioriatti, pers. comm.). The US weather data were
used to estimate the impact of whole-season climate differences for
2013 on D. suzukii population numbers. Temperature data from
Trentino during 2013 were used to estimate the role of
temperature as affected by elevation and moderating water bodies,
i.e., Trentino locations of Riva del Garda (46°00'N; 11°13E, elev.
60 m), Pergine (46°06'N; 11°14'E, elev. 500 m) and Sant’Orsola
(46°06'N; 11°17'E, elev. 1150 m) on D. suzukii population
dynamics. Temperature data from 2012 and 2013 representing
Salem and Pergine were used to illustrate annual climatic variation
effect on predicted populations of D. suzuki.

Population and stage-specific estimation

The population projection model was written in the open-
source statistical environment R version 3.0.2 [42]. The model
calculated the matrix based on mean temperature input. Briefly,
the matrix (M) calculations were based on age-specific regressions
of temperature-dependent population parameters as highlighted
by Tochen et al. [8]. Whereas immature life stages of D. suzukii
may experience different environmental conditions than adults
because these life stages are completed within the fruit, in this
study, ambient air temperatures were used to predict population
dynamics for all life stages. To return age-specific population
vectors for 50 age-classes of D. suzukit for each test case, a vector
of mean daily temperatures for each site was input into the R
statistical interface. The biofix, or the point where the model
began in the spring, was determined using methods described in
Tochen et al. [8]. Biofix essentially described the earliest point in
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the season when the temperature allows the population to
increase. Calculations for population estimates were initiated on
the biofix date of 2 February in Parlier and 1 April in Wilmington
(2013) and Salem (2012 and 2013). In Pergine and Sant’Orsola,
estimates were initiated on 6 April (2012 and 2013). The
population matrices were initiated with 100 flies in the population
vector (n) for 41-50 day-old females (124;...1750) based on the
assumption that females of this age group represent flies that
would be emerging from diapause in spring [43]. The log-
transformed sum of D. suzukii from all life stages (vector sum) for
cach day represented the total population estimate except where
age distributions are considered. For daily age distribution of D.
suzukii from Parlier, Salem and Wilmington during 2013, 1-3
day-old D. suzukii were classified as eggs, 47 day-olds were
larvae, 8-9 day-olds were pupae, and 10-50 day-olds were
classified as adults [8]. Among the most important assumptions of
the model are that populations of D. suzukii would not be limited
by host availability, are not density dependent, do not exhibit Allee
effects, and that response to current temperature is not dependent
on previous temperature exposure.

Drosophila suzukii trap counts and fruit infestation
Seasonal weekly trap catches of D. suzukii were recorded in all
study sites, except Riva del Garda, but model estimations for this
location was included because the climate here is much different
from the other locations studied in Italy. Trap counts were pooled
data from commercial blueberry fields in Wilmington (28 traps);
unsprayed apricot, blackberry, blueberry, cherry, peach, and citrus
orchards in Parlier (18 traps); commercial blueberry fields and
surrounding blackberry vegetation in Salem (50 traps); strawberry,
blackberry, cherry and blueberry fields in Pergine (6 traps); and
unsprayed strawberry and raspberry fields in Sant’Orsola (6 traps).
In Wilmington and Salem, traps were made of clear plastic cups,
ca. 1 liter in volume each. Each trap had 6-15 entrance holes 4.5~
9 mm in diameter [14]. Trap baits in Wilmington consisted of a
yeast and sugar water mixture containing 6 g yeast and 40 g sugar
dissolved in 710 ml water. In Salem, traps were baited with 100
200 ml natural apple cider vinegar (H,J. Heinz Company, L.P.)
and 1-3 ml unscented liquid soap to break water surface tension.
In Parlier the traps were made to the specifications of the
“Haviland Trap” design for D. suzukii monitoring [14]. A 750-ml
plastic container (Newell Rubbermaid, Atlanta, GA) served as the
basin for each trap. A 7.5-cm diameter hole was cut in the lid, over
which a piece of 0.6-cm wire mesh was attached. Each trap was
covered with a Pherocon trap cover (Trécé Inc. Adair, Oklahoma),
which had a built-in wire hanger. Each trap was filled with 250—
300 ml of apple cider vinegar (Great Value Apple Cider Vinegar,
Wal-Mart Stores, Inc., Bentonville, AR) with 15 ml of unscented
soap (Bon-Ami Company, Kansas City, MO) added as a
surfactant to each container (3.78 liters) of vinegar. In Trentino
the containers were 1000-ml graduated white polyethylene bottles
(Kartell) filled with 200 ml apple cider vinegar (Prantil, Via della
Bonifica, 8 38010 Prio di Vervo, Val di Non, Trentino). All traps
were placed near the fruiting level of host plants or on stable
surfaces in shaded areas and were checked weekly. The contents
(vinegar and specimens) of each trap were collected into a separate
container that was taken to the laboratory for processing, and at
the same time, the traps were refilled with fresh apple cider vinegar
and unscented soap, as described above, in the field. The liquid
and contents from each trap sample were strained in the
laboratory and the numbers of adult SWD collected were recorded
by gender. All data from traps were analyzed to display mean
weekly D. suzukii per trap for each of the regions. Mean daily
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temperatures for all seasons are presented together with trap
catches.

Degree-day estimation

Mean daily temperature data for all regions and seasons were
converted to degree-day values relating development of SWD in
cherries to indicate development for an early susceptible crop and
to standardize thermal effects between seasons, production regions
and microclimates. Degree-days were calculated using the single
sine method with a lower threshold of 4°C and no upper threshold
[44].

Statistical analysis

In order to test the hypothesis that D. suzukii population
predictions would correlate with trap counts, multiple regressions
were performed on mean monthly trap captures from each region
and the corresponding log-transformed population estimates using
Statistica 7.1 [43].

No specific permissions were required for any of the field
locations where data were collected. No field studies involved
endangered or protected species. Because of the sensitive nature of
D. suzukii presence, the corresponding author should be contacted
if more information is required about specific field sites.

Results

Temperature data

In Wilmington, winter and late dormant mean temperatures
were never below 0°C and reached 20°C multiple times prior to
31 April (Fig. 1). At this site, mean high summer temperatures
exceeded 25°C multiple times during July, and mean low
temperatures were below 10°C during November. In Parlier,
winter and late dormant temperatures were never below 0°C and
were higher than observed in both Salem and Wilmington during
this period (Figs. 2, 3, 4). Here temperatures were above 25°C
multiple times prior to 31 April. Mean daily temperatures were
consistently above 25°C during June—September, and daily means
in Parlier sometimes exceeded 33°C. In Parlier, temperatures
dropped to below 10°C during November. In Salem, early-scason
temperatures were warmer during January and February of 2012,
compared to 2013 (Figs. 3, 4). Temperatures observed from
March through May were slightly higher during 2013 compared
to 2012. In Salem, winter and late dormant temperatures were
never below 0°Ch or above 15.3°C until 31 April 2013 (Fig. 4).
Daily mean temperatures gradually increased to 25°C during July,
after which daily mean temperatures dropped to below 10°C
during November.

For the Italian sites Riva del Garda had higher late dormant
and fall temperatures than Pergine and then by Sant’Orsola
(Figs. 5, 6, 7, 8). Summer temperatures were similarly ranked
higher in Riva del Garda, followed by Pergine and then
Sant’Orsola during 2013. In Pergine during winter 2012 (Fig. 7),
late dormant temperatures were {requently below 0°C and were as
high as 20°C before 31 April. Fluctuations of temperature were
more pronounced in 2012 in Pergine, compared to 2013 (Figs. 7,
8). Very low temperatures were recorded in Pergine from 3-12
February 2012, followed by relatively warm temperatures from 24
February to 13 March. Temperatures were also comparatively low
from 9-11 April 2012. In Pergine, daily mean temperatures
increased to 25°Ci during July, after which they dropped to below
10°C during November. Mean temperatures were well below 0°C
during December.

September 2014 | Volume 9 | Issue 9 | e106909



Drosophila suzukii Population Estimation

35 . 40

30 I 35
3
F 30 2
25 g ¢ E
—~ P8 [0]
O . A Q
< - aQ
o 25
p=} —
g 20 . A " _3
2 L S
g 20 S
T G
. Q
F 15 2
: s g

A

10 A ¢ =

IN F 10

A
A
- A
5 L 5
A A
N A
A a2
0 r r v el r r r 0
7-Dec 26-Jan 17-Mar 6-May 25-Jun 14-Aug 3-Oct 22-Nov 11-Jan

Figure 1. Mean daily temperatures and weekly Drosophila suzukii trap counts in Wilmington, North Carolina, US during 2013.

doi:10.1371/journal.pone.0106909.g001

Population and stage-specific estimation

Population estimates using temperature data indicate that D.
suzukit populations are able to increase to high levels in all of the
studied locations (Figs. 9, 10, 11, 12). The population estimates in
all regions broadly tracked demographic trends of D. suzukii
caught in traps (Table 1). When comparing early-season popula-
tion estimates between Wilmington, Parlier, and Salem (Fig. 9),
the population estimates were highest in 2013 in Wilmington
followed by Parlier and then Salem. However, the population
estimate for Salem surpassed Wilmington by 15 June and

surpassed Parlier on 16 July, as Salem population estimates
continued to climb while the latter sites experienced declining
populations after reaching the first peak of their bimodal
distributions. In Parlier, the early-season population peaked on
16 June, subsequently decreasing to a low on 10 September before
increasing to a second population peak on 9 November, then
decreasing again as winter progressed. In Wilmington, the
population curve peaked on 21 June, then the population curve
declined slightly for an extended period, followed by a second
period of population increase beginning on 19 September to a
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Figure 2. Mean daily temperatures and weekly Drosophila suzukii trap counts in Parlier, California, US during 2013.

doi:10.1371/journal.pone.0106909.g002
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Figure 3. Mean daily temperatures and weekly Drosophila suzukii trap counts in Salem, Oregon, US during 2012.
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population peak in November. In Salem, populations consistently
increased from 25 April to a peak on 22 October, followed by a
steep decrease. When comparing population estimates between
seasons for the initial harvest period of early- to mid-season
blueberries in Salem (19 May-19 July, Fig. 10), the majority of
model outputs for this period estimated greater populations for
2013. When comparing populations along the elevation gradient
of the three Italian sites, higher early-season populations were
predicted at the lowest elevation Riva del Garda, followed by
Pergine and then Sant’Orsola (Figs. 11). In Pergine, greater

population numbers were estimated for the majority of the
growing season during 2013 compared to 2012 (Fig. 12).

In all model predictions, immature life stages (eggs, larvae and
pupae) comprised by far the majority of the population, except at
the beginning or end of the season when adults tended to
dominate (Figs. 13, 14, 15). One exception was Wilmington,
where temperatures remained favorable for reproduction into the
late fall so that immature stages remained a majority of the
population (Fig. 13). In Salem, fall temperatures initially caused
cessation of reproduction, leaving a majority of adults, but
December temperatures allowed for some reproductive activity
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Figure 4. Mean daily temperatures and weekly Drosophila suzukii trap counts in Salem, Oregon, US during 2013.

doi:10.1371/journal.pone.0106909.9g004
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to occur (Fig. 14). In the early spring, a higher relative percentage
of adults occurred due to the overwintering adults that were
initiating their first reproduction. In part, this was an artifact of
initiating the model with only older adult females. In the fall,
environmental conditions became unfavorable for reproduction
but may not have had strong effects on adult survival. Overall, no
populations reached a completely stable age structure, but the
highest relative stability for each site occurred in the middle of the

season. Stability of age structure was the highest in Wilmington,
followed by Parlier and finally Salem, which had a high degree of
instability (Figs. 13, 14, 15). Demarcation of distinct generations
was very clear for the first part of the season in Parlier (Fig. 14)
and Salem (Fig. 15), but during the mid season at these sites and in
Wilmington (Fig. 13), it was very difficult to distinguish individual
generations to distinguish complete generations from partial
generations.

35 40
30 A 35
X
[}
o
3 :
25 g
Q.
oy g
O 25 =
< [0}
) 20 =
& =
©
& 20 N
2 3
£ Q
k] 15 4 c
15 g
=
N
10
10
A
5 A 5
A
0 = 0
7-Dec 26-Jan 17-Mar 6-May 25-Jun 14-Aug 3-Oct 22-Nov 11-Jan

Figure 6. Mean daily temperatures and weekly Drosophila suzukii trap counts in Sant’Orsola, Trentino, Italy during 2013.

doi:10.1371/journal.pone.0106909.g006
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Figure 7. Mean daily temperatures and weekly Drosophila suzukii trap counts in Pergine, Trentino, Italy during 2012.

doi:10.1371/journal.pone.0106909.9g007

Drosophila suzukii trap counts

In Wilmington, D. suzukii counts were first recorded on 5 May
2013 at one fly per trap with an erratic increase to a peak in
numbers at 26 flies per trap on 26 July (Fig. 1). After this period,
the trap numbers gradually decreased to six flies per trap until 4
December, at which point D. suzukii trapping was discontinued.
In Parlier, two population peaks were found during the crop
season, one during the early part of the season, followed by a long
mid-summer period without fly captures, and a second peak

during the latter portion of the season (Fig. 2). Adult D. suzukii
were first caught on 19 March 2013 at one fly per trap and
increased to a high of six flies per trap on 16 May, after which they
decreased to zero on 27 July. The trap numbers remained at this
level until 19 September, after which numbers continued to
increase into December. In Salem (2012, 2013) and Wilmington
(2013) only one population peak was observed during the summer
period (Fig. 1, 3, 4). During 2012 in Salem (Fig. 3), D. suzukii trap
counts consistently increased starting on 5 July from one fly per
trap per week to a maximum average of 17 flies per trap on 6
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Figure 8. Mean daily temperatures and weekly Drosophila suzukii trap counts in Pergine, Trentino, Italy during 2013.

doi:10.1371/journal.pone.0106909.g008
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population estimates for 2012 and 2013.
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Table 1. Multiple regression correlation coefficients using for mean monthly Drosophila suzukii trap counts with log-transformed

Location Adjusted R? value P value d. f. F value
Wilmington 2013 0.78 0.004 1,4 23.2
Parlier 2013 0.72 0.009 1,4 15.2
Salem 2012 0.58 0.001 1,4 9.1

2013 0.8 0.039 1,4 122
Pergine 2012 0.7 0.07 1,4 7.1

2013 0.8 0.07 1,4 76
Sant'Orsola 2013 0.65 0.06 1,4 8.8

doi:10.1371/journal.pone.0106909.t001

September. During 2013 in Salem (Fig. 4), the first D. suzukii trap
counts were observed on 30 May at an average of three flies per
trap per week and gradually increased until 10 September, when a
maximum of 27 flies per trap was observed. The first trap counts
during 2013 were therefore consistently recorded four weeks
before those found in 2012 and higher levels of flies were found in
traps during 2013 in Salem.

In Pergine and Sant’Orsola, fly counts were first observed 23
June 2013 (Figs. 6, 8), and on 7 July 2013 in respectively. In Italy,
one population peak was visible each year for Pergine and
Sant’Orsola. In 2012 in Pergine, the first flies were trapped on 25
July, approximately four weeks before those caught during 2013.
The mean number of flies per trap per week increased to a peak of
4.6 on 10 September 2012 to a peak of 11.3 on 29 August 2013.
Infested fruit was first found in 2013 on 24 June in Pergine
(cherry), and on 19 July in Sant’Orsola (cherry, Fig. 11). First fruit
infestation in Pergine in 2012 was determined on 24 June (cherry),
compared to 28 July 2013 (cherry) (Fig. 12).

—Parlier
e——Salem

Wilmington

95

7.5

Log of estimated D. suzukii population

5.5

Degree-day estimation

In order to compare environmental differences between all of
the regions in this study, we illustrate degree-day accumulation for
2013 (Figs. 16, 17). When comparing differences between seasons,
we found basic differences in accumulation for Salem and Pergine
during 2012 and 2013. Of the three US locations, accumulation
was initially the greatest in 2013 in Wilmington, followed by
Parlier and then Salem (Fig. 16). However, accumulation of
degree-days increased at a higher rate in Parlier and exceeded the
accumulation in Wilmington by 3 March. The accumulation in
Parlier was greatest for the remainder of the season and was closely
followed by Wilmington. Salem accumulation was the least of the
three regions presented in the US. In Salem, accumulation
followed a similar pattern in 2012 compared to 2013, but the total
number of degree-day degree-days was less in 2012 (DD =1851)
compared to 2013 (DD =1988). In Italy during 2013, the
accumulation was greatest in Riva del Garda, followed by Pergine,
and then Sant’Orsola (Fig. 17). In Pergine, accumulation followed
a broadly similar pattern in 2012 compared to 2013. Greater
carly-season degree-day accumulation in 2012 allowed a higher

3.5
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25-Jun 14-Aug 3-Oct 22-Nov 11-Jan

Figure 9. Log of estimated Drosophila suzukii populations for each of Parlier (California), Wilmington (North Carolina) and Salem

(Oregon), US during 2013.
doi:10.1371/journal.pone.0106909.9g009
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Figure 10. Log of estimated Drosophila suzukii populations for Salem (Oregon), US during 2012 and 2013.

doi:10.1371/journal.pone.0106909.9010

season-long total in 2012 (DD =2112) compared to 2013
(DD = 1962).

Discussion

In this study, we demonstrated how temperature-dependent
fecundity and survival data could be integrated into a matrix
population model to describe relative D. suzukii population
increase and age structure according to environmental conditions

in four environmentally-distinct fruit production regions. We
found that the environment had major effects on how populations
of D. suzukii behaved over a season in the different regions and
that the population trends had implications for management. We
also found that the different environments affected population
stage-structure, and that stage structure also related to manage-
ment of this pest. To see if independent measures would support
population predictions, we used trap and fruit infestation data as
well as degree-day estimates for comparison. In general, we found
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Figure 11. Log of estimated Drosophila suzukii populations for Riva del Garda, Pergine and Sant’'Orsola, Italy during 2013.

doi:10.1371/journal.pone.0106909.g011
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Figure 12. Log of estimated Drosophila suzukii populations for Pergine, Italy during 2012 and 2013.

doi:10.1371/journal.pone.0106909.g012

some corroboration of population trends with trap data, and to a
limited extent with fruit infestation data. We found that degree-
day accumulations did not reflect population predictions, and had
limited capabilities to predict phenology or voltinism of this pest.
The trap counts in our data are from either treated or untreated
crops or crops that are unsuitable for D. suzukii population
buildup. We realize that data from the traps placed in our study in
some cases may, aside from other shortcomings, not provide an
accurate early reflection of D. suzukii population levels.

The environment had important implications for when popu-
lations of D. suzukii were a threat for crops. When comparing
predicted population trends from Wilmington, Parlier and Salem,
it is apparent that in cooler regions such as Salem, early-ripening
fruits would escape D. suzukii attack because early season
temperatures are unsuitable for early population increase. In
warmer regions such as Parlier and Wilmington, management of
D. suzukii should begin as soon as susceptible fruits start to ripen,
as favorability of early-season temperatures mean that populations
of D. suzukii are high at the beginning of the season. In interior
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Figure 13. Estimates of Drosophila suzukii population structure in Wilmington (North Carolina), US during 2013.

doi:10.1371/journal.pone.0106909.9g013
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Figure 14. Estimates of Drosophila suzukii population structure in Parlier (California), US during 2013.

doi:10.1371/journal.pone.0106909.g014

areas of California and lower elevations of Italy, there is a mid-
season decrease In pest pressure as temperatures become very hot
and less suitable to D. suzukii. This was true to a lesser extent in
North Carolina and Riva del Garda in 2013, where mid-season
populations declined only slightly. An implication of these
predicted population trends is that management of D. suzukii
during these periods could be less important relative to earlier and
later periods when populations peak.

Clear differences in stage-specific population structure were
found between Wilmington, Parlier and Salem. Temperatures
appeared to be better suited for all life stage activities and survival

in Wilmington throughout the calendar year, followed by Parlier
and then Salem. Stability of population structure was highest in
Wilmington, followed by Parlier and then Salem. The period
characterized by the highest stability in population structure
generally coincides with the period when fruit is harvested in some
regions. This suggests that that there can be consistent pressure on
the crop during harvest, which is a period when allowable pest
management activity may be restricted. Stage-specific population
structure was generally characterized by a small percentage of
adults compared to immature stages in the D. suzukii population.
This may explain why traps are such a poor indicator of fruit
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Figure 15. Estimates of Drosophila suzukii population structure in Salem (Oregon), US during 2013.

doi:10.1371/journal.pone.0106909.g015
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Figure 16. Degree-day estimations using 4°C as a lower threshold for Wilmington (North Carolina), Parlier (California), and Salem

(Oregon), US during 2013.
doi:10.1371/journal.pone.0106909.g016

infestation. For pest management, the only life stage targeted
currently is the adult stage. Unfortunately, the implications of the
predicted age structure are that only a small percentage of the
population is affected. This could help explain why frequent spray
intervals are required to minimize crop damage from D. suzukii.
Unless immature stages can be specifically targeted in future
management, it will likely remain challenging to manage this pest
with scheduled spray intervals in a way that breaks the life cycle of
the insect.

While we were able to corroborate population projections with
independent trap and fruit infestation data, we do not consider
these data to be reliable or validating of early D. suzukii pest
pressure [5,14]. The level of precision for fruit infestation data
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from sampling is unknown. Previous literature indicates that action
thresholds for fruit infestation demand fruit samples in far greater
quantities of the numbers of fruit collected in the current study
[50]. In order to get a 5% error rate for a sample containing 0.5%
infested fruit, at least 600 fruits need to be collected and searched
externally and internally through dissection. Given these limita-
tions and the limited number of fruit that were collected in this
study, fruit infestation could have happened earlier than observed.
Erratic trap catches in Wilmington may have reflected yeast
activity in monitoring traps used there. In the cases where we had
trap and fruit infestation data, the first trap counts were observed
during approximately the same period as when the first infested

17-Dec 5-Feb 27-Mar 16-May

5-Jul 24-Aug 13-Oct 2-Dec 21-Jan

Figure 17. Degree-day estimations using 4°C as a lower threshold for Riva del Garda, Pergine and Sant’Orsola, Italy during 2013.

doi:10.1371/journal.pone.0106909.9017
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fruit was found. These findings illustrate the fact that traps cannot
be seen as an early warning tool [5,14].

Our predictions of stage structure in populations of D. suzukii
illustrate the challenge of discerning distinct generations or
predicting important life events in any useful way using a
traditional degree-day model. Degree-day accumulations also did
not directly reflect pest pressure as predicted by the population
model, nor did the degree-day trajectories capture the subtlety in
population fluctuations. When comparing estimations of popula-
tion levels between years at Salem, there were clear differences in
risk. Temperatures were more suitable for population buildup in
Salem during the early portion of the season in 2013 compared to
2012. In Salem during May 2013, D. suzukii population
projections were ten-fold higher compared to 2012, indicating
the greater potential of crop losses for early-ripening crops.
Assessing degree-day accumulations alone, differences between
2012 and 2013 were small and provided limited insight into the far
higher early season risk in 2013 compared to 2012. For the annual
comparison in Pergine, temperatures were within the optimal
range for longer periods during 2013 compared to 2012, and D.
suzukit population pressure was projected to be higher. In Pergine,
the differences in population are not clearly reflected by degree-
day estimations, because lower degree-day accumulation was
measured in 2013 compared to 2012.

For all production regions, D. suzukii population estimation has
application for use as a virtual laboratory where ‘what-if’
statements can be raised and answered prior to management
action, by simulating population changes as typically achieved
during pesticide intervention, Wolbachia infection [46,47], or
biological control. Age-structured population models can be used
to simulate mortality on specific life stages to predict how different
management strategies affect D. suzukii pressure. These strategies
can then be validated by field implementation. Population
estimation in this study was not aimed at simulating the behavior
of individuals or populations of D. suzukii as found in other more
complex models for insects of medical importance [20,24-26,48].
Winter survival, availability of suitable host medium, nutrient
sources, humidity and suitable host plant environments were not
taken into consideration in this study. These factors can have
strong effects population densities. It is clear that behavior of D.
suzukit is important [48]. The migration of flies to track favorable
environmental conditions and host suitability was also not taken
mnto consideration when making these estimates [49]. The
mechanisms of D. suzukii thermal extreme tolerance [30] are
not well documented and need further investigation in order to
determine potential adaptation or behavioral mitigation to
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temperature extremes. Existing literature on Drosophila indicates
that mechanisms of thermal tolerance may be influenced by the
gene expression of heat shock proteins [50]. These mechanisms
have not been studied in D. suzukii but data from future studies on
the influence of these factors would benefit population models such
as presented here. Other refinements of our model could
potentially account for metapopulation dynamics, host availability,
and overwintering survival, and density dependence.

Like all models, ours necessarily makes assumptions and
presents a simplified representation of complex ecosystems,
ignoring some factors that may influence D. suzukii population
levels. However, temperature is clearly one of the most important
factors for D. suzukii population growth. This model has clear
application for predicting relative pressure from D. suzukii in
crops, and can be used as a temperature-related and physiology-
based comparative risk tool for pending larval infestation. Further
application of the population projections would be to extend them
into the future based on weather forecasts. Validation of this
model will require controlled experiments on D. suzukii to test
hypotheses about survival and fecundity based on model output in
response to environmental conditions. For example, caged
populations of a known size could be subjected to temperature
simulations over intervals of time to assess population trajectories
and age structures for comparison with model predictions.
Additional validation studies could also include passive or live
traps to capture flies over the season to be reared in field cages for
assessment of survival and reproductions.

We believe that the model described here is useful to
approximate population levels, to more clearly define the age
structure of populations, and to provide additional information
that may aid in decision-making for D. suzukii. Given the many
complexities in predicting populations, we argue that absolute
precision is not necessary to identify effective management
interventions or to improve understanding of this pest. We
recognize the limitations of our projection model but believe that it
represents a novel technique and a potentially powerful tool for
management and research on D. suzukii and other damaging
insects.

Author Contributions

Conceived and designed the experiments: NGW VMW. Performed the
experiments: NGW VMW DTD GA HJB JCC KMD AG CI BM ST XW.
Analyzed the data: NGW VMW. Contributed to the writing of the
manuscript: NGW VMW DTD GA HJB JCC KMD AG CI BM ST XW.

8. Tochen S, Dalton DT, Wiman NG, Hamm C, Shearer PW, et al. (2014)
Temperature-related development and population parameters for Drosophila
suzukii (Diptera: Drosophilidae) on cherry and blueberry. Environ. Entomol. 43:
DOL:http://dx.doi.org/10.1603/EN13200.

9. NCCE (2014) http://swd.ces.ncsu.edu/eastern-us-swd-impacts/. Accessed 20

February 2014.

Beers EH, Van Steenwyk RA, Shearer PW, Coates WW, Grant JA (2011)

Developing Drosophila suzukii management programs for sweet cherry in the

western United States. Pest Manag. Sci. 67: 1386-1395.

11. Bruck DJ, Bolda M, Tanigoshi L, Klick J, Kleiber ], et al. (2011) Laboratory and
field comparisons of insecticides to reduce infestation of Drosophila suzukii in
berry crops. Pest Manag. Sci. 67: 1375-1385.

. Cha DH, Adams T, Rogg H, Landolt PJ (2012) Identification and field
evaluation of fermentation volatiles from wine and vinegar that mediate
attraction of spotted wing drosophila, Drosophila suzukii. J. Chem. Ecol. 38:
1419-1431.

. Landolt PJ, Adams T, Rogg H (2012) Trapping spotted wing drosophila,
Drosophila suzukii (Matsumura) (Diptera: Drosophilidae), with combinations of
vinegar and wine, and acetic acid and ethanol. J. Appl. Entomol. 136: 148-154.

10.

September 2014 | Volume 9 | Issue 9 | €106909


http://onlinelibrary.wiley.com/doi/10.1111/epp.12059/pdf
http://dx.doi.org/10.1603/EN13200
http://swd.ces.ncsu.edu/eastern-us-swd-impacts/

22.

23.

24.

26.

27.

28.

29.
30.

31.

. Lee JC, Burrack HJ, Barrantes LD, Beers EH, Dreves AJ, et al. (2012)

Evaluation of monitoring traps for Drosophila suzukii (Diptera: Drosophilidac) in
North America.105: 1350-1357.

. Reissig WH, Barnard J, Weires RW, Glass EH, Dean RW (1979) Prediction of

apple maggot fly emergence from thermal unit accumulation. Environ. Entomol.
8: 51-54.

. Rock GC, Shaffer PL (1983) Developmental rates of codling moth (Lepidoptera:

Olethreutidae) reared on apple at four constant temperatures. Environ.
Entomol. 12: 831-834.

. Teixeira LAF, Polavarapu S (2001) Postdiapause development and prediction of

emergence of female blueberry maggot (Diptera: Tephritidae). Environ.

Entomol 30: 925-931.

. Aghdam HR, Fathipour Y, Radjabi G, Rezapanah M (2009) Temperature-

dependent development and temperature thresholds of codling moth (Lepidop-
tera: Tortricidae) in Iran. Environ. Entomol. 38: 885-895.

. Quesada-Moraga E, Valverde-Garcia P, Garrido-Jurado I (2012) The effect of

temperature and soil moisture on the development of the preimaginal
Mediterranean fruit fly (Diptera: Tephritidae). Environ. Entomol. 141: 966-970.

. Cianci D, van den Broek J, Caputo B, Marini F, Torre AD, et al. (2013)

Estimating mosquito population size from mark-release-recapture data. J. Med.
Entomol., 50(3): 533-542.

. Focks DA, Daniels E, Haile DG, Keesling JE (1995) A simulation model of the

epidemiology of urban dengue fever: literature analysis, model development,
preliminary validation, and samples of simulation results. Am. J. Trop. Med. and
Hygiene 53(5): 489-506.

Ferguson NM, Keeling MJ, Edmunds JW, Gani R, Grenfell BT, et al. (2003)
Planning for smallpox outbreaks. Nature 425, 681-685.

Williams CR, Johnson PH, Long SA, Rapley LP, Ritchie SA (2008) Rapid
estimation of Aedes aegypti population size using simulation modeling, with a
novel approach to calibration and field validation. J. Med. Entomol. 45: 1173~
1179.

Almeida SJ, Ferreira RPM, Eiras AE, Obermayr RP, Geier M (2010) Multi-
agent modeling and simulation of an Aedes aegypti mosquito population.
Environmental Modelling & Software 25, 12, 1490-1507.

. Lourengo PM, Sousa CA, Seixas J, Lopes P, Novo MT, et al. (2011) Anopheles

atroparvus density modeling using MODIS NDVI in a former malarious area in
Portugal. J Vector Ecol. 36: 279-291.

Yang HM, Macoris ML, Galvani GC, Andrighetti MTM (2011) Follow up
estimation of Aedes aegypti entomological parameters and mathematical
modellings. BioSystems 103: 360-370.

Jones VP, Wiman NG (2012) Modeling the interaction of physiological time,
seasonal weather patterns, and delayed mating on population dynamics of
codling moth, Cydia pomonella (L.) (Lepidoptera: Tortricidae). Pop. Ecol. 54:
421-429.

Carey JR (1993) Reproduction. Applied demography for biologists with special
emphasis on insects (ed. by J. R. Carey) Oxford University Press, New York, NY,
USA, 43-76.

Carey JR (2001) Insect biodemography. Annu. Rev. Entomol. 46: 79-110.
Kimura MT (2004) Cold and heat tolerance of drosophilid flies with reference to
their latitudinal distributions. Oecologia 140: 442-449.

Mitsui H, Takahashi KH, Kimura MT (2006) Spatial distributions and clutch
sizes of Drosophila spp. ovipositing on cherry fruits of different stages. Pop. Ecol.
48: 233-237.

PLOS ONE | www.plosone.org

14

32.

33.

34.

35.

36.

37.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

Drosophila suzukii Population Estimation

Mitsui H, Van Achterberg K, Nordlander G (2007) Geographical distributions
and host associations of larval parasitoids of frugivorous Drosophilidae in Japan.
J. Nat. Hist. 41: 1731-1738.

Leslie P (1945) On the use of matrices in certain population methematics.
Biometrika. 33: 183-Leslie 1948.

Leslie PH (1948) Some further notes on the use of matrices in population
mathematics. Biometrika. 35: 213-245.

Caswell H (2001) Matrix population models: construction analysis and
interpretation. Second ed. Sinauer Associates Publishers, Inc. Sunderland,
Connecticut.

Pianka ER (2011) Evolutionary ecology. 7" ed. Benjamin Cummins, San
Francisco.

Brauer F, Castillo-Chavez C (2011) Mathematical Models in Population Biology
and Epidemiology. Springer.

. Allen LJS (2003) An introduction to stochastic processes with applications to

biology. Pearson/Prentice Hall, Upper Saddle River, NJ.

Agrimet Cooperative Agricultural Weather Network (2014) Corvallis, Oregon
AgriMet Weather Station http://www.usbr.gov/pn/agrimet/agrimetmap/
crvoda.html Accessed 28 May 2014.

University of California Agriculture and Natural Resources (UCANR) (2014)
California weather data: Daily weather report for Parlier. A (CIMIS #39,
Parlier). http://www.ipm.ucdavis.edu/calludt.cgi/ WSXTATIONDATA?STN=
PARLIER.A Accessed 20 February 2014.

Southeast Regional Climate Center (2014) CRONOS database. https://www.
nc-climate.ncsu.edu/cronos/Accessed 20 February 2014.

R Development Core Team (2013) R: A language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna, Austria,
ISBN 3-900051-07-0.

Dalton DT, Walton VM, Shearer PW, Walsh DB, Caprile J, et al. (2011)
Laboratory survival of Drosophila suzukii under simulated winter conditions of
the Pacific Northwest and seasonal field trapping in five primary regions of small
and stone fruit production in the United States. Pest management science 67:
1368-1374.

University of California Agriculture and Natural Resources (UCANR) (2014)
Weather, models and degree-days. http://www.ipm.ucdavis.edu/ WEATHER/
index.html. Accessed 20 February 2014.

Statsoft Inc. (2005) Statistica 7.1. 2300 East 14th Street, Tulsa, OK, 74104.
Hamby KA, Kwok RS, Zalom FG, Chiu JC (2013) Integrating Circadian
Activity and Gene Expression Profiles to Predict Chronotoxicity of Drosophila
suzukii Response to Insecticides. Plos One: DOI:10.1371/journal.-
pone.0068472.

Rahmandad H, Sterman J (2008) Heterogeneity and network structure in the
dynamics of diffusion: comparing agent-based and differential equation models.
Management Science 54: 998-1014.

Fangue NA, Hofmeister M, Schulte PM (2006) Intraspecific variation in thermal
tolerance and heat shock protein gene expression in common killifish, Fundulus
heteroclitus. J. Exp. Biol. 209: 2859-2872.

Fangue NA, Hofmeister M, Schulte PM (2006) Intraspecific variation in thermal
tolerance and heat shock protein gene expression in common killifish, Fundulus

heteroclitus. J. Exp. Biol. 209: 2859-2872.

. Park JJ, TM Perring (2010) Development of a binomial sampling plan for the

carob moth (Lepidoptera: Pyralidae), a pest of California dates. J. Econ.
Entomol. 103: 1474-1482.

September 2014 | Volume 9 | Issue 9 | €106909


http://www.usbr.gov/pn/agrimet/agrimetmap/crvoda.html
http://www.usbr.gov/pn/agrimet/agrimetmap/crvoda.html
http://www.ipm.ucdavis.edu/calludt.cgi/WSXTATIONDATA?STN=PARLIER.A
http://www.ipm.ucdavis.edu/calludt.cgi/WSXTATIONDATA?STN=PARLIER.A
https://www.nc-climate.ncsu.edu/cronos/Accessed
https://www.nc-climate.ncsu.edu/cronos/Accessed
http://www.ipm.ucdavis.edu/WEATHER/index.html
http://www.ipm.ucdavis.edu/WEATHER/index.html

