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Abstract

Climate change will markedly impact biology, population ecology, and spatial distribution
patterns of insect pests because of the influence of future greenhouse effects on insect
development and population dynamics. Onion maggot, Delia antiqua, larvae are subterra-
nean pests with limited mobility, that directly feed on bulbs of Allium sp. and render them
completely unmarketable. Modeling the spatial distribution of such a widespread and dam-
aging pest is crucial not only to identify current potentially suitable climactic areas but also to
predict where the pest is likely to spread in the future so that appropriate monitoring and
management programs can be developed. In this study, Maximum Entropy Niche Modeling
was used to estimate the current potential distribution of D. antiqua and to predict the future
distribution of this species in 2030, 2050, 2070 and 2080 by using emission scenario (A2)
with 7 climate variables. The results of this study show that currently highly suitable habitats
for D.antiqua occur throughout most of East Asia, some regions of North America, Western
Europe, and Western Asian countries near the Caspian sea and Black Sea. In the future, we
predict an even broader distribution of this pest spread more extensively throughout Asia,
North America and Europe, particularly in most of European countries, Central regions of
United States and much of East Asia. Our present day and future predictions can enhance
strategic planning of agricultural organizations by identifying regions that will need to
develop Integrated Pest Management programs to manage the onion maggot. The distribu-
tion forecasts will also help governments to optimize economic investments in management
programs for this pest by identifying regions that are or will become less suitable for current
and future infestations.
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Introduction

Climate is one of the principal factors defining the potential range of insects and climate
change directly affects the distribution of species [1-2]. Considerable evidence suggests that
the average global temperatures will increase by 2-4°C between the present and 2100 under
several different greenhouse gas emission scenarios [3-4].Global warming will likely affect
almost all aspects of insect life history and population dynamics such as development rate, vol-
tinism, and distribution range [5-8]. Rising temperatures can significantly influence the key
physiological characteristics that affect the distribution and seasonal activity of insect pests [9-
10] and change the likelihood of severe pest damage by turning climatically unsuitable habitats
into suitable ones or vice versa [11-12]. Because of the sensitivity of insects to weather condi-
tions, global climate change will potentially drastically alter pest outbreaks [13-15].

The onion maggot, Delia antiqua, is a worldwide and serious chronic pest with a narrow
host range within the genus Allium such as Onion (Allium cepa L.), Scallion (Allium fistulosum
L.) and Garlic (Allium sativem L.) that significantly damages plants in subtropical regions
throughout the world [16-17]. The initial occurrence of onion maggot was reported in the
USA in some regions of Wisconsin in the early twentieth century [18]. This pest continues to
cause serious damage in Asia, particularly in China and Japan, Europe, and North America
[19-21]. The onion maggot has three or four generations annually, and the first generation
causes the greatest economic loss because the larvae kill young plants [22]. Second- and third-
generation larvae cause little damage to the crop relative to the first generation, but feeding
injury can distort bulbs and allow entry of pathogens, both of which render crops unmarket-
able [23-24].

Many studies have investigated the ecology and physiology of the onion maggot, and the
current worldwide distribution of the pest is fairly well known. However, it is likely that the
future distribution of this pest will be expanded because of the continued effects of global
warming. Currently, no one has used distribution records and current and predicted climactic
data to predict future changes in the distribution of this pest. Most of Allium plants have very
high economic value and they also rank high position among vegetables production through-
out the world [25]. This type of information will be absolutely necessary for scientists and
farmers involved in production of Allium crops throughout the world to develop future moni-
toring and management strategies than can minimize losses, particularly in areas where the
pest has not caused serious damage prior to global warming.

Several distribution models have been developed to provide information about the future
potential effects of climate change on the future distribution of insect species. The most well
known models to predict the distribution of insects based on climactic inputs include: GLM,
GAM, BRT, BIOCLIM, CLIMEX, GARP and MaxEnt, etc [15,26]. In recent comparisons
using several types of algorithms to predict species distribution, MaxEnt was regarded as the
best-performing model using presence-only data and showed a better performance compara-
ble to 16 other algorithms, such as general linear models (GLM) [27-28]. In several previous
studies, MaxEnt was applied to predict the potential distribution of species, such as: Stink bug
(Halyomorphahalys) [29], Winter annual grass (BromustectorumL.) [30], and Fruit fly (Bactro-
ceradorsalis) [31], and Spiny pocket mice (Rodentia: Heteromyidae) [32], etc.

In this study, we collected the occurrence data for onion maggot based on extensive refer-
ences and we used MaxEnt to estimate the current potential distribution of D. antiqua and to
predict the future distribution of this species in 2030, 2050, 2070 and 2080.Based on the results
of these predictions, we provide a theoretical reference framework for the management and
prevention of onion maggot.

PLOS ONE | DOI:10.1371/journal.pone.0171190 February 3, 2017 2/15



@° PLOS | ONE

Prediction of current potential and future worldwide distribution of onion maggot

Methods
Occurrence data and study area

Occurrence data were collated from surveys published in the research literature. A total of
128occurrence records for Delia antiqua were used in our analysis. Geo-coordinates for each
chosen datapoint were either referenced from information presented in the literature or by
using Google Earth coordinates (S1 Table).

Occurrence data are often biased due to differences in sampling intensity. In order to
reduce the impact for clustered occurrence data on MaxEnt models, we used a raster (grid size
approximately 10km?) and randomly selected one record per cell in this study [33-34]. This
method reduced the number of occurrences to 99 points used for further study.

Some studies using environmental variables over large areas (eg. all over the world) have
led to conservative predictions of current species distribution and under-estimated the extent
of climate change [33-34]. Moreover, some studies suggested that the onion maggot is a
chronic pest of cultivated Allium sp. throughout the Holarctic region [16,35]. Therefore, we
selected North America, Europe and West Asia, East-Asia and Japan respectively as the target
areas in our modeling.

Environmental layers

Current environmental parameters. Nineteen environmental variables which had 30’ spa-
tial resolution (~1km) were used in our present study (Biol-19) (http://www.worldclim.org/)
[26,36]. Correlation analyses were used to select bioclimatic layers. We selected layers that were
not highly correlated (r<0.9) because many studies have shown that highly correlated variables
affect the results for species distribution modeling (S2 Table) [37-40]. Furthermore, many pre-
vious studies of the biology and persistence of onion maggot infestations show that temperature
is a basic impact factor for subterranean pests, such as Delia antiqua, because it determines the
extent of spread and induces specific physiological behaviors [18-20, 22]. Temperature not only
determines the suitability of habitats for this pest, but also induces key physiological processes
such as diapause [41-42]. The seven bioclimatic layers included in our modeling studies were
obtained from Worldclim (Table 1) [36].

Future environmental parameters. For future climatic predictions, we used downscaled
predictions available in the Worldclim database from over 24 different GCMs used in the
IPCC Fourth Assessment Report [4]. The IPCC SRES (Intergovernmental Panel on Climate
Change Special report of Emission scenarios) included two emissions scenarios, the A2 and B2
scenarios. To illustrate the worst-case climate change prediction, we chose A2 as the future cli-
mate scenario. The A2 emissions scenario assumes relatively rapid population growth and rel-
atively high global CO, emissions increasing to almost 5 times the1990 values by 2100. The B2

Table 1. Factors included as predictor variables to model the potential global distributions of Delia
antiqua.

Environmental Variables

Bio01 Annual mean temperature ('C)

Bio02 Mean diurnal temperature range (mean(period max-min)) (‘C)
Bio04 Temperature seasonality (C of V)

Bio05 Max temperature of warmest month (°C)

Bio06 Min temperature of coldest month (°C)

Bio13 Precipitation of wettest month (mm)

Bio14 Precipitation of driest month (mm)

doi:10.1371/journal.pone.0171190.t001
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scenario predicts slower continuing population growth and diverse technological changes
resulting in global CO, emissions just double their 1990 values by 2100. These scenarios cov-
ered 7 different 30 year running mean periods: 2010-2039 (2020s), 2020-2049 (2030s), 2030—
2059 (2040s), 20402069 (2050s), 2050-2079 (2060s), 2060-2089 (2070s) and 20702099
(2080s). In this study,4 mean periods were used for future prediction: 2030, 2050, 2070 and
2080. All dimensions were set at 30” spatial resolution for further analysis.

Ecological niche modeling

Ecological niches and associated potential geographic ranges can be approximated using
correlative algorithms that relate known point-occurrence data to digital GIS data layers,
and summarize spatial variations in these layers in multidimensional environmental space
[43].

The maximum entropy method as implemented in MaxEnt version 3.3.3 software is used to
create models of the suitable current and future niche distributions of species [44-47] and has
been widely contributed to estimate species distributions [48-49]. This software was used in
our study because of three reasons: 1) it has been better than other algorithms in predicting
species’ distributions that reflect the true physiological or climatic conditions [50]; 2) it per-
forms better than other models such as BIOCLIM and GARP in predicting the effects of cli-
mate change on distribution [27,51]; 3) it finds the probability distribution of maximum
entropy (that which is closest to uniform) subject to constraints imposed by the observed spa-
tial distributions of the species and environmental conditions [45].

In this study, the algorithm was run for the variables at current climatic conditions with 5
replicates, 500 iterations and 10000 random background points. Then, we performed model-
ing projections for future climate scenarios (2030, 2050, 2070, and 2080). We let MaxEnt select
both suitable regularization values and functions of climate variables automatically, which it
achieves based on considerations of sample size. MaxEnt outputs a continuous index, ranging
from 0 to 1, that is an indicator of relative suitability for the species, based on the principle of
maximum entropy, as constrained by the input occurrence data. We ran the models using the
default regularization values that have been tuned to perform well across a variety of organisms
and regions [52].

Model evaluation

To assess the performance of the models, the areas under the curve (AUC) metrics of the
receiver operator characteristics (ROC) curves were used in the current study [53]. The AUC
was obtained by the threshold independent receiver operating characteristic (ROC) analysis
[49]. A ROC curve shows the performance of a model whose output depends on a threshold
parameter, it tests whether a model classifies species presence more accurately than random
predictions. A perfect model has an AUC value of 1, but performance is excellent when the
AUC value is > 0.9 [54]. In the process of modeling, 80% of occurrence localities were ran-
domly selected as training data, while the remaining 20% served for testing the resulting mod-
els [55].

To improve displays of predictions in this study, the logistic output of MaxEnt, which
ranges from 0 (unsuitability) to 1 (high suitability), was used [52]. Conversion of the continu-
ous suitability index maps to binary habitat and non-habitat charts required a probability
threshold to determine the potential change in current and future habitats of species. To define
habitats and non-habitats for Delia antiqua, the “maximum training sensitivity plus specificity”
threshold was employed in our study [56].
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The predicted results were classified into four levels of suitability: unsuitable(0-threshold),
marginally suitable (threshold-0.4), moderately suitable (0.4-0.6) and highly suitable areas
(0.6-1).

We used Arcview 3.3 (ESRI) to output our map in our studies.

Results
Statistical model evaluation

Based on known occurrences of onion maggot and current climate data, we generated geo-
graphic distribution maps predicting areas where onion maggot might occur. The model per-
formance for this pest was better than random (AUC = 0.94 for training data and AUC =
0.923 for test data); thus, the model produced highly effective in predicting the suitable habitat
area for this species. Our “maximum training sensitivity plus specificity” threshold value of
0.29 was obtained from the 5 time replication.

Current and potential distribution

The present distribution of Delia antiqua in the world according to the occurrence records we
obtained from the literature is illustrated in Fig 1. The current climate predictions from Max-
Ent showed the following potential distribution patterns for the various parts of the world: (1)
wide areas of North America, particularly the Central and Eastern parts of the United States
(especially the Atlantic ocean coastal areas, southern coastal regions of Alaska, and some
Northern and central states) and the Eastern Southern areas of Canada bordering the US (2)
Europe and western Asia, particularly the Eastern European and Western Asian countries
near the Caspian sea and Black Sea (especially England, Ireland, Denmark, Ukraine, Turkey
and Kazakhstan) (3) Eastern Asia- Most of China, Japan, North Korea and South Korea (Figs
2-5).

The model predictions for current distribution and the actual recorded distribution data
shown in the occurrence records fit together very well. Seventy-nine percent of the occurrence
records from around the world occurred in the areas that the model predicted would be highly

Fig 1. The current global distribution of onion maggot, Delia antiqua. Reprinted from ESRI data under a CC BY license, with
permission from Environmental Systems Research Institute, Inc., original copyright 2016.

doi:10.1371/journal.pone.0171190.9001
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Fig 2. Future potential suitable habitats for Delia antiqua on the North America continent predicted by
MaxEnt. The letters show predictions for the current, 2030, 2050, 2070and 2080 timeframes (A: Current; B:

2030; C: 2050; D: 2070; E: 2080). Red = highly suitable areas; Blue = Moderately suitable areas; Yellow =
Marginally suitable areas.

doi:10.1371/journal.pone.0171190.g002

suitable areas for onion maggot development. The model predictions for areas around the
world that would be moderately or marginally suitable for onion maggot development are
extensive, mainly including: North America, Central and Western Europe, Eastern Asia, and
the Caspian and Black Sea regions. In the USA and Europe these predicted regions that are less
optimal for development of this pest are actually much larger than the predicted highly suitable
areas. In China, Japan and North Korea, there are very large regions predicted to be highly
suitable, which are slightly less than the sum of moderately and marginally suitable regions.
But in South Korea, almost all regions are predicted to be moderately suitable.

Future climate predictions

The MaxEnt models with A2 emission scenarios for potential distribution of Delia antiqua for
2030, 2050, 2070, and 2080are illustrated in (Figs 2-5). To simplify the figures, the global dis-
tribution is subdivided into three regions: North America, Europe and West Asia, East Asia.
a) North America. In North America (Fig 2), the MaxEnt model currently predicts that a
few regions in Northern and North-eastern coastal states of America, such as New York, New
Jersey, Ohio, Maryland, Indiana, Illinois and Iowa, have highly suitable climate for Delia anti-
qua. Also, the model predicts that most of the Mid-northern and North-eastern coastal areas
of America are moderately and marginally suitable climatic areas for this species. In the future

PLOS ONE | DOI:10.1371/journal.pone.0171190 February 3, 2017 6/15
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Fig 3. Future potential suitable habitats for Delia antiqua on Europe and West Asia continent
predicted by MaxEnt. The letters show predictions for the current, 2030, 2050, 2070and 2080 timeframes (A:
Current; B: 2030; C: 2050; D: 2070; E: 2080). Red = highly suitable areas; Blue = Moderately suitable areas;
Yellow = Marginally suitable areas.

doi:10.1371/journal.pone.0171190.9003

predictions in 2030 to 2080, these less optimal suitable areas will gradually expand to include
more of the Northern and Mid-western states such as Kansas, Oklahoma, Colorado and Utah.
In addition, the model predicts that highly suitable areas for onion maggot in Southern Alaska
will greatly increase between 2030 to 2080.

In Canada, the Southern areas of Ontario and Quebec just north of the US border will
remain mostly moderately suitable for the pest in future climactic predictions. The unsuitable
areas in Newfoundland and New Brunswick will gradually become marginally suitable for
onion maggot by 2030 and this area will continuously increase or become even more suitable
regions. In addition, the predictions showed that Southern Nova Scotia and Southern New
Brunswick will be highly suitable for the pest by 2030, and then steadily increase (Fig 2).

In general, MaxEnt predicts that highly suitable areas for onion maggot in North America
will gradually increase until 2080. Also, the moderately and marginally suitable areas will grad-
ually increase by more than 39% and 32% in the future, respectively. The highly suitable areas
will also increase and then will stabilize to 10.24 sq km by 2080 (Fig 6A).

b) Europe and West Asia. The MaxEnt model predicted that a few areas in North-West-
ern Europe and the Western Asian regions near the Caspian sea and black Sea will be highly
suitable for Onion maggot between 2030 to 2080, particularly in Southern England, Southern
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Fig 4. Future potential suitable habitats for Delia antiqua on China & the Korea continent using
MaxEnt. The letters show predictions for the current, 2030, 2050, 2070and 2080 timeframes (A: Current; B:
2030; C: 2050; D: 2070; E: 2080). Red = highly suitable areas; Blue = Moderately suitable areas; Yellow =
Marginally suitable areas.

doi:10.1371/journal.pone.0171190.9004

Norway, Southern Sweden, Netherlands, Belgium, South-western Russia, Southern Turkey
and Southern Kazakhstan, etc. By 2080, the range of maximally suitable areas for this pest will
spread to many regions in Northern Europe such as Iceland and North-western Russia. Also,
the model predicts that moderately and marginally suitable areas for the onion maggot will
greatly increase between 2030 to 2080. By 2080, the model predicts that most countries of
Europe will have suitable living conditions for this pest, including large parts of Western
Europe, Western Russia and Northern Kazakhstan.

In Europe and West Asia, highly, moderately and marginally suitable areas for onion mag-
got are predicted to continuously increase until 2080, and the area will stabilize to 146.35sq
km, 960.2sq km and 550.65sq km, respectively (Fig 6B).

c) East Asia. In China, almost all of the Northeastern, Northcentral and Central regions
and some of the Northwestern and Southeastern regions are currently highly suitable for the
onion maggot. The MaxEnt model shows that the total area of maximum suitable land will
slightly increase in the future although the major part of this area will shift from south to north

PLOS ONE | DOI:10.1371/journal.pone.0171190 February 3, 2017 8/15
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Fig 5. Future potential suitable habitat for Delia antiqua on the Japan continent using MaxEnt. The
letters show predictions for the current, 2030, 2050, 2070and 2080 timeframes (A: Current; B: 2030; C: 2050;
D: 2070; E: 2080). Red = highly suitable areas; Blue = Moderately suitable areas; Yellow = Marginally suitable
areas.

doi:10.1371/journal.pone.0171190.9005

and will include scattered distributions in many provinces. The suitable areas will decrease
gradually in southern parts from 2030-2080 and Northern Xinjiang will become more suitable.
In addition, most of Western and the Northern most Chinese regions will remain unsuitable
for onion maggot outbreaks (Fig 4).
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Fig 6. Comparison of future potential suitable habitat areas for Delia antiqua by MaxEnt for time frames on different continents:
Current,2030, 2050, 2070 and 2080. Red = highly suitable areas; Blue = Moderately suitable areas; Yellow = Marginally suitable areas. A:
North America; B: Europe and Asia; C: China & Korea; D: Japan.

doi:10.1371/journal.pone.0171190.9006

Currently, Northern Japan, Western North Korea, and a few regions in Northeast of South
Korea are highly climatically suitable for Delia antiqua (Figs 4 and 5). The model predicts that
the proportion and distribution of highly suitable areas will continuously increase in Korea
and Northern Japan from 2030-2080. In contrast to the rise in suitability in northern regions,
Southern Japan will become progressively less suitable in the future, and then will become
mostly moderately or marginally suitable by 2080.

The predictions for highly and marginally suitable regions in China and Korea will increase
21% and 5%, respectively. In contrast, the moderately suitable areas will decrease 22% by 2080
(Fig 6C). The overall predictions for habitat suitability in Japan will remain fairly constant,
except that many highly suitable regions will become only marginally suitable habitat (Fig 6D).

Discussion

In this study, the MaxEnt model’s current predictions of the most suitable habitats for the
development of the onion maggot generally agreed with available host occurrence records.
Analyses showed that MaxEnt produced highly accurate predictions of AUC value that was
greater than 0.9. Future model predictions from 2030-2080 derived from a IPCC climate
change scenario showed that climatic changes would greatly affect the world-wide distribution
of this pest, but the specific effects will vary among different locations. In general, the model
predicted that there would be an expansion of highly and moderately suitable habitats in most
areas in response to global warming, but these more suitable habitats will actually decrease in a

PLOS ONE | DOI:10.1371/journal.pone.0171190 February 3, 2017 10/15



@° PLOS | ONE

Prediction of current potential and future worldwide distribution of onion maggot

few specific locations. Furthermore, the general locations of the most favorable habitats would
shift substantially in most countries in response to the predicted climactic changes.

Previous research has demonstrated that the suitable temperature range for onion maggot
development is 16-25°C and this species has unique physiological and biological characteris-
tics such as diapause caused by temperature and given thermo-periodic eclosion rhythms
under different photoperiods [41-42, 57].

Our present study showed that temperature will affect the distribution of onion maggot and
verified the previous hypothesis that the main distribution zone is throughout the Holarctic
region (35-60°N) [35]. The results indicated that regions with very hot summers or cold win-
ters would not be suitable for Delia antiqua. Because of the greenhouse effect and rising global
temperatures, the areas that are currently too cold for onion maggot development will become
suitable habitats in the future, particularly in Newfoundland in Canada, Iceland, Norway, Swe-
den, North-western Russia. Also, global warming will cause currently unsuitable habitats in
Northern Kazakhstan and Western Russia, to become suitable from current to 2080. This
increase in habitat suitability in these regions then may facilitate the spread of this pest from
Europe to Asia. In contrast, global warming will cause currently suitable habitats such as
Southern China to become unsuitable because these areas will become too hot for onion mag-
got development in the future.

The future predictions of worldwide changes in the suitability of onion maggot habitats in
response to global warming can be used by scientists and members of agricultural communi-
ties in making informed choices about planting Allium species in different locations. Former
studies have focused on outbreak regularity, physiological features and pesticide control strate-
gies in areas that are already heavily infested with this pest, but have not considered strategies
to limit the spread of this pest to future areas rendered to be suitable for habitats for the pest
because of global warming [18, 20].

The model developed in this study to predict shifts in onion maggot distribution patterns on
a global scale, will be beneficial in developing monitoring strategies to detect future infestations
in currently un-infested regions. Pest forecasting in early infestation stages and implementing
subsequent preventative strategies has been widely accepted as one of the most promising and
cost-effective ways in managing pests [16]. For example, in areas in North American and Euro-
pean countries that are predicted to become suitable habitats for onion maggot in the future,
monitoring networks can be deployed for early detection of infestations and precautionary agri-
cultural strategies to prevent outbreaks can be implemented. These preventative strategies
could include: planting less susceptible varieties of Allium, rotating other crops annually into
planting systems, and sanitation practices to limit availability of plants and bulbs in fields after
harvest. Finally, after early detection of first generation larvae, it is important to focus on larvae
eradication to prohibit further outbreaks of the species in the following generations in the
highly suitable areas [58]. Previous studies have demonstrated the importance of changing
planting time to control and minimize the risk of pest outbreaks. Delaying the planting time
has been investigated as a novel management approach for Delia antiqua [59].

Although large parts of the world were forecasted to have suitable conditions for Delia
antiqua, data from several regions, such as some European and Central Asian countries, is
limited. Other biotic factors such as host-plant availability, cultivation practices, competi-
tion, and lack of dispersal opportunities could preclude this species from becoming a serious
pest in these areas [59-62]. Therefore, in potentially suitable regions for future infestations,
we suggest that special precautions should be taken to limit potential introductions by
human activities such as cultivation and agriculture product importation. In addition,
research programs should be developed to introduce or conserve natural enemies, and IPM
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programs should be implemented so that minimal amounts of pesticides are used that are
relatively safe to natural enemies.

Supporting information

S1 Table. Occurrence data of Delia antiqua.
(DOCX)

S2 Table. Correlation analysis of environmental variables.
(DOCX)

Acknowledgments

We thank Prof William H. Reissig from Cornell University (New York, USA) for helpful sug-
gestion and comments on the manuscript and proofreading it before submission.

Author contributions
Conceptualization: SYN JFW.
Data curation: SYN.

Formal analysis: SYN JFW.
Funding acquisition: JNF.
Methodology: SYN JEW.
Project administration: JNF.
Software: SYN JFW.
Supervision: JNF.

Writing - original draft: SYN.

Writing - review & editing: SYN.

References

1. Andrewartha H.G., Birch L.C. The distribution and abundance of animals. Chicago: University of Chi-
cago Press.1954; 782p.

2. StevnbakK., Scherber C., Gladbach D. & Christensen S. Climate change strongly affects interaction
between herbivorous insects, plants, and rhizosphere biota. Earth and Environmental Science. 2009; 4,
042104.

3. Jeffrey S. & Harold A. Does global change increase the success of biological invaders? Trends in Ecol-
ogy and Evolution.1999; 14, 135-139. PMID: 10322518

4. |PCC. Climate change the physical science basis. Contribution of Working Group | to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University. Press.
2007b.

5. BaleJ.S., Masters G.J., Hodkinson I.D., Bezemer T.M., Brown V.K. & Butterfield J. Herbivory in global
climate change research: direct effects of rising temperature on insect herbivores. Global Change Biol-
ogy.2002; 8, 1-16.

6. Battisti A., Stastny M., Netherer S., Robinet C., Schopf A., Roques A., et al. Expansion of geographic
range in the pine processionary moth caused by increased winter temperatures. Journal of Applied
Ecology.2005; 15, 2084-2096.

7. Faccoli M. Effect of weather on Ipstypographus (Coleoptera: Curculionidae) phenology, voltinism, and
associated spruce mortality in the southeastern Alps. Environment Entomology.2009; 38, 307-316.

PLOS ONE | DOI:10.1371/journal.pone.0171190 February 3, 2017 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171190.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171190.s002
http://www.ncbi.nlm.nih.gov/pubmed/10322518

@° PLOS | ONE

Prediction of current potential and future worldwide distribution of onion maggot

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Tobin P.C., Nagarkatti S., Loeb G. & Saunders M.C. Historical and projected interactions between cli-
mate change and insect voltinism in a multivoltine species. Global Change Biology.2008; 14, 951-957.

Duan J.J., David E.J., Dontay C., Williams D. & Kristi M.L. Patterns of parasitoid host utilization and
development across a range of temperatures: implications for biological control of an invasive forest
pest. Biocontrol. 2014; 59 (6), 659-669.

FazilaY., Angus J.C., Robin A.B., Richard B., Helen I.N. & Geoff M.G. Effect of temperature on wood-
wasp (Sirexnoctilio F) development and parasitism by the entomopathogenic nematode, Deladenussiri-
cidicola. Biological Control.2014; 79, 62—74.

Ungerer M.J., Ayres M.P. & Lombardero M.J. Climate and the northern distribution limits of Dendrocto-
nus frontalis Zimmermann (Coleoptera: Scolytidae). Journal of Biogrography.1999; 26, 1133—1145.

Williams D.W. & Liebhold A.M. Climate change and the outbreak ranges of two North American bark
beetles. Agricultural and Forest Entomology.2002; 4, 87-99.

Kroschel J. Predicting climate-change-caused changes in global temperature on potato tuber moth
Phthorimaea operculella (Zeller) distribution and abundance using phenology modeling and GIS map-
ping. Agriculture and Forest Meteorology.2013; 170, 228-241.

Kyrre K., Bjorn O., Olav S., Jean C.G., Nadir E. & Nils C.S. Population dynamics in changing environ-
ments: the case of an eruptive forest pest species. Biological Reviews. 2012; 87(1), 34-51. doi: 10.
1111/j.1469-185X.2011.00183.x PMID: 21557798

Celine B., Cleo B., Paul L., Wilfried T. and Franck C. Impacts of climate change on the future of biodiver-
sity. Ecology Letters. 2012; 15(4):365-377. doi: 10.1111/].1461-0248.2011.01736.x PMID: 22257223

Hill D.S. Agricultural Insect Pests of Temperate Regions and their control. Cambridge University
Press.1987.

Eckenrode C.J. & Nyrop J.P. Onion maggot management in New York, Michigan, and Wisconsin. New
York’s Food and Life Sciences Bulletin. 1995;No.144.

Severin H.P. & Severin H.C. Life history, natural enemies and the poisoned bait spray as a method of
control of the imported onion fly (Phorbia cepetorum Meade) with notes on other onion pests. Journal of
Economic Entomology.1915; (8), 342—-350.

Poprawski T.V., Robert P.H. & Maniania N.K. Susceptibility of the onion maggot to the mycotoxin
destructive. Applied Entomology and Zoology. 1985; 20(7), 801-802.

Ellis P.R. & Eckenrode C.J. Factors influencing resistance in Allium sp. to onion maggot. Annals of the
entomological society of America.1979; 25, 151-153.

Jerzy S. & Robert W. Phytophagous Entomofauna Occurring on Onion Plantations in Poland in Years
1919-2007.Vegetable Crops Research Bulletin. 2009; 71, 5-14.

Nault B.A., Straub R.W., & Taylor A.G. Performance of novel insecticide seed treatments for managing
onion maggot (Diptera: Anthomyiidae) in onion fields. Crop protection.2006; 25, 58—65.

Perron J.P. & Lafrance J. Note on the life-History of the onion maggot, Hylemya antiqua (Meig.) (Dip-
tera: Anthomyiidae) Reared in Field Cages. The Canadian Entomologist.1961; 93(2), 101-106.

Hoffmann M.P., Petzoldt C.H. & Frodsham A.C. Integrated pest management for onions. Cornell Coop-
erative Extension. New York State IPM Program Publication.1996; No.119.

Wang D.B., Gao J.D., Liu G.S. General situation of Allium crops in China. Acta Horticulturae. 2005;
688, 327-332.

Hijmans R.J., Cameron S.E., Parra J.L., Jones P.G. & Jarvis A. Very high resolution interpolated cli-
mate surfaces for global land areas. International Journal of Climatology.2005; 25, 1965—-1978.

Elith J., Graham C.H., Anderson R.P., Dudik M., Ferrier S., Guisan A., et al. Novel methods improve
prediction of species’ distributions from occurrence data. Ecography. 2006; 29,129-151.

Wisz M. S., Hijmans R.J., Li J., Peterson A.T., Graham C. H., & Guisan A. Effects of sample size on the
performance of species distribution models. Diversity and Distributions. 2008; 14(5), 763-773.

Zhu G.P.,BuW.J., Gao Y.B,, Liu G.Q. Potential geographic distribution of Brown Marmorated Stink bug
invasion (Halyomorpha halys). PloS ONE. 2012; 7(2), e31246. doi: 10.1371/journal.pone.0031246
PMID: 22363595

West A.M., Kumar S., Wakie T., Brown C.S., Stohlgren T.J. & Laituri M. Using High-Resoluation future
climate scenario to forecast Bromus tectorum invasion in Rocky mountain national park. PloS ONE.
2015; 10 (2), e0117893. doi: 10.1371/journal.pone.0117893 PMID: 25695255

Hill M.P. & Terblanche J.S. Niche overlap of congeneric invaders supports a single species hypothesis

and provides insight into future invasion risk: implications for global management of the Bactrocera dor-
salis complex. PLoS ONE. 2014; 9(2), 1-12.

Anderson R.P., Laverde M.G. & Peterson A.T. Geographical distributions of spiny pocket mice in South
America: insights from predictive models. Global Ecology and Biogeography. 2002; 11, 131-141.

PLOS ONE | DOI:10.1371/journal.pone.0171190 February 3, 2017 13/15


http://dx.doi.org/10.1111/j.1469-185X.2011.00183.x
http://dx.doi.org/10.1111/j.1469-185X.2011.00183.x
http://www.ncbi.nlm.nih.gov/pubmed/21557798
http://dx.doi.org/10.1111/j.1461-0248.2011.01736.x
http://www.ncbi.nlm.nih.gov/pubmed/22257223
http://dx.doi.org/10.1371/journal.pone.0031246
http://www.ncbi.nlm.nih.gov/pubmed/22363595
http://dx.doi.org/10.1371/journal.pone.0117893
http://www.ncbi.nlm.nih.gov/pubmed/25695255

@° PLOS | ONE

Prediction of current potential and future worldwide distribution of onion maggot

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Hof A.R., Jansson R., Nilsson C. Future climate change will favour Non-specialist Mammals in the
(Sub) Arctics. PLoS ONE. 2012; 7(12), €52574. doi: 10.1371/journal.pone.0052574 PMID: 23285098

Rodriguez-Castaneda G., Hof R.A., Jansson R., Harding L.E. Predicting the fate of Biodiversity using
species’ distribution models: Enhancing model comparabiligy and Repeatability. PLoS ONE.2012; 7(9).
e44402. doi: 10.1371/journal.pone.0044402 PMID: 22984502

Finch S. Ecological considerations in the management of Delia pest species in vegetable crops. Annual
review of entomology.1989; 34: 117-137.

Kriticos D., Webber B., Leriche A., Ota N., Macadam I., Bathols J., et.al. Global high-resolution historical
and future scenario climate surfaces for bioclimatic modeling. Methods in Ecology and Evolution.2011;
3, 53-64.

Jiménez-Valverde A., Pterson A.T., Soberon J., Overton J.M., Aragén P., Lobo J.M. Use of niche mod-
els in invasive species risk assessments. Biology Invasions. 2011; 13: 2785-2797.

Peterson AT & Nakazawa Y. Environmental data sets matter in ecological niche modeling: an example
with Solenopsisinvicta and Solenopsisrichteri. Global ecology and Biogeography.2008; 17: 135—-144.

Bellard C., Thuiller W., Leroy B., Genovesi P., Bakkenes M., Courchamp F. Will climate change pro-
mote future invasions? Global Change Biology. (2013); 19(12): 3740-3748. doi: 10.1111/gcb.12344
PMID: 23913552

Latinne A., Meynard C.N., Herbreteau V., Waengsothorn S., Morand S., Michaux J.R. Influence of past
and future climate changes on the distribution of three Southeast Asian murine rodents. Journal of Bio-
geography.2015; 1-13.

Nomura M. & Ishikawa Y. Biphasic effect of low temperature on completion of winter diapause in the
onion maggot, Delia antiqua. Journal of insect Physiology.1999; 46, 373-377.

Ishikawa Y., Yamashita T. & Nomura M. Characteristics of summer diapause in the onion maggot, Delia
antiqua (Diptera: Anthomyiidae). Journal of insect physiology.1999; 46, 161-167.

Guisan A. & Zimmermann N.E. Predictive habitat distribution models in ecology. Ecological Modelling.
2000; 135:147—-186.

Peterson A.T., Papes M. & Eaton M. Transferability and model evaluation in ecological niche modeling:
a comparison of GARP and Maxent. Ecography. 2007; 30, 550-560.

Slater H. & Michael E. Predicting the current and future potential distributions of Lymphatic Filariasisin
Africa using maximum Entropy ecological niche modeling. PLoS ONE. 2012; 7(2), €32202. doi: 10.
1371/journal.pone.0032202 PMID: 22359670

Cao Y., Dewalt R.E., Robinson J.L., Tweddale T., Hinz L. & Pessino M. Using Maxent to model the his-
toric distributions of stonefly species in lllinois streams: the effects of regularization and threshold selec-
tions. Ecological Modelling. 2013; 259, 30-39.

Franklin J., Davis F.W., lkegami M., Syphard A.D., Flint L.E., Flint A.L., et al. Modeling plant species dis-
tributions under future climates: how fine scale do climate projections need to be? Global Change Biol-
0gy.2013; 19,473-483. doi: 10.1111/gcb.12051 PMID: 23504785

Anderson R.P., Lew D., & Peterson A.T. Evaluating predictive models of species’s distributions: criteria
for selecting optimal models. Ecological Modelling. 2003; 162, 211-232.

Phillips S.J., Anderson R.P. & Schapire R.E. Maximum entropy modeling of species geographic distri-
butions. Ecological Modelling. 2006; 190, 231-259.

Graham C.H., Hijmans R.J. A comparison of methods for mapping species ranges and species rich-
ness. Global Ecology and biogeography.2006; 15: 578-587.

Hijmans R., Graham C. The ability of climate envelope models to predict the effect of climate change on
species distribution. Global change Biology.2006; 12: 2272-2281.

Phillips S.J. & Dudik M. Modeling of species distributions with Maxent: new extensions and a compre-
hensive evaluation. Ecography. 2008; 31, 161-175.

Fielding A.H., Bell J.F. A review of methods for the assessment of prediction errors in conservation
presence/absence. Environmental conservation. 1997; 1: 38—49.

Swets J.A. Measuring the accuracy of diagnostic systems. Science. 1988; 240(4857): 1285—1293.
PMID: 3287615

Merow C., Matthew JS., John AS. A practical guide to Maxent for modeling species’ distributions: what
is does, and why inputs and settings matter. 2013; 36:1058—1069.

Liu C.R., White M., Newell G. Selecting thresholds for the prediction of species occurrence with pres-
ence-only data. Journal of biogeography.2013; 40: 778-789.

Watari Y. & Tanaka K. Effects of background light conditions on thermoperiodiceclosion rhythm of
onion fly Delia antiqua. Entomological science. 2014; 17,191-197.

PLOS ONE | DOI:10.1371/journal.pone.0171190 February 3, 2017 14/15


http://dx.doi.org/10.1371/journal.pone.0052574
http://www.ncbi.nlm.nih.gov/pubmed/23285098
http://dx.doi.org/10.1371/journal.pone.0044402
http://www.ncbi.nlm.nih.gov/pubmed/22984502
http://dx.doi.org/10.1111/gcb.12344
http://www.ncbi.nlm.nih.gov/pubmed/23913552
http://dx.doi.org/10.1371/journal.pone.0032202
http://dx.doi.org/10.1371/journal.pone.0032202
http://www.ncbi.nlm.nih.gov/pubmed/22359670
http://dx.doi.org/10.1111/gcb.12051
http://www.ncbi.nlm.nih.gov/pubmed/23504785
http://www.ncbi.nlm.nih.gov/pubmed/3287615

@° PLOS | ONE

Prediction of current potential and future worldwide distribution of onion maggot

58.

59.

60.

61.

62.

Nault B.A., Zhao J.Z., Richard W. S., Nyrop J.P., & Mary L.H. Onion maggot (Diptera: Anthomyiidae)
resistance to chlorpyrifos in New York onion fields. Journal of Economic Entomology.2006; 99(4),
1375-1380. PMID: 16937695

Nault B.A., Benjamin P.W., Richard W.S., & Nyrop J.P. Delaying Onion Planting to Control Onion Mag-
got (Diptera: Anthomyiidae): Efficacy and Underlying Mechanisms. Journal of Economic Entomol-
ogy.2011; 104(5), 1622—1632. PMID: 22066192

McDonald R.S. & Borden J.H. Host-finding and upwind anemotaxis by Delia antiqua (Diptera: Antho-
myiidae) in relation to age, ovarian development, and mating status. Environmental Entomology.1997;
26(3): 624—631.

Liu H.J., Mcewen F.L. & Ritcey G. Forecasting Events in the Life Cycle of the Onion Maggot, Hylemya
antiqua (Diptera: Anthomyiidae):Application to Control Schemes. Environment Entomology. 1982; 11,
751-755.

Watari Y. & Tanaka K. Interacting effect of thermoperiod and photoperiod on the eclosion rhythm in the
onion fly, Delia antiqua supports the two-oscillator model. Journal of insect physiology.2010; 56, 1192—
1197. doi: 10.1016/j.jinsphys.2010.03.022 PMID: 20346949

PLOS ONE | DOI:10.1371/journal.pone.0171190 February 3, 2017 15/15


http://www.ncbi.nlm.nih.gov/pubmed/16937695
http://www.ncbi.nlm.nih.gov/pubmed/22066192
http://dx.doi.org/10.1016/j.jinsphys.2010.03.022
http://www.ncbi.nlm.nih.gov/pubmed/20346949

