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Due to the potential severity of the impact of brown marmorated stink bug Halyomorpha halys both in terms
of the plant susceptibility and economic loss and the border detection of the bug in the seaport city of Odesa, it is
important to determine the potential suitable bioclimatic range in Ukraine. The bioclimatic modeling suggests that,
under the current climate conditions, the pest has varying chances in the near term to invade a number of regions in
Ukraine, especially in the south of the country: Transcarpathia, Crimea, portions of Odesa, Mykolaiv, Kherson, and
Zaporizhzhya regions.
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The brown marmorated stink bug Halyomorpha halys (Stél, 1855), an invasive species of Pen-
tatomidae (Heteroptera) native to the Eastern Asia, was unintentionally introduced into the
United States and Europe in recent years [1]. The species has already appeared in Sochi (Russian
Federation) and Georgia and is assumed to have been brought to Sochi from Europe (Italy) with
a planting material of ornamental plants for landscaping the XXII Olympic Winter Games [2].
Most recently, in 2016, the bug en masse has been recorded in Odesa (Ukraine) [3].

This phytophagous species is a generalist and has been recorded feeding on nearly 50 fami-
lies of plants. However, it shows, possibly, a preference for plants in the families Fabaceae and
Rosaceae [4] and can damage various field crops, vegetables, tree fruits, and ornamentals.

The diversity of genetic haplotypes in Europe indicates the dispersion of H. halys within
the continent and the formation of secondary invasion centers, but there is also evidence for
recurrent introductions from Asia or the USA [5]. Species distribution modeling (SDM) even
suggests that its expansion has just begun, because the models have predicted large areas suitable
for H. halys in Europe approximately between 40 and 50 °N [6].

The recent spread of successfully established H. halys in Europe warrants further such in-
vestigations. As good fliers and generalist feeders, this species has the potential to easily disperse
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and appear in novel environments. SDM has been used to determine a potential range distri-
bution of the invasive species in new environments. These predictions provide valuable informa-
tion for the protection of novel environments and the prevention and/or reduction of impacts
resulting from invasive species. The potential global invasive range of H. halys has previously
been mapped [6]. However, due to the potential severity of the impact of this species both in
terms of the plant susceptibility and economic loss and the border detection of the bug in the
seaport city of Odesa, it is important to determine the potential suitable bioclimatic range in
Ukraine. This study aims to highlight the extent of the potential problem and to facilitate a future
management of this destructive species in Ukraine.

Materials and Methods. Occurrence data for this species was collected using Global Bio-
diversity Information Facility [7] and updates of its European distribution [1]. A total of 573
non-duplicate records were considered. To reduce the sampling bias and spatial autocorrelation,
some models were generated using all available occurrence points, and the spatial autocorrela-
tion was measured among model pseudo-residuals by calculating Moran’s I at multiple distance
classes using the SAM v4.0 software [8]. Moran’s I is a widely used measure of spatial autocorre-
lation, ranging from 0 to 1, with values >0.3 considered relatively large. A minimum distance of
53.9 km, at which Moran’s I < 0.3 was detected. Next, we used the spThin package in R [9] to
subsample our dataset such that all occurrence records were separated by this minimum distance.
Thinning resulted in retaining 73 occurrence records. Five SDM methods were employed using
the “sdm” package within the statistical software R [10], including “random forests”, “boosted
regression trees”, “bioclim”, “maxent” and “support vector machine”, and evaluated (using 30 % of
the occurrence dataset) by 10-fold cross-validation. The performance of the models was evalua-
ted using the true skill statistics (TSS). The package provides the ensemble forecasting that is
relatively robust against the uncertainty in individual models. In the present study, the predic-
tive distribution map of H. halys for the current climate resulted from the ensemble forecasting
by parameterizing TSS > 0.65 for individual models. Importantly, “sdm” ranks the environmen-
tal layers used to train the SDM based on their relative importance in the model formulation
and also al.lows the construction of a response Tuble 1. Environmental layers
curves to illustrate the effect of selected va-  ysed for the model fitting
riables on the predicted occurrence.

Variable

For the bioclimatic modeling, we used the code Variable
CliMond archive, a set of climate data pro- . ]
ducts [11]. Gridded variables in this set are de- Bio01 | Annual mean temperature (°C)

Bio02 |Mean diurnal temperature range (°C)
Bio04 |Temperature seasonality (CV*)
Bio08 |Mean temperature of wettest quarter (°C)

rived from monthly temperature and rainfall
values in order to generate biologically mean-

ingful variables representing annual trends, Bio09 | Mean temperature of driest quarter (°C)
seasonality, and extreme or limiting environ- Bio15 | Precipitation seasonality (CV)

mental factors. Predictor variables with a vari- Bio18 | Precipitation of warmest quarter (mm)
ance inflation factor greater than 10 were ex- Bio19 | Precipitation of coldest quarter (mm)
cluded from the model fitting to avoid multi- Bio23 |Radiation seasonality (CV)
collinearity effects. Selected layers (Table 1) Bio26 |Radiation of warmest quarter (W - m™2)
were clipped to a bounding box, and a resolu- Bio35 |Mean moisture index of coldest quarter
tion of 10 arcmin was used. *CV — coefficient of variation.
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Ensemble map for brown marmorated stink bug Halyomorpha halys in Ukraine. Red color indicates the areas
of higher bioclimatic suitability, whereas blue indicates the opposite, and the white line represents the accep-

ted threshold

Table 2. Performance of the employed models

SDM methods Random forests Boosted regression trees Bioclim Maxent | Support vector machine

TSS 0.80 0.60 0.34 0.67 0.69

Maps of the habitat suitability in the ASCII format were processed and visualized in
SAGA GIS [12].

Results and Discussion. Results of the performance of the employed models are presen-
ted in Table 2.

The most accurate technique was “random forests” (TSS = 0.80), and the least accurate was
“bioclim” (TSS = 0.34). In terms of the variable importance, Annual mean temperature (Bio01)
and Temperature seasonality (Bio04) were the highest contributing variables in the formulation
of the models accounting for up to nearly 60 % of the variation. Based on the response curves,
the predicted occurrence of the bug rapidly increases from the point when annual mean tempe-
ratures reach 8.21 °C, whereas the increasing variation in Temperature seasonality above 0.0268
strongly reduces chances for finding the species. These results are consistent with facts concern-
ing the geographical origin of the bug and reports that H. halys is chill-intolerant (i.e., dies before
reaching its freezing point) [13]. In this case, the winter season is a critical period for the survival
of the species. In natural settings, the bug seeks a shelter beneath loose bark on trees, but aggrega-
tions can also occur in human-made structures. Refugia provided by thermally buffered human-
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built structures are likely to be crucial for the overwintering survival during atypically cold
winters and may contribute to the northern geographic range expansion of this economically
damaging insect in the temperate climates [13]. Therefore, it can be expected that H. halys can
appear in areas, where the predicted occurrence is below an optimum based exclusively on the
bioclimate. Under such conditions, there is a need to consider different models to cope with un-
certainty and to apply thresholds close to a zero omission error. In our case, a threshold value of
0.1 was considered to be the most relevant to identify suitable and unsuitable areas for the pest.

” o«

High-accuracy predictive distribution maps from the “random forests”, “maxent”, and “sup-
port vector machine” models were combined to form the ensemble forecasting of H. halys, as
shown in Figure.

From the map, it can be seen that H. halys under the current climate conditions has varying
chances in the near term to invade a number of regions in Ukraine, especially in the south of the
country: Transcarpathia, Crimea, portions of Odesa, Mykolaiv, Kherson, and Zaporizhzhya re-
gions. Results of these predictions provide a theoretical reference framework for the management
and prevention of the spread of brown marmorated stink bug in Ukraine, which may assist re-
source managers facing today the challenge of determining where an invasive species outbreak
may occur, and where an invasive species will move next.

REFERENCES

1. Cianferoni, F, Graziani, F, Dioli, P. & Ceccolini, F. (2018). Review of the occurrence of Halyomorpha halys
(Hemiptera: Heteroptera: Pentatomidae) in Italy, with an update of its European and World distribution.
Biologia, 73, No. 1, pp. 599-607. https://doi.org/10.2478 /s11756-018-0067-9

2. Gapon, D. A. (2016). First records of the brown marmorated stink bug Halyomorpha halys (Stal, 1855) (Hete-
roptera, Pentatomidae) in Russia, Abkhazia, and Georgia. Entomol. Rev,, 96, No. 8, pp. 1086-1088. https://
doi.org/10.1134,/S001387381608011X

3. Uzhevskaya, S. F. (2017). Invasive insect species in Odessa region. Izvestiia muzeinogo fonda im. A.A. Brau-
nera, 14, No. 3-4, pp. 57-64 (in Russian).

4. Nielsen, A. L. & Hamilton, G. C. (2009). Life history of the invasive species Halyomorpha halys (Hemiptera:
Pentatomidae) in northeastern United States. Ann. Entomol. Soc. Am., 102, No. 4, pp. 608-616. https://doi.
org/10.1603,/008.102.0405

5. Gariepy, T. D., Bruin, A. J., Haye, T., Milonas, P, & Vétek, G. (2015). Occurrence and genetic diversity of new
populations of Halyomorpha halys in Europe. J. Pest Sci., 88, No. 3, pp. 451-460. https://doi.org/10.1007/
s10340-015-0672-0

6. Zhu, G., Bu, W, Gao, Y. & Liu, G. (2012). Potential geographic distribution of Brown Marmorated Stink Bug
invasion (Halyomorpha halys). PLoS ONE, 7, No. 2, €31246. https://doi.org/10.1371 /journal.pone.0031246

7. GBIF (2018). Retrieved from https://www.gbif.org [16 December 2018].

8. Rangel, T. F, Diniz-Filho, J. A. & Bini, L. M. (2010), SAM: a comprehensive application for Spatial Analysis
in Macroecology. Ecography, 33, No. 1, pp. 46-50. https://doi.org/10.1111/j.1600-0587.2009.06299.x

9. Aiello-Lammens, M. E., Boria, R. A., Radosavljevic, A., Vilela, B. & Anderson, R. P. (2015). spThin: an R
package for spatial thinning of species occurrence records for use in ecological niche models. Ecography, 38,
No. 5, pp. 541-545. https://doi.org/10.1111/ecog.01132

10. Naimi, B. & Araajo, M. B. (2016). sdm: a reproducible and extensible R platform for species distribution
modelling. Ecography, 39, No. 4, pp. 368-375. https://doi.org/10.1111/ecog.01881

11. Kriticos, D. J., Webber, B. L., Leriche, A., Ota, N., Macadam, 1., Bathols, J. & Scott, J. K. (2012). CliMond:
global high-resolution historical and future scenario climate surfaces for bioclimatic modelling. Methods
Ecol. Evol,, 3, No. 1, pp. 53-64. https://doi.org/10.1111/j.2041-210X.2011.00134.x

ISSN 1025-6415. [lonos. Hay,. axad. nayx Yxp. 2020. Ne 2 85



V.M. Tytar, I.I Kozynenko

12. Conrad, O., Bechtel, B,, Bock, M., Dietrich, H., Fischer, E., Gerlitz, L., Wehberg, J., Wichmann, V., & Boh-
ner, J. (2015). System for Automated Geoscientific Analyses (SAGA) v. 2.1.4, Geosci. Model Dev, 8, No. 7,
pp. 1991-2007. https://doi.org/10.5194/gmd-8-1991-2015

13. Cira, T. M., Venette, R. C,, Aigner, J., Kuhar, T., Mullins, D. E., Gabbert, S. E., & Hutchison, W. D. (2016).
Cold tolerance of Halyomorpha halys (Hemiptera: Pentatomidae) across geographic and temporal scales. En-
viron. Entomol., 45, No. 2, pp.484-491. https://doi.org/10.1093 /ee/nvv220

Received 21.10.2019

B.M. Turap, L.I. Kozunenko
TacturyT 300morii im. LI [lImansraysena HAH Ykpaiau, Kuis
E-mail: vtytar@gmail.com, kozinenko@gmail.com

BIOKIIMATUYHE MOAEJIIOBAHHA ITOININPEHHA
MAPMYPOBOTO KJIOTIA HALYOMORPHA HALYS (STAL, 1855)
3 OCOBJIMBUM NOCUJIAHHSM HA YKPATHY

3Bakalou¥ Ha MIKOAOYMHHICTH MapMypoBoro kmoma Halyomorpha halys niist ciibCbKOTOCTIONAPCHKUX KYJIBTYP i
TTOB’sI3aHi 3 MMM eKOHOMIYHI BTPaTH, & TAKOXK BUIBJIEHHS I[bOTO MIKiJHUKA B TOpTOBOMY MicTi Oneca, BasKJIUBO
BU3HAYUTHU TEPUTOPIi B YKpaiHi, /e 6Gi0KIIMaTHYHI YMOBH CIIPUATHUMYTH HOTO MOIUPEHHTO. 3TiHO 3 Pe3yJIbTaTa-
MU GIOKTIMATUYHOTO MOJIE/IIOBAHHS, 32 CYYACHUX KJIIMATUYHUX YMOB HIKIHUK MA€ Pi3Hi MAHCU B HANGIMAKYIN
MePCIIEKTUBI BTOPTHYTUCH Y HU3KY PETIOHIB YKpaiHu, ocobIMBO Ha TiBAHI Kpainu: 3akapnarts, Kpum, yactuy
Opnechkoi, MukosaiBcbkoi, XepcoHChKOI Ta 3artopisbKoi obiacTeii.

Kmouoei cnoea: Halyomorpha halys, 6ioxiimamuune modemosanns, Yepaina.
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BUOKJINMATUYECKOE MOJIEJINPOBAHUE PACITPOCTPAHEHUY
MPAMOPHOTO KJIOITA HALYOMORPHA HALYS (STAL, 1855)
CO CIEIMAJIBHOM CCBIJIKOM HA YKPAUHY

YaursiBast BpelOHOCHOCTb MpamMopHoro kiona Halyomorpha halys st cebCKOX03sIHICTBEHHBIX KYJIBTYD U CBsI-
3aHHBIE C HTUM IKOHOMUYECKHUE TOTEPH, a TaKKe 0OHAPYIKEHUE DTOr0 BpeauTesis B oproBoM ropoje Oxecca,
B&JKHO OTIPE/IEJITh TEPPUTOPHU B YKpauHe, T/ie OMOKJINMATHYECKHEe YCIOBUs OYIyT CIIOCOOCTBOBATH €r0 pac-
mpoctpanenuio. COTIacHO Pe3yIbTaTaM OUOKINMATIHIECKOTO MOIETMPOBAHNST, B COBPEMEHHBIX KIMMATHIECKITX
YCJIOBUSIX BPEIUTEINb IMEET PA3HbIe MIAHCHI B OJIMKATIIIel! TepCIieKTHBE BTOPTHY THCSI B Psijl PETHOHOB YKPAHMHBI,
0cobeHHO Ha tore cTpanbl: 3akaprarbe, Kpbim, yacts Onecckoii, Hukosaesckoii, XepcoHCKo# 1 3anopokcKon
obacreii.

Kntoueevie cnosa: Halyomorpha halys, 6uoknumamuueckoe mooenuposanue, Ypauna.
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