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Using hydrogen stable isotope ratios to trace the 
geographic origin of the population of Bactrocera dorsalis 
(Diptera: Tephritidae) trapped in northern China
Zihua Zhao1, Zhenglong Lu1, Gadi V.P. Reddy2, Shuo Zhao3, Guanghui Lin4,  
Jianyun Ding3, Jiajiao Wu5, and Zhihong Li1,*

Abstract

The oriental fruit fly, Bactrocera dorsalis Hendel (Diptera: Tephritidae), is a generalist feeder that is known to successfully feed and breed on a variety 
of fruits and vegetables in the tropical and subtropical zones of Asia. Recently, the northward extension of B. dorsalis has been reported, and this 
geographic range increase relates to both climate changes and the rapid development of domestic and international trade and travel. However, it 
has not been possible to determine the origin of this pest, which is trapped in north China. In this study, traps baited with the sex attractant methyl 
eugenol were used to collect B. dorsalis in Beijing, China. With these traps B. dorsalis populations were sampled at the same time in 5 different lati-
tudes of China and used to determine the distribution of δ2H stable isotope values. The relationship between rainwater and the B. dorsalis δ2H stable 
isotope values at these sites was modelled, which then could be used to hypothesize the population origin of B. dorsalis trapped in Beijing, China. The 
results showed that δ2H stable isotope values for B. dorsalis from Beijing were not consistent with that of the rainwater in Beijing, but rather were 
consistent with the results obtained from Fuzhou in southeast China. Bactrocera dorsalis trapped in Beijing was not a resident population, and may 
have come from South China. The fruit and vegetable trade may have vectored the fly northward in China. Our results also showed that δ2H stable 
isotope technology is a promising strategy for tracing the population origins of invasive fruit flies.

Key Words: fruit fly; biological marker; biosecurity

Resumen

La mosca oriental de la fruta, Bactrocera dorsalis Hendel (Diptera: Tephritidae), es una plaga generalista que se sabe que se alimenta y se reproduce 
con éxito sobre una variedad de frutas y verduras en las zonas tropicales y subtropicales de Asia. Recientemente, se ha informado sobre la extensión 
de B. dorsalis hacia el norte, y este aumento geográfico se relaciona tanto con los cambios climáticos como con el rápido desarrollo de comercio y de 
viajes nacionales e internacionales. Sin embargo, no ha sido posible determinar el origen de esta plaga, que se considera invasiva en el norte de China. 
En este estudio, se utilizaron trampas cebadas con el atrayente sexual: metil eugenol para recolectar B. dorsalis en Beijing, China. Con estas trampas, 
se tomaron muestras de poblaciones de B. dorsalis al mismo tiempo en 5 latitudes diferentes de China y se usaron para determinar la distribución 
de los valores de isótopos estables δ2H. Se modeló la relación entre el agua de lluvia y los valores de isótopos estables δ2H en B. dorsalis en estos 
sitios, que luego se podrían utilizar para establecer la hipótesis del origen de la población de B. dorsalis encontrada en Beijing, China. Los resultados 
mostraron que los valores de isótopos estables δ2H para B. dorsalis de Beijing no fueron consistentes con los del agua de lluvia en Beijing, sino que 
fueron consistentes con los resultados obtenidos de Fuzhou en el sureste de China. Se ha observado Bactrocera dorsalis atrapados en Beijing no era 
una población residente, y puede haber venido del sur de China, desarrollando una población anholocíclica (toda hembras) en Beijing. El comercio de 
frutas y verduras puede haber traido la mosca hacia el norte en China. Nuestros resultados también mostraron que la tecnología de isótopos estables 
δ2H es una estrategia prometedora para rastrear los orígenes de la población de organismos invasores.

Palabras Clave: mosca de la fruta; marcador biológico; bioseguridad

The oriental fruit fly, Bactrocera dorsalis Hendel (Diptera: Tephri-
tidae), is a generalist feeder that has been known to successfully feed 
and breed on a variety of fruits and vegetables, including citrus, guava, 

litchi, sugar apple, mango, pepper, and papaya (Clarke et al. 2005; 
Vargas et al. 2012). Bactrocera dorsalis is recorded mainly from the 
tropical and subtropical zones of Asia, but as of 2016 it had spread to 
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5 continents, including more than 70 countries and 120 geographical 
regions (Stephens et al. 2007; Manrakhan et al. 2015). The distribution 
of B. dorsalis is still increasing through invasion of climatically suitable 
regions throughout the world (De Villiers et al. 2016). Larval feeding 
of B. dorsalis causes the abscission of immature fruits and vegetables, 
leading to major economic losses to many such crops. Adults of B. dor-
salis live more than 3 mo in tropical regions, feed primarily on nectar 
and pollen, and actively fly to seek oviposition sites in fresh fruits or 
vegetables (Mwatawala et al. 2015).

Bactrocera dorsalis historically had only a narrow distribution in 
south China (south of 25° NL) (Fan 1998). A climate-matching model 
supported the assumption that B. dorsalis could not survive in north-
ern China (Fan 1998; Zhan et al. 2006), and that the area north of the 
Yangtze River was not suitable for the population survival and overwin-
tering of B. dorsalis (Li et al. 2011). Until recently, researchers believed 
that B. dorsalis could not permanently establish in northern China.

In 2008, however, B. dorsalis was reported in the Wuxi district of 
Jiangsu province (31° north latitude), where it caused serious econom-
ic damage to citrus fruits due to a high population density (Qi et al. 
2008). The domestic trade of fruits and vegetables from south China 
to north China likely was an important factor enabling the spread of B. 
dorsalis to new areas (Qi et al. 2008). Prior research has shown that 
the larvae of B. dorsalis can be transported in fruits and vegetables to 
new regions (Goergen et al. 2011; De Villiers et al. 2016). Movement 
of infested fruits or vegetables in the vectoring process is further sup-
ported by the collection of many adults of B. dorsalis found in Jun 2012 
in apple and peach orchards located close to a large fruit and vegetable 
wholesale market in Fangshan District of Beijing (Qu & Sun 2013; Wang 
et al. 2016). In 2014, adult B. dorsalis were trapped during Jun in a vine-
yard (1.2633°E, 39.72°N) in Beijing. In 2015 and 2016, no larval damage 
or pupae were found in this orchard.

Although the population origin of B. dorsalis trapped in north-
ern China has been surmised to be southern China, and based on 
movement of infested product, this has been surmised only, not ex-
perimentally demonstrated. However, the natural variation in a hy-
drogen stable isotope ratio (δ2H) is a useful tool to investigate such 
questions and determine the temporal-spatial dynamics of ecological 
pathways (Bortolotti et al. 2013; Voigt et al. 2015). Recently, stable 
isotope technology has been applied successfully to track the disper-
sal pathways of birds and insects (Rubenstein & Hobson 2004; Forbes 
& Gratton 2011). The principle of the technique is that the stable 
isotope composition found in the tissues of an organism is set by the 
introduction of H isotopes through its diet, which in turn reflects the 
signature of the micro-environment in which the organism has grown 
(Solomon et al. 2009). The stable isotope ratio of δ2H precipitation 
varies geographically and this ratio is determined by local geophysi-
cal and chemical cycles (Wang et al. 2009; Wu et al. 2016). The δ2H 
stable isotope ratio forms a continuous gradient in China from south 
to north and from the coast inland (Voigt et al. 2015; Deng et al. 
2016). In addition, the δ2H stable isotope has a reliable relationship 
within ecosystems from low to high trophic levels. The δ2H stable iso-
tope composition of an organism therefore provides a signature of 
the organism’s natal environment through its diet (Holder et al. 2014; 
Susilawati et al. 2016; Peng et al. 2016).

Stable isotope (δ2H) relationships have been used to determine 
the origin of various insect populations, including Danaus plexippus 
Linnaeus (Lepidoptera: Nymphalidae), Episyrphus balteatus (De Geer) 
(Diptera: Syrphidae), Helicoverpa armigera (Hübner) (Lepidoptera: 
Noctuidae), and Arhopalus ferus (Mulsant) (Coleoptera: Cerambyci-
dae), and the results have demonstrated that a stable isotope ratio can 
be used as a biogeographical location marker (Dawadi & Lugtenburg 
2013; Holder et al. 2014, 2015).

We hypothesized that B. dorsalis populations were repeated en-
tries in the early season each year, and did not colonize in the area 
of Beijing because there were no detections in winter. In the present 
study, δ2H isotope analyses were used to determine the population 
origin of the first generation of trapped B. dorsalis adults collected in 
Jun 2014 and 2015 in northern China (Beijing).

Materials and Methods

SAMPLE COLLECTION IN NORTHERN CHINA

Bactrocera dorsalis collections were carried out in the Fangshan 
district of Beijing, North China, and the surrounding rural areas in 
Jun 2014 and 2015. Adults were attracted to traps with an attractant 
(methyl eugenol) in an organic Bolongbao grape vineyard (1.2663°E, 
39.72°N) using the random 5-point collection method of Zhao et al. 
(2015) with at least 10 m between sampling points. Bactrocera dorsalis 
was trapped in early Jun to collect the first generation of B. dorsalis 
populations in that year (the first arrivals into the district). Every 2 wk, 
the traps were examined, and the sex attractant renewed. All collected 
B. dorsalis individuals were transferred to small vials with 100% alco-
hol. Although adults were collected in traps, field surveys of fruit did 
not result in any collections of eggs or larvae in fruit from the field 
investigation.

Also, we collected samples of B. dorsalis adults from a nearby fruit 
and vegetable market of Xinfadi (1.2723°E, 39.82°N) using the same 
trapping method. All collected adult samples were taken back to the 
laboratory and stored at –20 °C for further δ2H determination (see be-
low for method).

COLLECTION AND HANDLING OF SAMPLES FOR δ2H STABLE ISO-
TOPE ANALYSIS

Bactrocera dorsalis adults, collected in a variety of locations in 
southern and central China, were placed individually into Eppendorf 
(EP) tubes and transferred to a drying closet at 60 °C for 48 h. After flies 
had been allowed to dry for 48 h, samples were transferred to a mortar 
for grinding. To guarantee the fineness of samples, each individual B. 
dorsalis was ground for more than 10 min. The entire body of the B. 
dorsalis adult was ground, which represents the isotope ratios derived 
from the fruit consumed by its larva, marking its geographic origin, 
through its match with hydrogen isotopes in rainwater (Bortolotti et 
al. 2013). Ground samples were weighed using a microbalance (0.0001 
g) and wrapped in silver paper for further δ2H analysis. Samples were 
stored at room temperature for 2 to 3 d to equilibrate before exami-
nation by spectrometer. Finally, an isotope ratio mass spectrometer 
(Thermo Scientific MAT 253, Thermo Fisher Scientific, Inc., Waltham, 
Massachusetts, USA) was used to examine the δ2H stable isotope of 
B. dorsalis samples through the differences of neutron number in hy-
drogen.

SAMPLE COLLECTION IN SOUTHERN AND CENTRAL CHINA

We collected B. dorsalis in southern and central China, in Haikou, 
Guangzhou, Fuzhou, Wuhan, and Yixing, using the same trapping 
methods as described above for northern China. These location sam-
ples represent an anticipated latitudinal gradient of δ2H stable isotope 
values. All sampling sites were located with a Geographical Position 
System (GPS) and their elevation recorded at the same time.

We obtained the precipitation δ2H stable isotope values for each 
sample location from Waterisotopes.org of the Online Isotopes in Pre-
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cipitation Calculator (OIPC), which is provided by the International Atom-
ic Energy Association (IAEA) and the World Meteorological Organization 
(WMO). This database includes the global net precipitation station and 
provides the water δ2H values of stable isotopes (Yann et al. 2013).

Using the laboratory method described above, we determined the 
δ2H stable isotope values of the flies collected from each location in 
southern and central China. Those data were then used to construct 
a standard curve equation of δ2H stable isotopes relating values in B. 
dorsalis to those of geographical locations.

STATISTICAL ANALYSIS

The relative abundance of the δ2H stable isotope (heavy vs light H) 
in each B. dorsalis fly relative to the international calibration standard, 
Vienna Standard Mean Ocean Water (VSMOW) (Tanaka & Nakamura 
2013), was determined using the equation below:

δ2H = ( Rsample
 – 1)× 1000

Rstandard

where δ2H is the ratio of heavy hydrogen element isotopic (deuterium) 
to the light hydrogen element stable isotope (protium), which is an 
international standard of isotope measurement. Rsample is the ratio of 
heavier to lighter hydrogen element isotopes in the B. dorsalis sample, 
and Rstandard is the hydrogen element isotopic ratio of VSMOW.

Stable isotope values of δ2H stable isotopes (i.e., precipitation 
and B. dorsalis) were examined using a Gaussian distribution. ANOVA 
was used to compare the differences of the δ2H stable isotope for B. 
dorsalis among different geographical locations (Duncan’s method). 
Then, the relationship between the δ2H stable isotopes from trapped 
B. dorsalis in the 5 aforementioned geographical locations and the lo-
cal water was then established using a simple linear regression model, 
which was a standard curve with a linear equation for calculating the 
theoretical δ2H stable isotopes. The ANOVA also was used to examine 
the differences of the δ2H stable isotope values for B. dorsalis between 
Xinfadi market and Bolongbao grape vineyard (Duncan’s multiple range 
test). The theoretical values of the B. dorsalis δ2H stable isotope then 
could be obtained through the equation of standard curve at a given 
water δ2H stable isotope value. We also calculated the diet δ2H stable 
isotope values of B. dorsalis trapped in Beijing by using the equation. 
All statistical analysis was performed using R 3.4.1. (R Development 
Core Team 2016).

Results

The δ2H stable isotope values of B. dorsalis samples decreased from 
south to north, which was consistent with the relationship between water 
and the δ2H stable isotope values. The δ2H stable isotope value of B. dor-
salis was the highest (–80.3 ± 3.78) in Haikou and lowest (–93.5 ± 4.34) in 
Yixing (Table 1). Additionally, the δ2H stable isotope values of B. dorsalis 
among 5 geographical locations had significant differences (Table 1).

The δ2H value of water in Guangzhou for 2015 to 2016 was –38, 
based on the monthly average precipitation), which corresponded 
to a δ2H value for flies of –82.3 ± 3.86, empirically derived for B. dor-
salis trapped in that location. Based on the 5 geographical locations 
analyzed, the relationship between the δ2H stable isotope values for B. 
dorsalis and water can be described well by a simple linear regression 
(y = 2.8268x + 23.745; r = 0.8169; P1,24 < 0.001; Fig. 1). This indicates a 
strong relationship between δ2H in the precipitation and in the local 
fruit flies, with the flies being less enriched with the heavy isotope of 
deuterium.

Based on this standard curve and given precipitation in this north-
ern area, the theoretical values of δ2H stable isotope in the B. dorsalis 
from the Fangshan district of Beijing, north China, should be –130.85. 
However, the δ2H stable isotope of B. dorsalis in the Xinfadi market 
in Beijing actually ranged from –81.6 to –93.9, which is significantly 
higher, more enriched for the heavy isotope of deuterium, than that of 
the theoretical fly values (F1,9 = 8.98; P < 0.001; Table 2). Similarly, the 
δ2H stable isotope values for B. dorsalis in Bolongbao grape vineyard 
in Beijing ranged from –81.6 to –90.3, which also were significantly 
higher than the theoretical values of –130.85 for that latitude (F1,9 = 
9.74; P < 0.001; Table 2). Furthermore, there were no differences of the 
δ2H stable isotope values for B. dorsalis between Xinfadi market and 
Bolongbao grape vineyard (F1,9 = 0.23; P = 0.64; Table 2).

Conversely, the δ2H stable isotope value of B. dorsalis from the 
Xinfadi market in Beijing (–88.14 ± 4.71) was not statistically different 
from the water δ2H stable isotope of Fuzhou (–87.8 ± 4.85), in southern 
China (F1,9 = 0.46; P = 0.51; Table 1). In the Xinfadi market (the origin 
of flies from imported fruit), the δ2H stable isotope value of B. dorsalis 
was –87.17 ± 3.66, which also was consistent with some locations (Fu-
zhou of Fujian province) in southern China, according to the standard 
curve equation (F1,9 = 0.34; P = 0.57; Table 2; Fig. 1). This suggests that 
the B. dorsalis trapped in the Xinfadi market and Bolongbao grape vine-
yard in Beijing likely originated from further south, within the known 
geographic range for this species.

Discussion

Our research showed that δ2H stable isotope technology could be 
used to determine the likely population origin of B. dorsalis. Previous 
research also has found that some migratory insects could be traced 
to their population origins using stable isotope technology (Brattstrom 
et al. 2010). In plant quarantine especially, population tracing of the 
emergent species and invasive species could be achieved by deter-
mining the δ2H stable isotope composition during commodity trading 
(Holder et al. 2015).

The stable isotopes were used to determine the population origins 
of B. dorsalis, and such information could be valuable for detecting 
alternative hosts of invasive species or invasive pathways on popula-
tions outside their original environment (Voigt et al. 2015; Adams et 
al. 2016). The survival of larval B. dorsalis on hosts such as mango, 
sugar apple, and lychee, may lead to individuals being transferred to 

Table 1. The δ2H stable isotope values of Bactrocera dorsalis populations for five geographical locations in China.

Places (Regions) Longitude (East) Latitude (North) δ2H of B. dorsalis (measured values) δ2H of water (theoretical values)

Hainan province (Haikou, n = 5) 110.20 20.04 –80.3 ± 3.78a –37
Guangdong province (Guangzhou, n = 5) 113.27 23.13 –82.3 ± 3.86b –38
Fujian province (Fuzhou, n = 5) 119.30 26.07 –87.8 ± 4.85c –39
Hubei province (Wuhan, n = 5) 114.30 30.59 –91.3 ± 0.42d –40
Jiangsu province (Yixing, n = 5) 119.82 31.34 –93.5 ± 4.34e –42
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new environments. The stable isotopes or elemental markers could be 
used to determine the host species of B. dorsalis when the emergent 
generation of B. dorsalis was trapped in the field (Rubenstein & Hob-
son 2004; Holder et al. 2014).

Geologically driven δ2H stable isotopes reflect the geochemical cy-
cle characteristics of the origin point and type of climate (precipitation) 
as intrinsic markers (Holder et al. 2014). Because δ2H stable isotopes 
could be applied to determine the population origin of emergent spe-
cies and invasive species, stable isotope technology has great potential 
for use in plant quarantine (Holder et al. 2015).

In this study, the δ2H stable isotope ratio of sampled B. dorsalis 
trapped in Beijing was higher than the theoretical values. This inconsis-
tency revealed that the B. dorsalis population came from south China 
or another country at a similar latitude to southern China where this 
species is widespread. The movement of infected fruits and vegetables 
may be the most important avenue for causing the population spread 
of B. dorsalis in China (Wang et al. 2015).

The δ2H stable isotope also is transmitted within the food web from 
low trophic level species to high trophic level species at a constant 
fractional distillation (Dawadi & Lugtenburg 2013; Górka et al. 2017). 
However, the mechanism of fractionation of the δ2H stable isotope in 

the precipitation-host-fruit fly relationship is not clear (Bortolotti et al. 
2013), and the transmitting mechanism of the δ2H stable isotope in 
the food web of the ecosystem is an unexplored field for future work 
(Weber et al. 2017). Other stable isotopes (S, P, and N) should also 
be evaluated as potential markers for population tracing because the 
availability of several additional markers would enhance the accuracy 
and validity of stable isotope technology (Murray et al. 2016).

In a terrestrial ecosystem, the δ2H stable isotopic is one of the most 
important elements for tracing diets and origins due to the stable frac-
tionation associated with plant photosynthetic pathways. Some ex-
perts have suggested that flight wings may be more suitable markers 
because they are largely metabolically inert after adult emergence 
(Holder et al. 2014). One of the major advantages of using such a tech-
nique for invasive species such as B. dorsalis is that this pest only feeds 
on one fruit throughout the larval stage on plant hosts, while the adult 
stage of B. dorsalis is relatively non-feeding, which mean that the adult 
signatures of H isotopes only would be derived from larval feeding, 
and would not be altered or masked due to adult feeding (Wang et al. 
2009). Thus, the application of δ2H stable isotopes may be a reliable 
technology to track population origins or original hosts if conspicuous 
differences exist among population isotopic signatures. Such δ2H stable 
isotope technology also could be used to determine the population 
origins of invasive species.

Based on the research reported herein, we conclude that the first 
generation of B. dorsalis in 2014 and 2015 in Beijing is not a resident 
population, and may come from southern China. The fruit and veg-
etable trade may have vectored the fly northward in China. Further 
research is needed to evaluate whether combining δ2H element stable 
isotope data with other element isotopic and trace element concen-
tration profiles would be useful for determining accurate insect prov-
enance (Nagoshi et al. 2007; Ziegler et al. 2016). Stable isotopes, in-
cluding δ2H and many other isotope elements, may be an important 
technology for precise population tracing in the field of biosecurity 
(Hobson et al. 1999; Simard et al. 2008; Hood-Nowotny et al. 2011).

Acknowledgments

We would like to thank Yongjiang Huai and Zhenxia Zhao for assist-
ing with the field sample collection. We also would like to thank Dr. 
Fan Jiang for assisting with fruit fly species identification, Prof. Zhiyong 
Pang for sample analysis, and the Stable Isotope Geosciences Facil-
ity at Tsinghua University. This work was funded by 13th National Key 
Scientific Research Projects (No. 2016YFC1200605). Zi-Hua Zhao and 
Zhenglong Lu contributed equally to this research.

References Cited

Adams MO, Seifert CL, Lehner L, Truxa C, Wanek W, Fiedler K. 2016. Stable iso-
tope signatures reflect dietary diversity in European forest moths. Frontiers 
in Zoology 13: 37.

Brattstrom O, Bensch S, Wassenaar LI, Hobson KA, Akesson S. 2010. Under-
standing the migration ecology of European red admirals Vanessa atalanta 
using stable hydrogen isotopes. Ecography 33: 720–729.

Bortolotti LE, Clark RG, Wassenaar LI. 2013. Hydrogen isotope variability in 
prairie wetland systems: implications for studies of migratory connectivity. 
Ecological Applications 23: 110–121.

Clarke AR, Armstrong KF, Carmichael AE, Milne JR, Raghu S, Roderick GK, Yeates 
DK. 2005. Invasive phytophagous pests arising through a recent tropical evo-
lutionary radiation: the Bactrocera dorsalis complex of fruit flies. Annual 
Review of Entomology 50: 293–319.

Dawadi PBS, Lugtenburg J. 2013. Access to any site directed stable isotope 
(2H, 13C, 15N, 17O and 18O) in genetically encoded amino acids. Molecules 18: 
482–519.

Table 2. The measured values and theoretical values of Bactrocera dorsalis δ2H 
stable isotope from the Xinfadi market and the Bolongbao grape vineyard (the 
capital letters indicated the differences of Bactrocera dorsalis δ2H stable isotope 
between measured values and theoretical values, the lower case letters indi-
cated the differences of Bactrocera dorsalis δ2H stable isotope between Xinfadi 
market and Bolongbao grape vineyard).

Sampling sites
δ2H of B. dorsalis
(Measured value)

δ2H of B. dorsalis
(Theoretical value)

Xinfadi market (n = 5) –88.14 ± 4.71 Ba –130.85 ± 5.18 Aa
Bolongbao grape vineyard (n = 5) –87.17 ± 3.66 Ba –130.85 ± 4.24 Aa

The theoretical values were derived from the standard curve equation.

Fig. 1. Implied relationship standard curve equation between Bactrocera dor-
salis and precipitation based on a δ2H stable isotope (solid line indicates the 
linear regression and dash lines indicate the 95% confident intervals).

Downloaded From: https://bioone.org/journals/Florida-Entomologist on 12 Jul 2024
Terms of Use: https://bioone.org/terms-of-use



248 2018 — Florida Entomologist — Volume 101, No. 2

Deng K, Yang SY, Lian EG, Li C, Yang CF, Wei HL. 2016. Three Gorges Dam alters 
the Changjiang (Yangtze) river water cycle in the dry seasons: evidence from 
H-O isotopes. Science of the Total Environment 562: 89–97.

De Villiers M, Hattingh V, Kriticos DJ, Brunel S, Vayssieres JF, Sinzogan A, Billah 
MK, Mohamed SA, Mwatawala M, Abdelgader H, Salah FEE, De MM. 2016. 
The potential distribution of Bactrocera dorsalis: considering phenology and 
irrigation patterns. Bulletin of Entomological Research 106: 19–33.

Fan JA. 1998. Studies on the assessment of potential establishment of oriental 
fruit fly (Bactrocera dorsalis) in China with synthetic judgement on fuzzy 
mathematics. Plant Quarantine 12: 76–81.

Forbes KJ, Gratton C. 2011. Stable isotopes reveal different patterns of inter-crop 
dispersal in two ladybeetle species. Ecological Entomology 36: 396–400.

Górka M, Skrzypek G, Hałas S, Jędrysek MO, Strąpoć D. 2017. Multi-seasonal 
pattern in 5-year record of stable H, O and S isotope compositions of pre-
cipitation (Wrocław, SW Poland). Atmospheric Environment 158: 197–210.

Goergen G, Vayssieres J, Gnanvossou D, Tindo M. 2011. Bactrocera invadens 
(Diptera: Tephritidae), a new invasive fruit fly pest for the afrotropical re-
gion: host plant range and distribution in west and central Africa. Environ-
mental Entomology 40: 844–854.

Hobson KA, Wassenaar LI, Taylor OR. 1999. Stable isotopes (δD and δ13C) are 
geographic indicators of natal origins of monarch butterflies in eastern 
North America. Oecologia 120: 397–404.

Holder PW, Armstrong K, Van Hale R, Millet MA, Frew R, Clough TJ, Baker JA. 
2014. Isotopes and trace elements as natal origin markers of Helicoverpa ar-
migera - an experimental model for biosecurity pests. PLoS ONE 9: e92384.

Holder PW, Frew R, Hale RV. 2015. The geographic origin of an intercepted bi-
osecurity pest beetle assigned using hydrogen stable isotopes. Journal of 
Economic Entomology 108: 834–837.

Hood-Nowotny R, Watzka M, Mayr L, Mekonnen S, Kapitano B, Parker A. 2011. 
Intrinsic and synthetic stable isotope marking of tsetse flies. Journal of In-
sect Science 11: 79.

Li Z, Yu X, Lu C, Jin H. 2011. Assessment of potential distribution of Bactrocera 
dorsalis in the world based on predictive species distribution models. Jour-
nal of Zhejiang Normal University 34: 207–210.

Manrakhan A, Venter JH, Hattingh V. 2015. The progressive invasion of Bactro-
cera dorsalis (Diptera: Tephritidae) in South Africa. Biological Invasions 17: 
2803–2809.

Murray IW, Lease HM, Hetem RS, Mitchell D, Fuller A, Woodborne S. 2016. 
Stable isotope analysis of diet confirms niche separation of two sympatric 
species of Namib Desert lizard. Integrative Zoology 11: 60–75.

Mwatawala MW, Mziray H, Malebo H, Meyer MD. 2015. Guiding farmers’ choice 
for an integrated pest management program against the invasive Bactrocera 
dorsalis Hendel (Diptera: Tephritidae) in mango orchards in Tanzania. Crop 
Protection 76: 103–107.

Nagoshi RN, Adamczyk JJ, Meagher RL, Gore J, Jackson R. 2007. Using stable 
isotope analysis to examine fall armyworm (Lepidoptera: Noctuidae) host 
strains in a cotton habitat. Journal of Economic Entomology 100: 1569–1576.

Peng TR, Huang CC, Chen CT, Chen JE, Liang WJ. 2016. Using stable hydrogen 
and oxygen isotopes to reveal monsoonal and related hydrological effects 
on meteoric water in the Western Pacific monsoon region: a case study of 
the Ilan region, northeastern Taiwan. Journal of Asian Earth Sciences 128: 
105–115.

Qi LY, Feng XH, Liu Y, Dai HG. 2008. The outbreak and control experiment of 
Bactrocera dorsalis in Wuxi district. Jiangsu Agricultural Science 35: 96–98.

Qu H, Sun J. 2013. Observation of the living habit of Bactrocera dorsalis. Chinese 
Horticulture Abstracts 2: 51–53.

R Development Core Team. 2016. R: a language and environment for statistical 
computing. Foundation for Statistical Computing, Vienna, Austria. http://
www.R project.org, version 3.4.1 (last accessed 7 Mar 2018).

Rubenstein DR, Hobson KA. 2004. From birds to butterflies: animal movement 
patterns and stable isotopes. Trends in Ecology and Evolution 19: 256–263.

Simard S, Elhani S, Morin H, Krause C, Cherubini P. 2008. Carbon and oxygen 
stable isotopes from tree-rings to identify spruce budworm outbreaks in the 
boreal forest of Quebec. Chemical Geology 252: 80–87.

Solomon CT, Cole JJ, Doucett RR, Pace ML, Preston ND, Smith LE, Weidel BC. 
2009. The influence of environmental water on the hydrogen stable isotope 
ratio in aquatic consumers. Oecologia 161: 313–324.

Stephens AEA, Kriticos DJ, Leriche A. 2007. The current and future potential geo-
graphical distribution of the oriental fruit fly, Bactrocera dorsalis (Diptera: 
Tephritidae). Bulletin of Entomological Research 97: 369–378.

Susilawati R, Golding SD, Baublys KA, Esterle JS, Hamilton SK. 2016. Carbon and 
hydrogen isotope fractionation during methanogenesis: a laboratory study 
using coal and formation water. International Journal of Coal Geology 162: 
108–122.

Tanaka R, Nakamura E. 2013. Determination of 17O-excess of terrestrial silicate/
oxide minerals with respect to Vienna Standard Mean Ocean Water (VS-
MOW). Rapid Communications in Mass Spectrometry 27: 285–297.

Vargas RI, Leblanc L, Putoa R, Pinero JC. 2012. Population dynamics of three 
Bactrocera spp. fruit flies (Diptera: Tephritidae) and two introduced natural 
enemies, Fopius arisanus (Sonan) and Diachasmimorpha longicaudata (Ash-
mead) (Hymenoptera: Braconidae), after an invasion by Bactrocera dorsalis 
(Hendel) in Tahiti. Biological Control 60: 199–206.

Voigt CC, Lehmann D, Greif S. 2015. Stable isotope ratios of hydrogen separate 
mammals of aquatic and terrestrial food webs. Methods in Ecology and Evo-
lution 6: 1332–1340.

Wang X, Sun J, Li Z, Duan Y, Zhang T, Gao Z. 2016. Occurrences and control of 
Bactrocera dorsalis Hendel in Beijing. South China Fruits 45: 27–30.

Wang C, Zhang XL, Pan XB, Li ZH, Zhu SF. 2015. Greenhouses: hotspots in the 
invasive network for alien species. Biodiversity and Conservation 24, 1825-
1829.

Wang YV, O’Brien DM, Jenson J, Francis D, Wooller MJ. 2009. The influence of 
diet and water on the stable oxygen and hydrogen isotope composition of 
Chironomidae (Diptera) with paleoecological implications. Oecologia 160: 
225–233.

Weber AM, Bauer JEG, Watters T. 2017. Assessment of nutritional subsidies to 
freshwater mussels using a multiple natural abundance isotope approach. 
Freshwater Biology 62: 615–629.

Wu JK, Ding YJ, Yang JH, Liu SW, Chen JZ, Zhou JX, Qin X. 2016. Spatial varia-
tion of stable isotopes in different waters during melt season in the Laohu-
gou Glacial Catchment, Shule River basin. Journal of Mountain Science 13: 
1453–1463.

Yann LT, DeSantis LRG, Haupt RJ, Romer JL, Corapi SE, Ettenson DJ. 2013. The ap-
plication of an oxygen isotope aridity index to terrestrial paleoenvironmen-
tal reconstructions in Pleistocene North America. Paleobiology 39: 576–590.

Zhan K, Zhao S, Zhu S, Zhou W, Wang N. 2006. Study on viability of Bactrocera 
dorsalis in China. Journal of South China Agricultural University 27: 21–25.

Zhao ZH, Hui C, Li ZH, Li BL. 2015. Habitat heterogeneity stabilizes the spatial 
and temporal interactions between cereal aphids and parasitic wasps. Basic 
and Applied Ecology 16: 510–518.

Ziegler S, Merker S, Streit B, Boner M, Jacob DE. 2016. Towards understand-
ing isotope variability in elephant ivory to establish isotopic profiling and 
source-area determination. Biological Conservation 197: 154–163.

Downloaded From: https://bioone.org/journals/Florida-Entomologist on 12 Jul 2024
Terms of Use: https://bioone.org/terms-of-use


