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ABSTRACT 

The brown marmorated stink bug, Halyomorpha halys, is an agricultural and urban pest that has 

become widely established as an invasive species of major concern in the USA and throughout Europe. 

The insect forms large aggregations before entering diapause, and it is often these aggregations that 

are found by biosecurity officials conducting inspections of internationally shipped freight. Here, we 

aimed to gain insights into the potential volatile emissions, mobility, and mortality rates of the insects 

after undergoing a ship voyage across the equator (i.e., from northern hemisphere winter to southern 

hemisphere summer). Experiments were performed to simulate the effects on aggregations of 

diapausing H. halys of two variables associated with trans-Pacific voyages, i.e. ship and container 

movement and temperature changes within containers. Thus, H. halys aggregations were exposed to 

simulated shipping movement, using a 6-axis VS-6577G-B Denso robot arm, and emission of defence 

volatiles were measured repeatedly during the “voyage”. We also simulated temperature changes as 

they occur during a 26-day voyage from Baltimore, north-east USA, to Auckland, New Zealand, and 

assessed the effects on the mortality and mobility of the bugs. Aggregations that experienced 

movement were not found to be any more likely to release volatiles than stationary aggregations, and 

neither did the movement affect bug mobility. Temperature changes had a significant effect on 

mobility. However, towards the end of the temperature simulation, most H. halys had died, probably 

from a lack of food and moisture. These findings are highly relevant for border biosecurity risk 

assessment and pathway risk management.  

 

Keywords: Biological invasions; biosecurity; brown marmorated stink bug; cargo; diapause; human-

assisted movement. 
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Key message:  

 Diapausing aggregations of Halyomorpha halys are often found hitchhiking in shipping 

containers and other cargo departing during the northern hemisphere’s autumn/winter and 

arriving during the southern hemisphere’s summer. 

 Motion designed to simulate a ship voyage had no significant effects upon the mobility, 

mortality, or volatiles released by diapausing H. halys. 

 Temperature changes designed to imitate those experienced within ship containers travelling 

from Baltimore, USA, to Auckland, New Zealand, over 26 days showed that temperature 

increases cause high percentages of H. halys populations to become mobile, and then die, 

probably from lack of food and moisture.  
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INTRODUCTION 

Halyomorpha halys Stål (Hemiptera: Pentatomidae), commonly known as the brown marmorated 

stink bug, is a prolific pest which feeds on numerous crops of economic significance. Preferred host 

plants include apple, peach, grape, and soybean (Leskey and Nielsen 2018). Costly damage has been 

reported within the bug’s native Asian ranges where 106 hosts are known (Lee et al. 2013). Severe 

crop damage occurring in at least nine USA states is also well-documented, with the eastern states 

being the most affected. Much of the bug’s success as a pest is due to polyphagy (Leskey and Nielsen 

2018), lack of impacts from natural enemies (Abrams et al. 2017, Leskey and Nielsen 2018) and its high 

mobility (Lee and Leskey 2015). As of September 2017, H. halys has successfully invaded and 

established in 43 USA states, Canada, and 14 European countries (Italy, France, Hungary, Switzerland, 

Germany, Liechtenstein, Greece, Serbia, Romania, Austria, Turkey, Spain, Slovenia, and Croatia) 

(Milonas and Partsinevelos 2014; Vetek et al. 2014; Haye et al. 2015; Rabitsch and Friebe 2015; Çerçi 
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and Koçak 2017; Valentin et al. 2017; Roca-Cusachs et al. 2018; Rot et al. 2018; Šapina and Šeric 2018). 

Further recent incursions have been reported in Russia, Georgia, and Bulgaria (Gapon 2016; Simov 

2016). Initial invasions in each region can be attributed to human-assisted movement (Valentin et al. 

2017). After establishing in every northern hemisphere continent, the species has now been reported 

in Chile, its first southern hemisphere invasion (Faúndez and Rider 2017). Given this history of 

invasions, it is clear that biosecurity is of critical importance for non-invaded, climatically compatible 

countries, such as New Zealand and Australia, to prevent entry and establishment of H. halys. 

Therefore, information on the behaviour and survival of H. halys during transport is essential for 

border biosecurity risk assessment and pathway risk management. 

Depending on abiotic factors, H. halys can be uni- or multivoltine (Hoffman, 1931; Nielsen, Hamilton, 

& Matadha, 2008, Nielsen et al. 2017, Leskey and Nielsen 2018). Before entering diapause, the insects 

form large overwintering aggregations, and it is this propensity to aggregate in narrow, generally 

hidden, spaces that allows populations to “hitchhike”, often unnoticed, during the northern 

hemisphere winter months (October – March). Interceptions of H. halys at the New Zealand border 

have been found to increase dramatically during these months. Detections of H. halys are associated 

mainly with shipping containers as well as vehicles, machinery and other cargo (Cath Duthie, Ministry 

for Primary Industries, personal communication). A large proportion of these H. halys arrived with 

freighters transporting cargo from various ports in Europe and the USA before crossing the Pacific to 

New Zealand and then Australia, creating an ideal pathway for hitchhiking H. halys.  

Recent work on the collection and characterisation of the volatile organic compound (VOC) profile of 

diapausing H. halys has shown that bugs, when mechanically disturbed, emit an alarm scent comprised 

of four compounds: tridecane, (E)-2-decenal, 4-oxo-(E)-2-hexenal, and dodecane (Nixon et al. 2018). 

This volatile profile could potentially be used as a means of detecting aggregations of H. halys in cargo, 

through use of analytical instrumentation such as active adsorbent samplers coupled with GC-MS 

analysis or e-nose detectors. Since this previous work was based on artificially high levels of 

mechanical disturbance, our aim in this study was to simulate more realistically the effects of shipping 

movement disturbance on VOC emissions by H. halys.  

The diapause status and potential mobility of H. halys is an important risk factor to consider regarding 

border inspection and detection procedures. The regaining of mobility within an aggregation of 

diapausing H. halys could be affected by a number of factors such as the movement of a ship or the 

release of defence compounds by conspecific individuals. Likewise, the drastic temperature changes 

experienced during a voyage from temperate regions in the northern hemisphere to the southern 

hemisphere could have an effect on H. halys diapause and mobility. During the target months (October 

– March), aggregations of H. halys hitchhiking within containers would undergo an increase in 

temperature which is a factor known to contribute to diapause termination (Kiritani 2007).  

Thus, this contribution describes and discusses experiments that simulated shipping motion and 

temperature changes within a container in order to determine their effects on the release of VOCs 

and the behaviour of aggregated, diapausing H. halys populations.  
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METHODS AND MATERIALS 

Field samples of Halyomorpha halys 

Cohorts of diapausing adult H. halys were collected from the field in the two mid-Atlantic states of the 

USA. For this purpose, artificial overwintering sites, comprising wooden shelters as described by Bergh 

et al. (2017), were deployed prior to the dispersal of the bugs to the potential overwintering sites. 

Shelters were deployed in Martinsburg, WV (39°24'50.11"N, 78°01'45.50"W), Keedysville, MD 

(39°30'18.08"N, 77°44'35.57"W), and Shannondale, WV (39°12'28.76"N, 77°47'44.46"W) in 

September 2016. In early November, after the dispersal of H. halys adults into these shelters and the 

onset of diapause, the shelters were collected and maintained in a dark unheated shed at USDA-ARS 

Kearneysville, WV (39°21'18.69"N, 77°52'40.71"W) under ambient outdoor temperature conditions. 

These inactive diapausing individuals remained naturally aggregated. Subsequently, individuals were 

taken directly from the retrieved shelters and subjected to the experimental conditions described 

below. 

Population resettling 

For the movement simulation experiment, populations of H. halys were retrieved from the diapausing 

cohorts in the wooden shelters and resettled into metal shelters, as per the resettling procedure 

described by Nixon et al. (2018). Each metal shelter contained 34 resettled adult H. halys (2.4 male: 1 

female, this ratio being observed in wild H. halys settling into overwintering shelters), and 12 shelters 

were used in total. This procedure causes minimal disruption to the bugs, with no lasting effects on 

diapause. The critical cue to terminate H. halys diapause has been shown to be 13.5 hr daylight, this 

needs to be over an extended period of time to trigger any real disruptions (Nielsen et al. 2016; Nielsen 

et al. 2017). In this study the metal shelters for volatile collection, as described by Nixon et al. (2018), 

were scaled down to 1/3 of the original size of the boxes used in that study (current: 6 × 7.5 × 7 cm, H 

× L × W). This size reduction was necessary to avoid overloading the robot used for simulation. 

For the temperature simulation study, populations were resettled in cohorts of 68 adult H. halys (2.4 

male: 1 female) per wooden shelter. In total, diapausing populations were resettled into 24 such 

shelters. Each wooden shelter was secured within its own mesh rearing cage for the course of the 

experiment to allow observation of the bugs whilst keeping them contained. 

Simulation of shipping container movement  

Movement simulation programme and setup for Denso robot 

The 6-axis VS-6577G-B Denso Robot (Fig. 1) was programmed to perform two actions: rocking, which 

was to simulate ship movement, and dropping, which was to simulate the dropping of containers 

during loading and unloading. In the rocking movement, the robot was programmed to traverse the 

lower ¼ of a circle's circumference, where the circle's radius was 425 mm. The speed of the robot for 

each rock cycle of back and forth had a Gaussian distribution to simulate the motion of a ship affected 

by waves (mean speed, 397.5mm/s). The drop movement programme consisted of instructions to 

slowly raise the robot's end effector and then, at maximum speed, move quickly downwards without 

deceleration and stop abruptly. This was not a fully free-fall situation, because the robot's movements 

are controlled by motors. The trajectory of the drop motion was straight down to the ground. The 
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distance of the drop motion was 637.5 mm and took 0.81 s from the average of 10 trials. This approach 

to simulating ship movement followed the formalisms for ship movement by Perez and Fossen (2007). 

 

Fig. 1 Experimental setup showing a 6-axis VS-6577G-B Denso Robot with 934 mm reach, with 

attached metal shelters containing diapausing H. halys colonies. A) Metal cross structure B) Metal 

shelter (6 × 7.5 × 7 cm, H × L × W) C) Inserts constructed from seven 2 mm thick metal sheets (7.5 × 

6.5 cm, L × W) spaced 90 mm apart, affixed in place with three screws running the length of the box 

and a series of nuts.  

Four metal shelters containing resettled populations were attached to the robot arm at a time. 

Simultaneously, four more metal shelters containing resettled populations were placed in the same 

room as the robot on a table, to act as a no-movement control versus those undergoing movement. 

All shelters were individually wrapped in oven roasting bags (size 2; Reynolds Kitchens, USA) to retain 

any released volatiles in the headspace whilst being porous enough to allow air for the bugs to breathe 

and thereafter wrapped in tin foil to keep populations in the dark. The room was maintained at 19.15 

± 0.04°C and 45 ± 5% RH. As this experiment was conducted in a machinery-containing laboratory, 

temperature and humidity had to be maintained at ambient room conditions. The room was in 

complete darkness to simulate light conditions inside of a shipping container. 

VOC sampling and observations  

The four metal shelters with H. halys populations remained on the robot simulator for 5 days. Each 

bug population was sequentially sampled as follows: time point T1 (day 1, immediately after simulated 

ship container loading), T2 (day 1, 2 hours after simulated wave motion), T3 (day 5, immediately 
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preceding simulated unloading), T4 (day 5, immediately following simulated unloading), T5 (day 5, 2 

hours after immobilization). 

At each sampling time point, headspace compounds were collected with a portable battery-operated 

air pump (PAS-500, Spectrex, CA, USA). Air from the shelters was pulled through a volatile collection 

trap (VCT) containing 30 mg of Super-Q (Analytical Research Systems, FL, USA) at a rate of 400 ml/min 

for 10 minutes. The VOCs were extracted from the VCTs using 250 µl of dichloromethane with 1.5 

ng/µl tetralin (Sigma-Aldrich, Australia) as an internal standard and stored at -80°C. Samples were then 

shipped on dry ice to Lincoln University, New Zealand, for analysis, using gas chromatography – mass 

spectrometry (GC-MS). 

At all five time points, the number of mobile H. halys in each population was counted, and, 

immediately after T5, the number of dead bugs was also counted by inspecting each non-moving bug 

within the populations. Counts of mobile H. halys were conducted using a red light source, in order to 

minimize bug responses to light. Bugs were assumed dead if they were outside of the metal container 

and completely immobile. At the end of the experiment, the metal sheets and enclosures were 

washed with acetone and hexane and air dried, before use in subsequent replicates. 

The movement simulation experiment was repeated three times with four newly resettled 

populations and the same number of stationary control shelters (n=12). All repeats took place within 

a 15-day period in November. 

GC-MS analysis 

Volatile analysis was performed on a Shimadzu GCMS2010 (Ultra) with an RTX-5MS column (30 m x 

0.25 mm I.D.), with GCMSsolution software. The GC-MS method used a high-pressure 1 µl splitless 

injection at an injection temperature of 250°C. The GC was operated at a column flow of 0.6 ml/min. 

The temperature programme started at 40°C for 7 min, followed by temperature ramping of 6°C/min 

until a final temperature of 230°C was reached and held for 5 min. The mass spectrometer was run in 

total ion count mode, with a scanning range 25-550 m/z. 

Resulting chromatograms were analysed for the presence of the four known H. halys alarm 

compounds tridecane, (E)-2-decenal, 4-oxo-(E)-2-hexenal, and dodecane (Nixon et al. 2018). 

Simulation of shipping journey temperatures 

Temperature simulation and setup 

To simulate the temperature changes experienced when ships travel from the northern to southern 

hemisphere, eight of the wooden shelters containing 68 bugs were placed in a dark temperature-

controlled environmental chamber with 65 ± 10% RH. The temperature of the chamber was changed 

as follows: start 12°C, slow increase to 30°C over 7 days, hold at 30°C for 12 days and then slowly 

decrease to 23°C over 7 days (Fig. 2). The temperatures were taken from data provided by Niklas 

Blomqvist from Wallenius Wilhelmsen Logistics; this data was collected from within three decks of a 

cargo ship that made the common route travelling from Europe to the east coast of the USA, typically 

stopping at Baltimore, then crossing the Pacific to New Zealand and Australia. The temperatures used 

were from the 26-day period when the cargo ship travelled from Baltimore to Auckland. Another eight 
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shelters were placed in a temperature-stable refrigerator (5.16 ± 0.17°C), and eight more were kept 

in the dark, unheated shed at USDA-ARS Kearneysville, WV, at ambient temperatures (10.56 ± 4.17°C). 

The latter were considered to be control treatments for comparison. All treatment groups remained 

in the described conditions for 26 days (02/11/2016 – 28/11/2016), and maintained in darkness for 

the entire period. 

Mobility and mortality counts 

Every two days during the 26-day period, the number of mobile H. halys in each treatment and control 

population was counted using a red light source for illumination during counts. In order to avoid 

disturbing the diapausing populations, mobile bugs were classed as those which were outside of the 

wooden shelter but within the mesh cage and were observed to be clearly moving around. Bugs that 

settled in the corners of the mesh cages and did not move for the entirety of the experiment were not 

classed as mobile. The mesh cages were not opened and the shelters were not touched or moved for 

the entire 26-day period.  

 

Fig. 2 Average temperatures extracted from Wallenius Wilhelmsen Logistics data, showing the 

temperature simulation mimicking the temperatures Halyomorpha halys would experience during a 

cargo vessel voyage from Baltimore, USA, to Auckland, New Zealand, between the months of January 

and February.  

Dissection of post-experiment females 

Female H. halys found to be mobile at the end of the temperature simulation treatment experiment 

were removed and freeze-killed overnight. Three females from the naturally diapausing cohorts which 

had not undergone any experimental treatments were also freeze-killed. All frozen samples were then 

dissected in order to assess their reproductive state mainly to determine whether mobility due to 

temperature increases correlated with reproductive diapause termination. Samples were thawed for 

at least 20 min prior to dissection and covered in Ringer’s solution (1 l distilled water, 9.1 g/l NaCl, 

0.52 g/l KCl, 0.2 g/l CaCl2, 0.8 g/l MgCl2). Legs and the ventral side were pinned down, and the dorsal 
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abdominal sclerite was removed. The digestive tract was teased aside to access the reproductive 

organs, thus permitting assessment of the ovarian development stage. Development of oocytes was 

assessed by a ranking system from 1 to 5 whereby rank 1 represented undeveloped ovaries with no 

more than one immature oocyte per ovariole, and rank 5 represented post-vitellogenic oocytes with 

distended ovaries and some degenerating oocytes (Nielsen et al. 2017). This ranking system was 

derived from the 9-rank system developed by Katayama et al. (1993).  

Statistical analyses  

To assess the effects of simulated shipping movement upon diapausing populations of H. halys, 

Fisher’s Exact Tests (FET) were performed to assess differences in compound presence, bug mobility, 

and mortality rates between the treatment and control ‘populations’.  

To assess the effect of temperature alone on the mobility of diapausing H. halys, time series plots 

were made of mobility counts versus temperature treatment. Regression analyses on these time 

series were performed (the dependent variable was the mobility counts series and the explanatory 

variable was the temperature series). Autocorrelations in residuals of this regression analysis was 

tested with the Ljung-Box Q statistic and found to be statistically non-significant (p = 0.119). This 

confirmed that residuals were not autocorrelated after the regression. 

 

RESULTS 

Simulation of motion 

Of the four target compounds, 4-oxo-(E)-2-hexenal was never detected, and tridecane was found in 

all controls, likely as it is the most abundant compound and is passively released by H. halys (Nixon et 

al. 2018).  Therefore, both compounds were removed from data analysis. Thus, target compounds 

used were (E)-2-decenal and dodecane. As shown in figure 3, no statistically significant differences in 

(E)-2-decenal occurrences were found between samples and controls at any time point: T1 (FET, p = 

1.00), T2 (FET, p = 0.99), T3 (FET, p = 0.99), T4 (FET, p = 1.00), T5 (FET, p = 0.99). Likewise, for dodecane, 

no statistically significant differences between occurrences of compounds were found at any time 

point: T1 (FET, p = 0.99), T2 (FET, p = 0.193), T3 (FET, p = 1.00), T4 (FET, p = 1.00), T5 (FET, p = 1.00). 
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Fig. 3 The number of occurrences of two target compounds A) (E)-2-decenal and B) dodecane in 

diapausing H. halys populations undergoing movement simulation (n=12) and remaining stationary 

(n=12) represented by bars. T1 and T4 indicate sampling time points immediately after simulated 

loading and unloading, respectively. All other time points are associated with simulated ship 

movement. No significant differences in occurrence between moved and stationary bugs (Fisher’s 

exact test, p > 0.05) at any time point (T1-T5). Average amounts of compound per shelter per sampling 

period were calculated, only including the amounts when positively detected, shown on respective 

graphs by points. 

Simulated motion over this time period had no statistically significant effect on mobility, with no more 

than two bugs mobile at any one time point (between sample and control populations, FET, p > 0.05) 

or mortality (0 bugs dead in samples or controls). 

Simulation of temperature changes 

No mobility was observed in any populations of H. halys both in refrigerated and in ambient 

temperature populations over the 26-day treatment period. Figure 4 shows the average number of H. 

halys that were mobile when counted every 2 – 3 days during the 26-day temperature simulation.  As 

time progressed and the temperatures increased, the average count of mobile bugs steadily rose to 

the peak of 17.6 ± 1.3 (± SEM) bugs at 30°C (day 16). The first decrease in mobile bug counts was 19 

days into the simulation, when temperatures were maintained at 30°C; thereafter the average number 

of mobile bugs continued to decrease to 1.1 on day 26. Regression analysis estimated a positive 
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relationship between temperature treatment and number of mobile H. halys (number of mobile H. 

halys =  9.8 + 0.64 x temperature, R2 = 52%, p = 0.009) within the temperature simulation treatment. 

 

Fig. 4 Number of mobile Halyomorpha halys during a 26-day simulation of temperatures experienced 

on a trans-Pacific cargo ship. Points represent mean counts (± SEM) of eight diapausing populations.   

No mortality was observed in the populations kept in ambient temperatures. On average 0.37 ± 0.24 

% population mortality was observed in the refrigerated populations. An average of 89.5 ± 4.0 % 

population mortality was observed in populations undergoing the temperature simulation treatment.  

Of the remaining live bugs in populations undergoing the temperature simulation treatment 31.3 ± 

15.6 % were mobile and 50% of the populations still retained mobile bugs (range 1 -5 bugs); the 

remaining had zero mobile bugs on the final day.  

All dissected females removed from the temperature simulation treatment on day 26 and those taken 

from control populations of naturally diapausing cohorts were found to be rank 1 in ovarian 

development stage. All oocytes were undeveloped.  

 

DISCUSSION 

Simulated shipping movement did not increase the emission of volatile secretions from diapausing H. 

halys populations, which were detected in less than 15% of populations overall whether moved or 

controlled. At none of the five sampling time points was there a difference in the release of volatiles 

between bugs experiencing shipping movement and stationary bug populations. We therefore 

conclude that these levels of agitation were not sufficient to be perceived as threatening and therefore 

did not cause the secretion of defensive compounds. We had hypothesised that at least the fast and 

sudden movement of simulated loading and unloading of a container would trigger a measurable 

response compared to no movement or the gentler rocking motion of a ship. However, our data did 
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not confirm this assumption and showed that different motion treatments had no effect on the bug’s 

volatile emissions. In a previous study we had demonstrated that upon disturbance H. halys is indeed 

capable of emitting defence volatiles while in diapause (Nixon et al 2018), but the level of mechanical 

disturbance to which these insects were exposed was considerably higher and unlikely to occur in a 

shipping container. It can be speculated whether longer exposure of diapausing H. halys to ship 

movement would have led to more frequent or stronger emission of volatiles.  

The trans-Pacific voyage from the eastern USA to New Zealand takes about 26 days.  Here, we were 

only able to carry out simulated voyages for five days due to logistical constraints. Despite this shorter 

duration, we do not believe that that an increased duration of the movement would significantly 

change the bugs’ propensity to release defence compounds as the ship movements themselves would 

still be similar throughout a longer voyage.  However, we don’t know if ship movement when 

combined with temperatures changes also experienced by bugs on a longer duration journey could 

further affect bug propensity to release defence compounds. Experiments combining these two 

elements could not be carried out with the equipment available. The robot arm is mounted in an 

engineering laboratory and can be used without issue only when operating conditions are maintained, 

meaning that the temperature and humidity must be within certain bounds. Therefore, to subject this 

equipment to conditions described for the simulated temperature study would likely cause technical 

failure. Nevertheless, if a container was sufficiently airtight, stink bug volatiles may accumulate over 

the entire journey. We found that low levels of the compounds were released by diapausing H. halys 

colonies at most time points regardless of external stimulation (Fig. 3). While volatile concentrations 

may be too low or not practicable for current analytical tools to be detected in large volume shipping 

containers, they may be sufficient for trained dogs. Detector canines can reliably detect non-disturbed 

groups of diapausing H. halys within woodlands, which suggests that there are sufficient emissions to 

be detected within larger areas (Lee et al. 2014). Thus, it may be possible to detect H. halys to some 

degree in shipping contains. 

So far, it remains unclear which types of threat or disturbance trigger H. halys and other pentatomids 

to release defensive odour, during diapause or when they are active. For example, Krall et al. (1999) 

investigated tactile threat responses in the pentatomid Cosmopepla bimaculata Thomas during its 

active season. Adult C. bimaculata did not emit defensive odours when prodded with a wooden dowel 

and simply moved away from it. However, C. bimaculata sometimes emitted odours when picked up 

and handled roughly, and always emitted when placed in the experimenter’s mouth and pressed 

between tongue and palate. Thus, the study of Krall et al. (1999) suggests that the cues triggering 

defensive behaviour in this pentatomid species appear to be rather specific for vertebrate predators 

and involved more than just sudden movements. Known predators of diapausing H. halys are birds, 

small mammals, such as mice, and larger sized web spiders within anthropogenic structures (Morrison 

et al. 2017b; Chambers 2018). The fact that shipping movement did not result in increased mobility of 

the bugs indicates that movement per se was probably not perceived as a threat. 

In contrast to disturbance by movement, our results showed a significant effect of temperature on the 

number of mobile H. halys in diapausing populations. The pattern of bug activity (Fig. 4) and the high 

mortality rates observed on the final day suggest that those individuals that became mobile had died 

subsequently, rather than reverted back into true diapause. This was likely due to a lack of food and 

moisture since H. halys tends to prioritise foraging on emerging from overwintering sites (Haye 2017). 

Normally, H. halys ends its diapause in early spring; however, during mild winters, European and USA 
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populations have been observed to leave their overwintering sites as early as January (Costi, Haye, 

Maistrello 2017; Morrison et al. 2017a). This premature termination of diapause generally culminates 

in those bugs dying, as there is no food available at that time of year. In general, it has been reported 

that H. halys is chill intolerant and dies before reaching its freezing point (Cira et al. 2016). In its native 

range, H. halys emerges from overwintering any time from late March onwards when ambient 

temperatures are >10°C (Lee et al. 2013; Qin 1990).  

Dissection of female bugs that were active, and remained alive, on the final day of the experiment 

showed that they had neither become sexually mature nor mated. This suggests that while 

temperature was responsible for causing H. halys to become mobile, this mobility without additional 

nourishment killed the bugs before reproductive diapause could be terminated. In H. halys 

termination of reproductive diapause is triggered by combinations of temperature increases, 

increasing photoperiods and depletion of metabolic resource levels (Funayama 2012; Kiritani 2007). 

It requires a critical photoperiod of 13.5:10.5 L: D (Nielsen et al. 2017; Nielsen et al. 2016; Niva and 

Takeda 2003), which was lacking in our experiment as it was carried out in darkness. Taylor et al. 

(2017) also found that females enter diapause when reproductively immature and that a minimum 

period of seven weeks is required (i.e., considerably longer than the 26 days in our study) before H. 

halys can terminate diapause with full fecundity. After diapause, 21 days of feeding are needed for 

maturation and onset of oviposition (Nielsen et al. 2016; Nielsen et al. 2017).  

To assess further the critical factors for hitchhiking H. halys to successfully invade new areas, 

additional temperature studies with host plant material made available to the bugs should be carried 

out. This would show whether access to food leads to reproductively mature females regardless of 

photoperiod and how severely it would affect mortality. It has been suggested that it was a single 

introduction of propagule adults entering the USA which led to the establishment of populations there 

(Xu et al. 2014).  

In conclusion, our results suggest that shipping movement does not have a significant effect on 

diapausing H. halys in terms of VOC release, mobility, or mortality. However, regardless of movement, 

a small proportion of the tested bug populations always emitted volatiles and, in theory, these could 

accumulate to detectable amounts by the end of a voyage. Further research will need to explore the 

practicality of using volatile emissions for detecting the presence of H. halys in imports. The 

temperature simulation experiment showed that increases in temperatures, as experienced by the 

insects when crossing the equator during the northern hemisphere winter, leads to increased activity 

and eventually high mortality when there is no access to food and water. This is consistent with 

observations during inspections of imports at the New Zealand border (Ken Glassey, Ministry for 

Primary Industries), where the majority of H. halys are dead on arrival. 
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