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Abstract  21 
Brown marmorated stink bug (BMSB), Halyomorpha halys (Hemiptera: Pentatomidae), is a 22 

serious horticultural pest causing considerable damage to local production and international 23 

supply chains as it spreads around the world. The samurai wasp, Trissolcus japonicus 24 

(Hymenoptera: Scelionidae), is well recognised as the most promising classical biological 25 

control against BMSB. The wasp has been conditionally approved for release in New Zealand in 26 

the event the stink bug establishes here. Previous host range testing showed all available non-27 

target New Zealand pentatomids except a single exotic species were accepted for oviposition, 28 

and that the parasitoid was capable of parasitising the eggs of two native pentatomids at 29 

proportions similar to BMSB. Only one New Zealand species of pentatomid, the endemic alpine 30 

shield bug Hypsithocus hudsonae, was not previously tested owing to the difficulty of collecting 31 

it from the field. Here we report the results of no-choice oviposition tests between H. hudsonae 32 

and T. japonicus, conducted in containment, to complement previous physiological host range 33 

testing of this parasitoid in New Zealand. Parasitoids emerged from 14 out of 15 egg masses, 34 

and in total, from 78 out of 83 eggs (94%). The mean sex ratio was 89% female, and no males 35 

emerged from six egg masses. Hypsithocus hudsonae is confirmed as a physiological host for T. 36 

japonicus, and this finding is discussed in relation to the strengths and limitations of 37 

physiological host range studies.   38 
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INTRODUCTION 45 

Classical biological control programmes can be safe and cost-effective ways to manage the 46 

impacts of pests below economically acceptable thresholds (Caltagirone, 1981; Cock et al., 47 

2015; Goldson et al., 2020). However, the introduction of a biological control agent (BCA) into 48 

a novel environment brings with it the risk of non-target effects (De Clercq et al., 2011; Follett 49 

and Duan, 2000; Louda et al., 2003; Lynch and Thomas, 2000). As a result, a variety of 50 

international and local regulations now govern the processes used to import and release BCAs 51 

into different jurisdictions (Barratt et al., 2017, 2018; Ehlers, 2011; Ehlers et al., 2020; IPPC, 52 

2017). Many countries require that candidate BCAs undergo host-specificity testing to ensure 53 

agents are fit for purpose and do not pose unnecessary risks to local biota (Heimpel and Cock, 54 

2018; Hunt et al., 2008, 2011; Sheppard and Warner, 2016). Pre-release risk assessment 55 

frameworks emphasise the importance of defining a BCA’s physiological (= fundamental) host 56 

range, defined as the group of species in the introduced range that are accepted as hosts, and are 57 

compatible for development of the agent (Babendreier et al., 2005; Barratt, 2011; Bigler et al., 58 

2006; Van Driesche et al., 2004; van Lenteren et al., 2006). No-choice oviposition tests are 59 

commonly used for this purpose because they provide unambiguous evidence of both host 60 

acceptance and developmental compatibility (Van Driesche et al., 2004). Physiological host 61 

range data can be supplemented with other approaches, such as choice tests to rank host 62 

preferences in a stepwise fashion (Murray et al., 2010; Withers and Mansfield, 2005), odour 63 

specificity tests such as y-tube olfactometer experiments (Avila et al., 2016), and chemical 64 

ecological methods such as those utilising electrophysiology or behavioural tests to determine a 65 

response to compounds in a host extract (Olsson and Hansson, 2013). 66 

 Brown marmorated stink bug (BMSB), Halyomorpha halys Stål (Hemiptera: 67 

Pentatomidae), is an invasive horticultural pest native to China, Japan, the Korean peninsula, 68 

and Taiwan (Lee et al., 2013). It has emerged as an important pest throughout the world, having 69 

first been detected in the United States in 1996 (Hoebeke and Carter, 2003). Since this time 70 

BMSB has spread to Canada (Fogain and Graff, 2011), at least 25 European countries (EPPO, 71 

2019; Haye, Gariepy, et al., 2015; Wermelinger et al., 2008), Turkey (Güncan and Gümüş, 72 

2019), Kazakhstan (Temreshev et al., 2018), and Chile (Faúndez and Rider, 2017). BMSB is 73 

now considered one of the most destructive invasive pests in its invaded ranges (Leskey and 74 

Nielsen, 2018), particularly in stone and pome fruit growing regions in the mid-Atlantic states of 75 

the USA and northeastern Italy (Bariselli et al., 2016; Leskey et al., 2012). Climate modelling 76 

predicts that the eventual global distribution of BMSB could encompass southeastern regions of 77 

South America, southern regions of Africa, parts of Central Asia, much of Southeast Asia and 78 

the Pacific, and Australasia (Fraser et al., 2017; Kriticos et al., 2017; Zhu et al., 2012). Brown 79 

marmorated stink bug is therefore an important emerging threat to many important horticultural 80 

regions worldwide, if left unchecked.  81 

 Trissolcus japonicus (Ashmead) (Hymenoptera: Scelionidae) is an oligophagous egg 82 

parasitoid of Pentatomidae and Scutellaridae (Talamas et al., 2013; Talamas, Johnson, et al., 83 

2015). It emerges in high numbers from parasitised BMSB egg masses, and is the most 84 

dominant natural enemy associated with the stink bug in its native range (Yang et al., 2009; 85 

Zhang et al., 2017). Trissolcus japonicus is considered to be the most promising BCA against 86 

BMSB in invaded ranges, having been the subject of host-range testing in North America since 87 

2007 (Botch and Delfosse, 2018; Hedstrom et al., 2017; Lara et al., 2016, 2019; Rice et al., 88 

2014; Talamas, Herlihy, et al., 2015), and in Europe more recently (Haye et al., 2020). This is 89 

because native natural enemies in North America (Abram et al., 2017; Dieckhoff et al., 2017; 90 

Ogburn et al., 2016) and Europe (Costi et al., 2019; Haye, Fischer, et al., 2015; Roversi et al., 91 

2017; Stahl, Babendreier, et al., 2019) emerge in very low numbers from fresh BMSB egg 92 

masses, and are considered to be ineffective as augmentative agents. The unexpected discovery 93 

of adventive populations of T. japonicus in North America (Abram et al., 2019; Hedstrom et al., 94 

2017; Jarrett et al., 2019; Milnes et al., 2016; Morrison et al., 2018; Talamas, Herlihy, et al., 95 



2015) and Europe (Sabbatini Peverieri et al., 2018; Stahl, Tortorici, et al., 2019) illustrates its 96 

ability to disperse to new regions, and has made understanding its physiological host-range an 97 

important priority for countries where it has not yet been released, or self-established. 98 

 New Zealand is considered to be suitable for establishment of BMSB (Fraser et al., 99 

2017; Kriticos et al., 2017; Zhu et al., 2012). Incursions of BMSB into New Zealand could 100 

significantly damage important primary industries, jeopardise successful Integrated Pest 101 

Management (IPM) programmes through the application of additional pesticides, and have 102 

severe cultural and commercial impacts on Māori, who have significant economic and cultural 103 

interests in both horticultural production and the natural estate (Ballingall and Pambudi, 2017; 104 

Burne, 2019; Teulon et al., 2019; Walker et al., 2017). A significant upswing in detections of 105 

BMSB at the New Zealand border since 2014 means the probability of stink bug establishment 106 

remains moderate to high (Duthie, 2012, 2015; MPI, 2019; Ormsby, 2018; Vandervoet et al., 107 

2019). A pre-emptive (or proactive) biological control programme (sensu Hoddle et al., 2018) 108 

has been underway in New Zealand since 2015 with the aim of finding a suitable classical BCA 109 

before BMSB gains a foothold in the country. Previous host range testing with T. japonicus 110 

showed the egg masses of two native pentatomids (Cermatulus nasalis nasalis Westwood and 111 

Glaucias amyoti Dallas) were parasitised at proportions similar to BMSB, two exotic species at 112 

proportions between 70–80% (Dictyotus caenosus Westwood and Monteithiella humeralis 113 

Walker), three species at proportions below 35% (Cermatulus nasalis hudsoni Westwood, 114 

Oechalia schellenbergii (Guérin), and Cuspicona simplex Walker), and one species not at all 115 

(Nezara viridula (L.)) (Charles et al., 2019). The New Zealand Environmental Protection 116 

Authority (EPA) has conditionally approved the release of T. japonicus in the event of BMSB 117 

establishing in the country (EPA, 2018), and is actively monitoring the results of further host-118 

range testing.  119 

 One New Zealand pentatomid species has not previously been tested in physiological 120 

host range experiments: the alpine shield bug Hypsithocus hudsonae Bergroth. This is the only 121 

endemic New Zealand pentatomid species, and its unusual biology makes it an important 122 

addition to host range testing. It is classified as 'naturally uncommon' with the qualifier 'range 123 

restricted', as it is known from only a handful of at-risk alpine habitats in the lower South Island 124 

of New Zealand (Stringer et al., 2012). It has limited capacity to disperse owing to reduced 125 

hindwings (Larivière, 1995). Hypsithocus hudsonae features in important Hemiptera catalogues 126 

and checklists (Larivière, 1995; Larivière and Larochelle, 2004, 2014), but has not been the 127 

primary subject of any published research to date. Accordingly, little is known about its natural 128 

history, including reproduction, development, ecology, or even host plants. Previous host range 129 

testing on T. japonicus did not include H. hudsonae because attempts to collect it were 130 

unsuccessful (Charles et al., 2019). Incorporating H. hudsonae into host range testing in New 131 

Zealand is therefore an important priority. Here we present the results of no-choice oviposition 132 

tests between T. japonicus and H. hudsonae, to establish whether this endemic pentatomid 133 

species falls within the physiological host range of the parasitoid.  134 

MATERIALS AND METHODS 135 

Collecting and rearing pentatomids 136 

 137 

Adult specimens of H. hudsonae were collected in December 2017, December 2018, and 138 

January 2020, from the Otago and Southland regions of the South Island, New Zealand. In 2017 139 

and 2020, adults were collected from Eyre Mountain (-45.297532, 168.591342) from 1350-1400 140 

m above sea level. Adults were found under rocks, and in association with herbaceous plants 141 

including Poa colensoi Hook.f, Wahlenbergia albomarginata Petterson, Raoulia buchananii 142 

Kirk, Anisotome flexuosa Dawson and relatives, Epilobium sp., Kelleria sp., Celmisia prorepens 143 

Petrie, Celmisia brevifolia Cockayne and Plantago lanigera Hook.f, although no host-feeding 144 

was directly observed. In 2018, specimens were collected from Old Man Range (-45.342735, 145 



169.225502) at an altitude of 1500 m. Here, we found the bugs near water sources on cushion 146 

plants and mosses, and again, did not observe any feeding on host plants. Voucher specimens of 147 

H. hudsonae in ethanol were deposited into the New Zealand Arthropod Collection, Manaaki 148 

Whenua Landcare Research, Auckland, with accession number NZAC03018492.  149 

 Laboratory cultures of pentatomids were established in clear plastic containers (~170 150 

mm H × 210 mm L × 135 mm W) with ventilated lids. Containers were provisioned with a small 151 

plastic lid containing moist cotton wool, and sheets of folded wax paper as oviposition substrate. 152 

Cages were kept at 20°C (16:8 h L:D). Insects were moved to clean cages containing fresh 153 

materials every 2–3 days. We provided a variety of food based on availability, but primarily 154 

green beans, raw peanuts, Coprosma berries, sweetcorn, blueberries, plantain grass seed heads, 155 

dried apricots, and foliage from potted Hebe odora plants. We observed a late-instar nymph 156 

feeding on a freshly moulted conspecific nymph, so Spodoptera larvae were trialled as potential 157 

prey, but were not fed upon. Egg masses were collected from cages every 1–3 days and used for 158 

experiments. All eggs used for host range testing were obtained from field-collected adults, as 159 

we failed to rear H. hudsonae through multiple generations in the lab. 160 

 161 

Parasitoid shipments 162 

 163 

Trissolcus japonicus were shipped from Newark, Delaware, by the USDA-ARS Beneficial 164 

Insects Introductions Research Unit. Parasitised BMSB egg masses held in 10-dram plastic vials 165 

were air-couriered from Newark to the Plant & Food Research invertebrate containment facility 166 

at Mt Albert in Auckland, New Zealand. Egg masses were held in a temperature controlled room 167 

at 20°C and 16:8 LD photoperiod while parasitoids emerged and mated. Parasitoids were then 168 

transferred to their own plastic vials and provided with a small amount of honey on the lid as a 169 

carbohydrate source. All remaining BMSB egg mass material was frozen for 48 h at -20°C and 170 

then autoclaved to comply with biosecurity protocols.  171 

 172 

No-choice oviposition tests 173 

 174 

To prepare egg masses for experiments, fresh (< 72-h-old) masses were taken from the colony 175 

and mounted onto a piece of double-sided tape attached to a strip of card (appx. 20 mm x 40 176 

mm). Exposed sticky tape was coated with fine sand (White 200 “Scenic Sand”, Activa® 177 

products) to avoid trapping parasitoids. Each no-choice oviposition replicate consisted of 178 

placing a prepared egg mass into a 10-dram plastic vial, and introducing a single naïve female 179 

parasitoid between 3 and 17 days old (owing to the timing of pentatomid egg availability and 180 

parasitoid shipments). No-choice tests were carried out at a constant temperature of 20°C and 181 

16:8 LD photoperiod. After 48 h of exposure, the female parasitoid was removed from the vial 182 

and discarded. 183 

 We observed each exposure for up to 60 minutes to investigate the link between host 184 

acceptance and the developmental fate of attacked eggs. We recorded how long it took each 185 

female to make contact with the egg mass, the sequence and duration of each oviposition event 186 

(defined as having started when the parasitoid raised her wings until after she marked the egg 187 

with the tip of her ovipositor), the total time for the female to oviposit into all the eggs in each 188 

mass, and whether there were any aborted attempts (defined as having occurred when a female 189 

failed to mark an egg after withdrawing her ovipositor). We examined exposed H. hudsonae egg 190 

masses every day to record the timing of parasitoid emergence. We recorded the number and sex 191 

of emerging parasitoids. Eggs from which neither pentatomid nor parasitoid developed were 192 

classified as undeveloped.  193 

Owing to the priority of maximising the number of replicates for host range testing, we used all 194 

the egg masses produced after the December 2018 trip in no-choice oviposition tests. Egg 195 



masses produced in December 2017 during the attempt to rear the species were used as pseudo-196 

control masses to record pentatomid emergence in the absence of parasitism. 197 

 198 

Data analysis 199 

 200 

We combined our dataset with data from Charles et al. (2019) to compare no-choice egg 201 

parasitism by T. japonicus against H. hudsonae, and the eight other New Zealand pentatomid 202 

taxa tested by those authors. We calculated 'percentage egg parasitism' as the proportion of eggs 203 

from which a parasitoid emerged, excluding empty eggs within each mass. This differs from the 204 

way parasitoid development was reported by Charles et al. (2019), as those authors excluded 205 

egg masses which were not accepted by a female (i.e. they excluded egg masses from which no 206 

parasitoids emerged). Similarly, we report mean pentatomid emergence and mean proportion of 207 

undeveloped eggs across all egg masses within each treatment, not just from masses which were 208 

parasitised to some degree. The number of eggs in each mass reported by Charles et al. (2019) 209 

already exclude empty eggs, whereas none of our H. hudsonae egg masses contained any empty 210 

eggs. We calculated ‘percentage mass acceptance’ as the proportion of egg masses from which 211 

at least one wasp successfully emerged. We tested whether there were differences in percentage 212 

egg parasitism between the different pentatomid species with a binomial generalised linear 213 

mixed effect model (GLMM). We included the source of the data as a random effect with two 214 

levels (data collected by us and data collected by Charles et al 2019). We calculated post hoc 215 

pairwise comparisons to identify which combinations of pentatomid species were significantly 216 

different in their probability of parasitoid emergence, and corrected for multiple comparisons 217 

using the false discovery rate correction (Table 1). We calculated estimated marginal means and 218 

confidence intervals for each pentatomid species, and back-transformed these onto the original 219 

scale to examine the probability of emergence. All analyses were performed in R (R Core Team, 220 

2020). 221 

 222 

RESULTS 223 

Collecting and rearing pentatomids 224 

 225 

During the first field trip to collect H. hudsonae in December 2017, we collected 25 adults from 226 

Eyre Mountain and attempted to rear them through a complete generation. Adults laid a total of 227 

ten egg masses between 29 December 2017 and 20 January 2018. We observed nymph 228 

emergence from all egg masses. From a total of 94 eggs, 41 nymphs emerged (58.5%) but only 229 

one developed through to adult successfully, with the majority developing to second or third 230 

instar. Total nymph emergence was 58.5% across masses (mean 64.5%, range 20–100%). 231 

Undeveloped eggs did not change in appearance from when they were laid and were assumed to 232 

have been infertile. Owing to the difficulty of collecting and rearing this species, we used data 233 

from these unexposed egg masses as a negative pseudo-control treatment. 234 

 In December 2018, we collected 11 adults from Old Man Range. These insects produced 235 

15 egg masses in the lab between 24 December 2018 and 4 January 2019. Masses contained 2 to 236 

11 eggs (mean = 5.5). These egg masses were exposed to T. japonicus in the no-choice 237 

oviposition experiment reported here. Eggs from which neither pentatomid nor parasitoid 238 

emerged were assumed to have been infertile or unviable. During this trip we observed a 239 

significant number of H. hudsonae adults feeding on bird droppings, probably from Haematopus 240 

unicolor Forster (variable oystercatcher) observed in the area. We collected some bird 241 

droppings, and once back at the lab in Auckland we observed stink bugs would readily feed on 242 

them. However, we only tested this once with pentatomids from this trip. 243 



 In January 2020 we returned to Eyre Mountain and collected 30 adults and 24 nymphs. 244 

These specimens ultimately produced only two egg masses, and we were unable to use them in 245 

experiments owing to the closure of containment facilities for maintenance at this time.  246 

  247 

Acceptance and Parasitism 248 

 249 

Trissolcus japonicus accepted 93% of H. hudsonae egg masses, and parasitized a mean of 91% 250 

of eggs within masses. When combined with similar data from Charles et al. (2019), percentage 251 

parasitism varied significantly between pentatomid species (df = 8, F = 1287.7, p < 0.001). 252 

Hypsithocus hudsonae placed a close second out of nine New Zealand pentatomid taxa with 253 

respect to the highest measures of parasitism for both of these parameters (Figure 1). The 254 

probability of parasitoid emergence was significantly different among all combinations of 255 

pentatomid species except C. nasalis hudsoni and O. schellenbergii, and H. hudsonae and G. 256 

amyoti (Table 1). None of the comparisons between N. viridula was significant owing to the 257 

absence of parasitism observed for this species. Plotting estimated marginal means showed T. 258 

japonicus had the highest probability of emerging from H. hudsonae and G. amyoti, while C. 259 

nasalis hudsoni and O. schellenbergii represented the lowest probability of emergence (Figure 260 

2). 261 

 Parasitoids made contact with egg masses after a mean of 185 ± 303 seconds (range: 2–262 

1221 seconds), and each oviposition event took a mean of 197 ± 37 seconds (range 154–321 263 

seconds).  To complete oviposition for each mass, parasitoids took a mean of 374 seconds ± 182 264 

seconds for each egg present. Within the single egg mass from which no parasitoids emerged, all 265 

three eggs gave rise to pentatomid nymphs. Two eggs within attacked masses remained 266 

undeveloped. The mean sex ratio of emerging parasitoids was 89% female, which was similarly 267 

high for the other pentatomid species tested (Table 2).    268 

 Following exposures, we observed a female ovipositing into at least one egg from all but 269 

one egg mass, and this was the only mass from which no parasitoids emerged. For attacked 270 

masses, we directly observed all except two eggs to be attacked by a parasitoid (each from a 271 

different mass) within the initial 60-minute observation period. One of these gave rise to a 272 

parasitoid, while the other was ultimately classified as undeveloped. We observed a single 273 

incidence of superparasitism where a female went through a successful pattern of oviposition 274 

twice on the same egg, and a parasitoid ultimately emerged from this egg. We observed three 275 

occasions where the female aborted her oviposition attempt but went on to complete oviposition 276 

successfully (spread between two eggs), and parasitoids ultimately emerged from both these 277 

eggs. 278 

DISCUSSION 279 

Host suitability 280 

 281 

To determine whether the endemic New Zealand pentatomid H. hudsonae was a physiological 282 

host for T. japonicus, we exposed 15 egg masses to the parasitoid in small-arena no-choice 283 

oviposition experiments. We found that female T. japonicus readily attacked H. hudsonae eggs. 284 

Parasitoids accepted over 90% of masses offered to them, and mean percentage parasitism was 285 

very high, at 91%. These results unambiguously classify H. hudsonae as a physiological host of 286 

T. japonicus, and show it is one of the most highly parasitized New Zealand pentatomid species 287 

in no-choice oviposition tests. Within attacked masses, only two eggs did not develop into 288 

parasitoids. Although we exposed parasitoids to egg masses for 48 hours, we can confidently 289 

compare our results to those obtained during 24-hour exposures because we directly observed 290 

almost all oviposition events occurring within the initial observation period for each egg mass. 291 

We collected data on the timing of events in the acceptance and oviposition process, and 292 

offspring sex ratios, to complement emergence data from our experiments. Behavioural 293 



observations help to clarify links between host acceptance (the extent to which the parasitoid 294 

oviposits into host eggs) and host suitability (the proportion of host eggs which support 295 

successful development of the parasitoid) (Barton Browne and Withers, 2002).  296 

 Overall, the sex ratio was strongly female-biased, and in six out of 15 egg masses, no 297 

males were produced at all. This is an unusual result, as it runs counter to the common finding 298 

that scelionid parasitoids produce at least one male offspring in each host egg mass, owing to a 299 

'males first' strategy (Austin et al., 2005; Cumber, 1964; Eberhard, 1975; Johnson, 1984, 1987). 300 

Trissolcus parasitoids encounter relatively stable numbers of aggregated hosts, which females 301 

are usually able to monopolise, while emerging offspring typically copulate with siblings prior 302 

to dispersing (Johnson, 1987). Accordingly, local mate competition predicts a flexible strategy 303 

where the sex ratio should tend toward females as the number of hosts increases (Hamilton, 304 

1967; Strand, 1988; Waage, 1982). This prediction has been experimentally confirmed in T. 305 

basalis by Colazza & Wajnberg (1998), who showed that females altered the sex ratio of their 306 

brood by changing the sequence in which they allocate sex to their offspring, as the size of the 307 

host patch increases. The proportion of female offspring increased up to egg masses containing 308 

32 eggs, after which it decreased slightly for larger egg masses. Females were found to start 309 

their sequences with males, then lay a certain number of female eggs, before switching back to 310 

progressively allocating more male offspring near the end of the sequence, potentially because 311 

of sperm depletion (Colazza and Wajnberg, 1998). 312 

 313 

Previous testing 314 

 315 

Charles et al. (2019) reported the acceptance and development of T. japonicus on other New 316 

Zealand pentatomid species under similar laboratory conditions. They reported high egg mass 317 

acceptance for Glaucias amyoti Dallas, Cermatulus nasalis nasalis Westwood, and the target 318 

host H. halys. Interestingly, they reported much lower percentage parasitism for the target host 319 

than those reported here for H. hudsonae, which suggests H. hudsonae eggs may provide a more 320 

favourable environment for development. Taken together, our results, and those reported by 321 

Charles et al. (2019), provide a comprehensive assessment of the physiological host range of T. 322 

japonicus in relation to New Zealand pentatomid species. 323 

 Laboratory host range testing conducted with T. japonicus overseas shows wide 324 

discrepancies in the ability of the parasitoid to attack and develop in non-target pentatomid 325 

species. In China, where T. japonicus and H. halys are native, the parasitoid attacked egg masses 326 

from seven out of eight non-target pentatomid species (Zhang et al., 2017). Mean percentage 327 

egg parasitism was greater than 70% for all species tested, suggesting high host suitability 328 

among Chinese Pentatomidae, as might be expected. These results are similar to those collected 329 

in Europe, where all 11 non-target pentatomid species were attacked in no-choice tests 330 

conducted by Haye et al. (2020), and all but three pentatomids were attacked in tests conducted 331 

by Sabbatini-Peverieri et al. (2021). Mean percentage egg parasitism was also relatively high at 332 

83.2%, although no parasitoids emerged from the eggs of N. viridula. Host range testing in the 333 

Western United States shows T. japonicus will attack the eggs of around two thirds of the non-334 

target North American pentatomid species presented to it. However, it achieves a relatively low 335 

mean percentage egg parasitism between 25 and 35% in these species (Hedstrom et al., 2017; 336 

Lara et al., 2019). In the Eastern United States, T. japonicus attacked only 3.3–10% of the egg 337 

masses produced by three non-target species (Botch and Delfosse, 2018). Taken together, these 338 

results suggest that Chinese, European, and New Zealand pentatomid species are more attractive 339 

and more suitable for the development of T. japonicus than those from North America. This 340 

makes sense as the North American fauna would probably be more distantly related to faunas 341 

from the other three regions, although exploring this idea further is difficult because of a lack of 342 

phylogenetic analyses of sufficient resolution within the Pentatomidae (McPherson, 2017).    343 



 One explanation for the high proportion of successful parasitoid development and high 344 

sex ratios may be the lack of an immune defence in this pentatomid species. Even closely related 345 

host species can vary widely in the efficacy of their immune response to shared egg parasitoids 346 

(Reed et al., 2007). For example, the eggs of two species of Californian eucalyptus longhorned 347 

borers, Phoracantha semipunctata F. and P. recurva Newman (Coleoptera: Cerambycidae), 348 

both exhibit a wound-healing response to oviposition by the egg parasitoid Avetianella longoi 349 

Siscaro (Hymenoptera: Encyrtidae) (Reed et al., 2007). But only P. recurva eggs initiate a 350 

cellular encapsulation response to destroy parasitoid eggs and larvae. Its possible H. hudsonae 351 

eggs lack the cellular processes necessary to encapsulate parasitoid eggs, or that the parasitoid is 352 

able to effectively suppress this kind of immune response (Abdel-latief and Hilker, 2008). 353 

 The lack of male emergence in our study cannot be explained by the low numbers of 354 

eggs in the masses we exposed to parasitoids, as males are often laid early in the sequence 355 

(Colazza and Wajnberg, 1998). Trissolcus species are known to produce more females up until 356 

the age of around 5 days (Powell and Shepard, 1982), but we always observed female-biased sex 357 

ratios regardless of the mother’s age. We also cannot explain this result as an outcome of the 358 

way parasitoids were confined together prior to experiments (Strand, 1988). Local mate 359 

competition, influenced by the effect of host quality, may have played a role in the low numbers 360 

of male T. japonicus emerging from H. hudsonae (Charnov et al., 1981; Werren and Simbolotti, 361 

1989). Overall, high proportions of emergence coupled with strongly female-biased sex ratios 362 

indicate H. hudsonae is at least a highly suitable physiological host for T. japonicus. 363 

 364 

 365 

Implications for non-target effects 366 

 367 

Based on no-choice oviposition test results, the risk of non-target effects may be greater in 368 

Europe and New Zealand than in North America if the relative performance of arthropod BCAs 369 

on target and non-target species in laboratory tests predicts the risk of non-target attack in the 370 

field, as it does for weed BCAs (Paynter et al., 2015). CLIMEX modelling predicts the potential 371 

distribution of T. japonicus in New Zealand would extend to most of the North Island, most of 372 

the South Island excluding the west coast, and could be much greater than the potential 373 

distribution of H. halys (Avila and Charles, 2018). Overlap with the endemic H. hudsonae 374 

would occur only in areas predicted to be climatically suitable for T. japonicus. BMSB is often 375 

associated with human environments during its initial dispersal phase, before expanding to 376 

wetland, forest, and agricultural habitats (Leskey and Nielsen, 2018; Wallner et al., 2014). 377 

Therefore it seems unlikely that parasitoids would venture far from high densities of BMSB 378 

associated with agroecosystems and their surrounding vegetation (Lee et al., 2013; Leskey et al., 379 

2012), or other non-target pentatomids in their food web (Todd et al., 2020). Trissolcus 380 

japonicus favours arboreal habitats (Herlihy et al., 2016), so it seems unlikely to expand into 381 

high-altitude environments dominated by low herbage and cushion plants. Overall, the high 382 

percentage parasitism we observed against H. hudsonae does not imply there is a high risk of 383 

attack in the field, and when climate modelling, parasitoid habitat preferences, and BMSB 384 

dispersal behaviour are taken into account, we believe the risk of non-target effects on H. 385 

hudsonae by T. japonicus is low. Trissolcus japonicus shares a similar physiological host range 386 

with T. basalis and T. oenone, overlapping with all known hosts of each, except for N. viridula, 387 

which T. oenone has also never been recorded parasitising (Cumber, 1964). Additional no-388 

choice experiments are currently underway to update the physiological host range of T. basalis 389 

and T. oenone with quantitative data to explore this further. 390 

 Trissolcus japonicus accepted H. hudsonae eggs at very high proportions, 391 

unambiguously demonstrating this pentatomid species falls within the parasitoid’s physiological 392 

host range. A major strength of no-choice oviposition tests is that a negative result offers 393 

unambiguous evidence for the test species being outside the host range of the proposed agent, 394 



while a positive result offers clear evidence that the agent is able to attack and develop on the 395 

test species (Babendreier et al., 2005; Murray et al., 2010; van Lenteren et al., 2006). However, 396 

care needs to be taken in how positive results are interpreted. Confirming a non-target species as 397 

a physiological host of a proposed biological control agent does not necessarily mean this 398 

species will be attacked in the field. No-choice tests are designed to be simple confinement 399 

experiments to maximise the chance of attack, to minimise the risk of a potential physiological 400 

host going unnoticed. As a result, they remove a variety of filters which are present in the 401 

natural environment and which exert considerable influence on the process parasitoids use to 402 

find their hosts (Babendreier et al., 2005; Van Driesche et al., 2004; van Lenteren et al., 2006).  403 

 Semiochemicals associated with plants and potential hosts are important cues which 404 

parasitoids use to make decisions about which hosts to search for, and ultimately, which hosts to 405 

parasitise (Colazza and Wajnberg, 2013; Godfray, 1994; Hilker and McNeil, 2008; Meiners and 406 

Peri, 2013). Scelionid egg parasitoids are known to use kairomones associated with adult hosts, 407 

and the adhesive material surrounding eggs, as important host location and acceptance cues (Bin 408 

et al., 1993; Conti et al., 2003; Strand and Vinson, 1982; Tognon et al., 2018). Like other 409 

Trissolcus species, T. japonicus is able to detect kairomones from adult pentatomids on both 410 

natural and artificial substrates, and displays different arrestment responses for different 411 

pentatomid species (Boyle et al., 2020; Colazza et al., 1999; Conti et al., 2004). Studies on 412 

BCAs and their potential for non-target effects are increasingly incorporating chemical ecology 413 

methods. Studies assessing odour-specificity in moving-air experiments (Avila et al., 2016; Park 414 

et al., 2019), arrestment responses to contact or volatile chemical cues (Colazza et al., 2009; 415 

Tognon et al., 2017, 2018), and electrophysiology help us to understand which specific 416 

compounds are capable of eliciting behavioural responses (Zhong et al., 2017). Ultimately, a 417 

better understanding of the chemical ecology of candidate BCAs in relation to non-target species 418 

will provide important information for pre-release risk assessments, and could become an 419 

important complement to traditional oviposition tests.  420 
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Tables 794 

 795 
Table 1: Post-hoc pairwise comparisons between pentatomid species for probability of Trissolcus japonicus parasitoid emergence. 796 

contrast estimate SE z.ratio p-value 

Cermatulus nasalis hudsoni – 

C. nasalis nasalis 

-2.52 0.18 -14.23 

<0.01 

C. nasalis hudsoni – Cuspicona 

simplex 

-0.53 0.18 -2.94 

<0.01 

C. nasalis hudsoni – Dictyotus 

caenosus 

-1.55 0.20 -7.88 

<0.01 

C. nasalis hudsoni – 

Glaucias amyoti 

-3.80 0.20 -18.86 

<0.01 

C. nasalis hudsoni – 

Hypsithocus hudsonae 

-4.12 0.49 -8.43 

<0.01 

C. nasalis hudsoni – 

Monteithiella humeralis 

-2.11 0.22 -9.66 

<0.01 

C. nasalis hudsoni – Nezara 

viridula 

29.46 110009.52 0.00 1.00 

C. nasalis hudsoni – Oechalia 

schellenbergii 

0.23 0.18 1.23 0.29 



C. nasalis nasalis – C. simplex 1.98 0.10 19.23 <0.01 

C. nasalis nasalis – D. caenosus 0.97 0.13 7.59 <0.01 

C. nasalis nasalis – G. amyoti -1.28 0.14 -9.43 <0.01 

C. nasalis nasalis – H. 

hudsonae 

-1.61 0.47 -3.45 

<0.01 

C. nasalis nasalis – M. 

humeralis 

0.40 0.16 2.52 0.02 

C. nasalis nasalis – N. viridula 31.97 110009.52 0.00 1.00 

C. nasalis nasalis – O. 

schellenbergii 

2.74 0.11 24.88 

<0.01 

C. simplex – D. caenosus -1.01 0.13 -7.60 <0.01 

C. simplex – G. amyoti -3.27 0.14 -23.11 <0.01 

C. simplex – H. hudsonae -3.59 0.47 -7.68 <0.01 

C. simplex – M. humeralis -1.58 0.16 -9.58 <0.01 

C. simplex – N. viridula 29.99 110009.52 0.00 1.00 

C. simplex – O. schellenbergii 0.76 0.12 6.51 <0.01 

D. caenosus – G. amyoti -2.25 0.16 -14.06 <0.01 

D. caenosus – H. hudsonae -2.58 0.47 -5.44 <0.01 

D. caenosus – M. humeralis -0.57 0.18 -3.12 <0.01 



D. caenosus – N. viridula 31.00 110009.52 0.00 1.00 

D. caenosus – O. schellenbergii 1.77 0.14 12.76 <0.01 

G. amyoti – H. hudsonae -0.32 0.48 -0.68 0.64 

G. amyoti – M. humeralis 1.69 0.19 9.02 <0.01 

G. amyoti – N. viridula 33.26 110009.52 0.00 1.00 

G. amyoti – O. schellenbergii 4.03 0.15 27.46 <0.01 

H. hudsonae – M. humeralis 2.01 0.48 4.16 <0.01 

H. hudsonae – N. viridula 33.58 110009.52 0.00 1.00 

H. hudsonae – O. schellenbergii 4.35 0.47 9.27 <0.01 

M. humeralis – N. viridula 31.57 110009.52 0.00 1.00 

M. humeralis – O. 

schellenbergii 

2.34 0.17 13.80 <0.01 

N. viridula – O. schellenbergii -29.23 110009.52 0.00 1.00 

797 



 798 
Table 2: Mean number of Trissolcus japonicus eggs, proportion of pentatomid emergence, parasitoid sex ratio, and proportion of 799 
undeveloped eggs for each treatment within no-choice oviposition tests against New Zealand pentatomid species. Control 800 
treatments refer to pentatomid egg masses allowed to develop and hatch in the absence of parasitism, whereas No-Choice 801 
treatments refer to pentatomid egg masses exposed to T. japonicus in no-choice oviposition tests. 802 

*Due to logistical constraints, control replicates for the H. hudsonae treatment, in which nymph emergence was recorded in the 803 
absence of parasitism, were conducted after a previous collection event in a different year. Data relating to pentatomid species 804 

Species Treatment Egg masses 

Mean 

number of 

eggs 

Mean 

pentatomid 

emergence 

Mean 

female 

wasp sex 

ratio 

Mean 

proportion 

undeveloped 

Cermatulus 

nasalis hudsoni Control 3 21.3 33.3% - 66.7% 

C. nasalis hudsoni No-Choice 11 21.2 46.4% 87.5% 35.8% 

C. nasalis nasalis Control 47 29.0 83.8% - 16.2% 

C. nasalis nasalis No-Choice 42 28.2 10.5% 84.3% 10.7% 

Cuspicona simplex Control 72 9.0 74.7% - 25.3% 

C. simplex No-Choice 71 11.1 41.9% 75.6% 29.6% 

Dictyotus caenosus Control 7 8.7 56.8% - 43.2% 

D. caenosus No-Choice 26 13.2 15.9% 82.1% 32.2% 

Glaucias amyoti Control 50 13.7 96.5% - 3.5% 

G. amyoti No-Choice 70 13.7 4.6% 87.3% 4.7% 

Hypsithocus 

hudsonae Control* 10 9.4 64.5% - 35.5% 

H. hudsonae No-Choice 15 5.5 6.7% 89.0% 2.8% 

Monteithiella 

humeralis Control 30 11.4 90.9% - 9.1% 

M. humeralis No-Choice 19 11.4 19.7% 89.0% 14.2% 

Nezara viridula Control 35 53.6 43.5% - 56.5% 

N. viridula No-Choice 34 59.8 49.0% 0.0% 51.0% 

Oechalia 

schellenbergii Control 36 28.1 93.9% - 6.1% 

O. schellenbergii No-Choice 36 26.4 77.0% 91.9% 6.6% 



other than H. hudsonae comes from: Charles JG, Avila GA, Hoelmer KA, et al. (2019) Experimental assessment of the biosafety 805 
of Trissolcus japonicus in New Zealand, prior to the anticipated arrival of the invasive pest Halyomorpha halys. BioControl 806 
64(4): 367–379. DOI: 10/ggrtkp. Data taken from Charles et al. is analysed and presented differently to how it is presented in 807 
their original article. 808 
 809 
Figures  810 

 811 
Figure 1: Total mass acceptance and mean egg parasitism for each pentatomid species exposed to Trissolcus japonicus in no-812 
choice oviposition experiments. 813 

 814 
Figure 2: Probability of parasitoid emergence (with 95% confidence intervals) for each pentatomid species exposed to Trissolcus 815 
japonicus in no-choice oviposition experiments. 816 


