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Abstract Despite the significance of biological invasions in the Antarctic region, 16 

understanding of the rates of spread and impact of introduced species is limited. Such 17 

information is necessary to develop and to justify management actions. Here we quantify 18 

rates of spread and changes in impact of the introduced wasp Aphidius matricariae Haliday, 19 

which parasitizes the invasive aphid Rhopalosiphum padi (L.), on sub-Antarctic Marion 20 

Island, to which the wasp was introduced in ca. 2001. Between 2006 and 2011, the wasp had 21 

colonised all coastal sites, with an estimated rate of spread of 3-5 km.yr-1. Adult abundance 22 

doubled over the period, while impact, measured as mean percentage parasitism of R. padi, 23 

had increased from 6.9% to 30.1%. Adult wasps have thermal tolerances (LT50s) of between 24 

-18.°C and 33.8°C, with a crystallization temperature of -22.9°C, and little tolerance (ca. 37 25 

h) of low humidity at 10°C. Desiccation intolerance is probably limiting for the adult wasps, 26 

while distribution of their aphid host likely sets ultimate distributional limits, especially 27 

towards higher elevations where R. padi is absent, despite the presence of its host grass on the 28 

island, Poa cookii (Hook. f.). Rising temperatures are benefitting P. cookii, and will probably 29 

do the same for both R. padi and A. matricariae. Our study shows that once established, 30 

spread of introduced species on the island may be rapid, emphasizing the importance of 31 

initial quarantine. 32 
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Introduction 38 

Biological invasions are one of the most significant drivers of environmental change on the 39 

islands of the sub-Antarctic. Introduced plants, invertebrates and mammals have all had and 40 

continue to have major impacts on the islands’ biodiversity (Frenot et al. 2005; Convey and 41 

Lebouvier 2009; Jones and Ryan 2010; Lebouvier et al. 2011). Given the islands’ 42 

international conservation significance (Chown et al. 2001; Shaw 2013), much research has 43 

therefore focussed on invasions in the region. Investigations have concerned the pathways for 44 

and mechanisms underlying the introduction, establishment and spread of non-indigenous 45 

species (Chown et al. 1998; Whinam et al. 2005; Lee and Chown 2009; Houghton et al. 46 

2015), the impacts of introduced species (Frenot et al. 2005; Bergstrom et al. 2009; 47 

Lebouvier et al. 2011), and the approaches that should be or are being used to manage the 48 

rates and impacts of invasion (de Villiers et al. 2005; Shaw 2013; McGeoch et al. 2015). 49 

 Nonetheless, across the major stages recognized for the invasions process (Blackburn 50 

et al. 2011) several significant areas remain under-investigated across the sub-Antarctic. 51 

Among the most significant of these are the rates of spread of introduced species on 52 

particular islands and the way impacts are realized. More than 500 species are thought to 53 

have been introduced to the sub-Antarctic islands, yet investigations of rates of change in 54 

their abundance and distribution, and/or of their impact are available for less than 10% of 55 

them (Frenot et al. 2005; Shaw 2013; McGeoch et al. 2015). For example, on the relatively 56 

well-studied Marion Island (Chown and Froneman 2008), the impacts of only two (Agrostis 57 

stolonifera (Poaceae); Sagina procumbens (Caryophyllaceae)) of ca. 18 invasive flowering 58 

plant species and two (Limnophyes minimus (Diptera, Chironomidae); Deroceras 59 

panormitanum (Mollusca, Arionidae)) of 26 invasive invertebrate species have been 60 

quantified (Gremmen 1997; Gremmen et al. 1998; Hänel and Chown 1998; Smith 2007). 61 

Rates of spread are better known for the vascular plants (le Roux et al. 2013), but poorly 62 



known for the invertebrates, with estimates made only for the springtail Pogonognathellus 63 

flavescens (Treasure and Chown 2013) and implied for the moth Plutella xylostella (Chown 64 

and Language 1994). For other islands in the region, the situation is similar, though more 65 

information is available on plants than on invertebrates (e.g. Chevrier et al. 1997; Frenot et al. 66 

2001; Convey et al. 2011; Lebouvier et al. 2011). 67 

Nonetheless, many of the sub-Antarctic’s introduced species are expected to show 68 

changes in status or to have growing impacts, given what is known of the history of other 69 

introduced species in the region and the pace of climate change on most of the islands (Frenot 70 

et al. 2001; Convey and Lebouvier 2009; Lebouvier et al. 2011; le Roux et al. 2013). In 71 

consequence, key information required for managers to prioritize their actions (Shaw 2013; 72 

McGeoch et al. 2015) is incomplete. Most of the sub-Antarctic islands have a high 73 

conservation status, being national reserves or World Heritage areas. Where management 74 

plans are present they typically call for interventions to reduce the rates and impacts of 75 

biological invasions (de Villiers et al. 2005; Shaw 2013). Thus, much need exists to 76 

document and forecast changes in the status of introduced species, and to investigate 77 

empirically the nature of their impacts, a situation characteristic of the study and management 78 

of biological invasions generally (Ricciardi et al. 2013; Simberloff et al. 2013). 79 

Here we therefore investigate changes in the abundance, distribution and impact of a 80 

parasitoid wasp, Aphidius matricariae Haliday, thought to have been introduced to sub-81 

Antarctic Marion Island between 2001 and 2003, from kitchen stores on the research and 82 

supply vessel the SA Agulhas, and limited in its local distributional range in 2006 largely to 83 

the northern and eastern coasts of the island (Lee et al. 2007). The species is of particular 84 

interest because it is the only introduced parasitoid on the island and one that could exercise 85 

unintentional control of its host, the aphid Rhopalosiphum padi (L.), a species in turn long 86 

known as an invasive on the island, likely introduced with station supplies in the 1940s 87 



(Crafford et al. 1986). We also characterize tolerance of high and low temperatures and 88 

desiccation of the adults of A. matricariae (see Zamani et al. 2007; Colinet and Hance 2010 89 

for similar work on several other stages of the species) to provide a perspective on its likely 90 

range limitation, given the fact that adults are the stage that disperses, and current knowledge 91 

of the distribution of the species’ only host on the island (Crafford et al. 1986; Abraham et al. 92 

2011). Although A. matricariae is restricted in its host choice on Marion Island to R. padi, 93 

which in turn is typically found below 100 m on its main host, the grass Poa cookii (Hook. 94 

f.), this wasp is known to parasitize 115 aphid species globally (Yu et al. 2005). They include 95 

Macrosiphum euphorbiae (Thomas) and Myzus ascalonicus (Doncaster), the only other aphid 96 

species found on Marion Island, which are also invasive and occur up to much higher 97 

elevations (at least 300 m, Crafford et al. 1986; Abraham et al. 2011). 98 

 99 

Materials and methods 100 

Study area and animals 101 

Sub-Antarctic Marion Island (46°54'S, 37°45'E) (Prince Edward Island group) (Fig. 1) has an 102 

oceanic climate with a mean annual temperature of c. 6.5°C, total annual precipitation of c. 103 

1900 mm, generally high humidity, and strong winds. It has two major biomes: Tundra, 104 

which predominates in lowland areas, and Polar Desert, restricted to high elevations (c. > 650 105 

m); and six habitat complexes: Mire, Slope, Fellfield, Saltspray and Biotic in the Tundra 106 

biome, each of which can be divided into several habitats, and Polar desert in the Polar Desert 107 

biome (Gremmen and Smith 2008). 108 

 The three species of aphids known from the island tend to be most abundant in 109 

lowland areas, though they have been recorded to an elevation of 300 m (Crafford et al. 1986; 110 

Worland et al. 2010; Abraham et al. 2011). Rhopalosiphum padi is restricted to the tussock 111 

grass Poa cookii typical of the Biotic habitat complex most common below 50 m (Abraham 112 



et al. 2011). Small tussock patches associated with burrow-nesting birds may provide 113 

occasional habitat for R. padi up to ca. 100 m elevation. 114 

 115 

Abundance, distribution and impact  116 

The methods used by Lee et al. (2007) for sampling in April 2006 were repeated in April 117 

2007 and again in April 2011. Several additional sites were sampled, but some sites were not 118 

accessible for reasons of logistics and timing (see Supplementary Material Table S1 for sites 119 

sampled in each year). Quantitative surveys were undertaken at sites dominated by P. cookii.  120 

At each site, three to five, 10 x 10 m quadrats in an area dominated by the grass were selected 121 

at random and demarcated. The quadrats were separated by at least 10 m and no more than 122 

100 m. The number of quadrats varied with patch size, and only those patches in which three 123 

or more quadrats could be placed at least 10 m apart were sampled. All P. cookii tussocks 124 

within the quadrat were sampled by beating and all invertebrates collected into a sorting tray. 125 

Sampling took place on dry days to avoid the influence of weather on animal recovery, thus 126 

ensuring consistency, though abundances are probably underestimates of total numbers. In 127 

the field, individuals of all three aphid species were collected using an aspirator and stored in 128 

labelled specimen jars. In the laboratory, all aphids were identified and all R. padi individuals 129 

were preserved in 100% ethanol. Only R. padi individuals were parasitized. Thereafter, the 130 

individuals were dissected and the numbers of individuals that were parasitized or had 131 

indications of parasitoid emergence were counted. The frequency of parasitism, as a measure 132 

of impact, was calculated from the counts. Adult abundance was estimated as the number of 133 

adult wasps counted per quadrat. 134 

We compared the numbers of adult wasps among years (2006, 2007, 2011) and sites, 135 

and the interaction between them, using a generalized linear model assuming a quasipoisson 136 

distribution, to account for overdispersion, and log link function (Crawley 2013), 137 



implemented in R v. 3.0.2. The proportion of aphids parasitized was compared among years 138 

and sites, and their interaction, using a generalized model assuming a quasibinomial 139 

distribution and logit link function. In each case we searched for the minimum adequate 140 

model following Crawley’s (2013) procedure. 141 

In 2011, we also surveyed a set of 11 sites along a gradient of P. cookii patches on the 142 

east coast from c. 30 m a.s.l. to 400 m a.s.l., starting at Tom, Dick and Harry (46.89°S, 143 

037.87°E) and ending on Kerguelen Rise (46.92°S, 037.82°E) to examine the occurrence of 144 

the aphids and wasps at non-coastal sites. The aim was to verify our previous field 145 

observations which indicated no parasitism above about 50 m elevation. As described above, 146 

at each site tussock clumps were sampled by beating and collection of invertebrates into a 147 

sorting tray. Owing to the small patch sizes of P. cookii associated with burrowing petrel 148 

colonies, plot sizes were typically 1-3 m2. We found no wasps during these surveys and very 149 

few aphids, therefore no further analyses were undertaken. 150 

 151 

Physiological assessments 152 

We focussed on the adult stage for the physiological assessments because it is the dispersal 153 

stage in the species. Although the juvenile stages might also be physiologically limited (see 154 

e.g. Colinet and Hance 2010), we assumed that they would be constrained to some degree by 155 

the physiology of the host, acknowledging that parasitoids often manipulate host physiology 156 

(Hance et al. 2007). We assessed upper and lower lethal temperatures, crystallization 157 

temperature (or supercooling point) and survival of a range of humidities in the laboratory at 158 

the Marion Island research station. The small laboratory (one of several at the new research 159 

station) was maintained at ca. 10°C for the duration of the trials to minimise the exposure of 160 

the wasps to elevated temperatures. Adult wasps were collected from Macaroni Bay by 161 



beating P. cookii tussocks and aspirating adults into 50 ml plastic jars lined with a moist 162 

Plaster of Paris base. 163 

For the upper and lower lethal limit trials, immediately on return from the field 164 

(within 5 h of the collections commencing) individuals were transferred to 250 ml vials in 165 

densities of 15 to 20 individuals, checking that adults were not damaged in any way or 166 

showing signs of immobility. These vials were maintained at high humidity using a moist 167 

Plaster of Paris base, and wasps were provided with sections of P. cookii as habitat and a 168 

source of moisture (given condensation on the leaf blades). Multiple vials were then each 169 

placed at one of three temperatures (0°C, 5°C or 10°C) for acclimation, with a 12:12 L:D 170 

cycle, maintained by Sanyo MIR 154 (Osaka, Japan) controlled-temperature cabinets. 171 

Temperatures were verified using Thermochron ibutton dataloggers (Model DS 1922L; 172 

accurate to ±0.5ºC, Dallas Semiconductors, Dallas, TX, USA), and cabinets were within 0.5°C 173 

of the set temperature. After a minimum of 48 h of acclimation, which included twice daily 174 

checks on individuals and rotation of vials among shelves, experiments commenced, though 175 

no wasps were held for longer than three days. While longer periods are typically used for 176 

acclimation (Weldon et al. 2011), adult wasps are short-lived (< 11 days in one study, Reed et 177 

al. 1992; 3.5-4 days at 25°C in another, Adabi et al. 2010), and the time course of acclimation 178 

can be relatively rapid in some species (Allen et al. 2012). We elected to keep acclimations 179 

short to avoid investigation of senescing adults. 180 

Both ramping and plunge protocols were used for assessments of the survival of upper 181 

(ULT) and lower (LLT) lethal temperatures, following standard procedures (e.g. Worland et 182 

al. 1992). In all of the trials, individuals were transferred in groups of five individuals to 50 183 

ml vials, kept moist with filter paper soaked in distilled water, and these in turn were placed 184 

into a Grant LTD6 (Grant Instruments, Cambridge, UK) water bath which either maintained a 185 

constant temperature or was programmed to change the temperature at a constant rate. Five 186 



groups of 5 individuals each were assessed at each temperature (i.e. n = 5 per temperature). In 187 

the ramping protocol, temperature was either raised or lowered at 0.25°C.min-1 188 

(acknowledging that ramping rate can affect thermal tolerance assessments, Terblanche et al. 189 

2011) from a starting temperature equal to that of the acclimation temperature, to the 190 

assessment temperature, and vials held there for 1 h. Vials were then returned to the 191 

temperature-controlled cabinet at the original acclimation temperature, and the number of 192 

individuals surviving in each vial (group) was counted after 24 h. For the lower lethal 193 

temperatures, pilot trials indicated a starting temperature of -12°C for 100% survival. 194 

Assessments were made at that temperature and then at 2°C temperature intervals until 100% 195 

mortality of all groups (i.e. to -22°C). For the ramped upper lethal temperature the same 196 

protocol was followed starting at 28°C and ending at 38°C in 2°C increments. The plunge 197 

protocols adopted a similar procedure, except that vials were taken from the cabinet and 198 

placed directly into the water bath at the assessment temperature for 1 h, after which they 199 

were returned to the cabinet and survival assessed after 24 h. For every assessment 200 

temperature in each of the trials, a group of 5 individual wasps was handled in the same way, 201 

but maintained at the acclimation temperature as a control, with survival assessed after 24 h. 202 

The proportion of individuals surviving was compared among acclimation treatments 203 

for each of the four trials (ramped LLT, plunge LLT, ramped ULT, plunge ULT) using a 204 

generalized linear model assuming a binomial distribution and using a logit link function 205 

(Crawley 2013) as implemented in R v. 3.0.2. Where acclimation treatments were non-206 

significant, data were pooled. LT50 values were then calculated from the fitted models either 207 

for each acclimation treatment or the pooled data as appropriate using the MASS package in 208 

R v. 3.0.2 (as recommended by Crawley 2013). All control animals survived, so no 209 

adjustments were made to take incidental mortality into account. 210 



 For the assessments of crystallization temperature (or supercooling point, SCP), the 211 

same acclimation treatments were used. Following acclimation, individuals were attached to 212 

a 40 gauge copper-constant thermocouple wire using a tiny daub of silicon grease, and then 213 

placed into a modified 1.5 ml Eppendorf tube. The entire procedure was undertaken under a 214 

Leica M125 dissection microscope (Leica Systems, Midrand, South Africa). Eight 215 

individuals were set up simultaneously with the thermocouples connected to a Picotech PC-216 

08 datalogger (Pico Technology, St Neots, UK), in turn connected to a desktop computer, set 217 

to read at 1 Hz. The group of tubes was then transferred to a plastic bag, placed into the Grant 218 

water bath and the temperature lowered at 0.25°C.min-1 from a starting temperature equal to 219 

the group’s acclimation temperature. The SCP was taken as the temperature immediately 220 

preceding the latent heat of crystallization. In total, 153 individual SCP measurements were 221 

made with n > 38 for each acclimation temperature. After assessment, all individuals were 222 

examined for survival. The effect of acclimation temperature on SCP was examined using a 223 

generalized linear model assuming a normal distribution and using an identity link function. 224 

Prior to assessment a single outlier was removed from the data following initial assessments 225 

of the assumptions of the model.  226 

 The desiccation trials (following standard procedures, see e.g. Kellermann et al. 2012) 227 

consisted of exposure of individuals to humidities of 0, 50, 75 and 100%, following 228 

acclimation, as above. Individuals were transferred to 250 ml vials on return to the laboratory 229 

and held for the acclimation period in these vials in humid conditions (maintained as above). 230 

Individuals were then transferred to 5 ml vials at one of the experimental humidities 231 

(obtained using silica gel, magnesium nitrate or sodium chloride solutions, or distilled water; 232 

with individuals separated by gauze from the solutions/silica gel), maintained at the 233 

acclimation temperature, and arranged so that survival could be inspected rapidly without 234 

opening the inner glass door of the cabinet. Individuals were checked for survival every hour 235 



for the first 24 h and then at 6 h intervals thereafter. The time period immediately preceding 236 

death was taken as the duration of survival (h). Twenty individuals were assessed for each of 237 

the 12 humidity x temperature treatments. The effects of humidity and temperature on 238 

survival were assessed using a generalized model assuming a quasipoisson distribution and 239 

log link function, as implemented in R v. 3.0.2, and following Crawley’s (2013) minimum 240 

adequate model procedure.   241 

 242 

Results 243 

Abundance, distribution and impact  244 

Over the five years between 2006 and 2011, A. matricariae increased its range from a 245 

predominantly east coast distribution to all coastal sites around the island (Fig. 2a, 246 

Supplementary Material Table S1), though no wasps were found above 50 m elevation. 247 

While adult abundance varied among sites and years, as indicated by the significant 248 

interaction term in the generalized linear model (Table 1), mean abundance increased with 249 

each year (2006: 3.0 ± 0.7 (48); 2007: 3.5 ± 0.5 (55); 2011: 8.2 ± 1.3 (55), mean ± s.e. (n) 250 

adults per quadrat). By 2011 adult wasps were on average more than twice as abundant as 251 

they had been in previous years. The impact on R. padi also increased significantly over the 252 

five-year period (Table 2), with some sites, such as on the coast close to Repetto’s Hill, 253 

changing from no parasitism to close to one third of the sampled population of aphids 254 

parasitized (Fig. 2b, Supplementary Table S1). On average, the percentage of aphids 255 

parasitized increased more than four times over the period ((2006: 7.0 ± 1.0 (48); 2007: 6.1 ± 256 

0.6 (55); 2011: 30.1 ± 1.5 (55), mean ± s.e. (n)). Abundance of R. padi at each 10 x 10 m plot 257 

decreased significantly (F(2,155) = 34.2, p < 0.0001, quasipoisson model) from an average of 258 

186 ± 14 individuals (mean ± s.e.) per plot in 2006, to 145 ± 5 individuals in 2007, to 92 ± 5 259 

individuals in 2011. 260 



 261 

Physiological assessments 262 

In both the ramp and plunge protocol assessments of lower lethal temperature (LLT), 263 

acclimation tended to have a significant effect on LLT, though that effect was small within 264 

each of the experiments (ca. 1°C) (Table 3). LLT50 varied between -15.2°C and -18.2°C. For 265 

the upper lethal temperatures (ULT), acclimation had a small (ca. 2°C) and significant effect 266 

in the ramped protocol, but no effect in the plunge protocol (Table 4). ULT50s varied 267 

between 32.0°C and 33.8°C. 268 

 Crystallization temperature was unaffected by acclimation (GLM, p = 0.62), with a 269 

mean (± s.e.) across the pooled data of -22.9 ± 3.5°C. All individuals died after they had 270 

frozen. The mean SCP value is lower than the range of LLT50s, suggesting that there may be 271 

some pre-freeze mortality in the adults.  272 

Both temperature and humidity had significant effects on adult survival time (Table 273 

5), with the shortest duration being 37.2 ± 1.4 h (mean ± s.e.) at 0% relative humidity and 274 

10°C, and the longest 235.5 ± 14.7 h (mean ± s.e.) at 100% humidity and 5°C (Fig. 3) 275 

 276 

Discussion 277 

Aphidius matricariae was first detected on the east coast of Marion Island in April 2003 278 

during one of the regular, virtually annual surveys for non-indigenous insect species 279 

undertaken since the late 1980s (but largely discontinued after 2011), with a colonization date 280 

estimated somewhere between April 2001 and April 2003 (Lee et al. 2007). Although a single 281 

individual was found during the initial detection at Goodhope Bay on the south coast of the 282 

island, a systematic survey in April 2006 revealed no individuals between Kildalkey Bay in 283 

the south-east and Mixed Pickle Cove in the north-west. By 2011, the situation had changed 284 

completely. Wasps were found in abundance around the coastal fringe of the island, where 285 



both the host aphid R. padi, and its main host P. cookii are abundant (Crafford et al. 1986; 286 

Gremmen and Smith 2008; Abraham et al. 2011). Assuming that the wasp colonized 287 

Macaroni Bay first, from the resupply vessel in April 2001 (Lee et al. 2007), that it was 288 

unable to traverse the island’s higher elevations (up to 1270 m) owing to dry conditions (see 289 

below) and a prevailing north-westerly wind (Chown and Froneman 2008), so having to 290 

travel along the coastal margin between P. cookii habitats, and that the northward and 291 

southward colonization proceeded simultaneously from Macaroni Bay, the rate of expansion 292 

amounts to about 3-5 km/year-1. This range is similar to that found for other invasive 293 

invertebrates in the region (Chevrier et al. 1997; Brandjes et al. 1999). It is also well within 294 

that found for other alien parasitic Hymenoptera (e.g. 1.4-21.4 km/year-1, Schönrogge et al. 295 

2012), acknowledging that more sophisticated methods for estimating range expansion (e.g. 296 

Preuss et al. 2014), rather than linear estimations, might result in some variation about this 297 

number. 298 

 Not only has the distribution of the wasp increased, but its local abundance has too at 299 

many sites, especially those on the east coast. For example, in the extensive tussock 300 

grasslands found at Kildalkey Bay, mean adult abundance was 1.6 ± 0.4 individuals per 301 

quadrat (mean ± s.e.) in 2006 and by 2011 had increased to 25 ± 7 individuals per quadrat. 302 

Although some seasonal and interannual variation in abundance might be expected of any 303 

insect species given the influence of weather on insect population dynamics (Kingsolver 304 

1989) adult abundance has increased substantially across most sites, from ca. 2.9 to 8.2 adults 305 

per plot on average. Given the sampling was undertaken at the same time of year in an area 306 

where climatic variation on annual scales is not profound (Chown and Froneman 2008) there 307 

is a strong indication that the wasp is expanding its distribution and abundance on the island. 308 

The apparent increase in range between 2006 and 2007, accompanied by a substantial 309 

increase in abundance on average, accords well with models suggesting that range expansion 310 



is characterized by a simultaneous increase in occupancy and abundance at occupied sites 311 

(Gaston 2003). 312 

 Impact, as measured by the percentage parasitism also increased from similarly low 313 

levels in 2006 and 2007 (ca. 6-7% on average across all sites) to much higher levels in 2011 314 

(30% on average). Although this measure of impact is not independent of wasp abundance, 315 

the perspective is one of the likely influence on the population dynamics of the host R. padi, 316 

and the future of this interaction on the island. Until the arrival of A. matricariae on Marion 317 

Island, no species were known to parasitize this invasive aphid species (or indeed either of 318 

the other two aphid species on the island) (Crafford et al. 1986), and predation had not been 319 

recorded except, unusually, by the invasive house mouse (Smith et al. 2002), the impact of 320 

which on aphid populations was not estimated. The arrival of the wasp has likely started to 321 

change the dynamics of the R. padi population, and will probably do so substantially in 322 

future, given the current levels of parasitism and our census data which indicates that its 323 

abundance has declined by about half between 2006 and 2011 in the sites investigated. 324 

 The timescale of the geographic range expansion and increase in abundance of the 325 

parasitoid and rise in impact on its aphid host provides an important window into the 326 

dynamics of an agent frequently employed for biological control (e.g. Adabi et al. 2010; 327 

Boivin et al. 2012). The accidental introduction of the parasitoid to Marion Island makes the 328 

event different from a mass biological control release, especially given that the accidental 329 

introduction was likely of a few individuals only (Lee et al. 2007). Nonetheless, the rate of 330 

expansion and growth of impact of the parasitoid on Marion Island may be of interest to 331 

biological control practitioners. The dynamics of A. matricariae on Marion Island are much 332 

slower than intentional releases of tropical biological control agents such as the mymarid egg 333 

parasitoid of the glassy-winged sharpshooter in French Polynesia (Grandgirard et al. 2008; 334 



Petit et al. 2008). By contrast, rates of spread are similar to those found for other biocontrol 335 

agents in temperate situations (e.g. Goldson et al. 1999; Langhof et al. 2005).  336 

The current findings are important from a conservation perspective especially because 337 

it has been suggested that climate change will have a positive effect on aphid populations in 338 

the sub-Antarctic, which in turn are major vectors of disease (Hullé et al. 2003; Lebouvier et 339 

al. 2011). Whether increasing levels of parasitism will also provide selection for the wasp to 340 

switch to the other aphid species on the island is unknown, but seems unlikely (see e.g. 341 

Hufbauer and Roderick 2005; Thrall et al. 2011 for discussion). The restriction of the wasp to 342 

R. padi on Marion Island is thought to be a consequence of the introduction of a restricted 343 

range of genotypes (Lee et al. 2007), but no comprehensive evidence exists for the reasons 344 

for this restriction. Nonetheless, surveys for host switching would be useful and might 345 

provide an elegant model for evolution in the sub-Antarctic, albeit between invasive species. 346 

 Given the current distribution of the species and the high parasitism rates of its host, 347 

we also sought to determine whether temperature or water balance-related restrictions might 348 

exist to the distribution of the adults. Thermal tolerance ranges of the adult wasps are well 349 

within the limits of microclimate temperatures recorded from sea level to 800 m between 350 

2002 and 2003 (absolute minimum of -12.0°C at 800 m elevation to absolute maximum of 351 

30.0°C at 500 m elevation, Deere et al. 2006), and previously over summer in a Poa cookii 352 

tussock (-0.2°C to 28.0°C, Chown and Crafford 1992). The short-term acclimation trials we 353 

undertook had a limited effect on these thermal tolerances, perhaps unsurprising for such a 354 

short-lived stage. Nonetheless, the freezing avoidance strategy of the adults, with some pre-355 

freeze mortality, is similar to that of many other parasitoids (Hance et al. 2007). These 356 

outcomes are also in keeping with the considerable chill tolerance of the pre-adult stages of 357 

the species (Colinet and Hance 2010). Desiccation tolerance was also limited, with survival 358 

of 37 h under the driest, warmest conditions. Indeed, it is these conditions that may prove 359 



most limiting for the adults, given that the high winds typical of the island (le Roux 2008) 360 

mean little boundary layer and therefore dry conditions for insects on the island, generally, 361 

despite its high rainfall (see Klok and Chown 1998 for a comprehensive discussion of this 362 

situation especially in Poa cookii tussocks). Nonetheless, given that humid days are common 363 

and a likely abundance of microclimate refugia (see Lee et al. 2009), adults are probably not 364 

severely limited in their potential for dispersal on the island. 365 

 What the situation might be for the immature stages was not assessed, but the mean 366 

lower temperature limit (LT50) of field-collected individuals of its host R. padi on Marion 367 

Island is -9.6°C, with a median crystallization temperature of -26.8°C (Worland et al. 2010). 368 

Moreover, pre-adult stages of the wasp are highly chill tolerant (Colinet and Hance 2010). 369 

Upper limits have not been investigated on the island, but elsewhere they are in the region of 370 

38°C for total mortality (Finlay and Luck 2011). Although the immature parasitoids might be 371 

capable of altering host physiology (Hance et al. 2007), even in the absence of doing so, the 372 

thermal tolerance limits of the host extend beyond temperature extremes found at lower 373 

elevations on Marion Island (see above, Chown and Crafford 1992, Deere et al. 2006). By 374 

contrast, what likely limits the presence of both the aphid, and therefore A. matricariae, is a 375 

prolonged development time and low intrinsic rate of increase at low temperature (Zamani et 376 

al. 2007; Finlay and Luck 2011). Rising temperatures at Marion Island (le Roux and 377 

McGeoch 2008) and what is known of the biology of R. padi (reviewed in Finlay and Luck 378 

2011) suggest that the aphid, and presumably therefore the parasitoid, are likely to increase 379 

their elevational range from being mostly coastal to more common further inland. Certainly 380 

the upper elevational range of P. cookii has been increasing in step with climate change at the 381 

island (le Roux and McGeoch 2008). 382 

 In summary, our data show not only that A. matricariae has spread to suitable coastal 383 

sites around the island within a decade, but also that its current distribution limits are most 384 



likely set by host occurrence (currently below about 100 m elevation) and the limits of the 385 

predominant host plant of R. padi. Moreover, these limits are likely to expand in the future as 386 

the island’s climate continues to warm, a situation forecast for other invertebrates in the 387 

region, including aphids (Chevrier et al. 1997, Convey and Lebouvier 2009, Lebouvier et al. 388 

2011). What the consequences will be of the increase in impact on R. padi are not clear, but 389 

given mounting interest in the threats posed by and eradication of alien species in the 390 

Antarctic region (Shaw 2013; Chown et al. 2015), the outcome of the new association (for the 391 

island anyway) will be of considerable management interest. More generally, the message 392 

from this colonization, establishment and spread is clear for the sub-Antarctic. Once an alien 393 

insect species has arrived and established, the probability of it spreading rapidly may be high, 394 

further emphasizing the need for rigorously applied initial quarantine procedures (see also 395 

Simberloff et al. 2013). 396 
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  577 



Table 1 Outcome of a generalized linear model (quasipoisson errors, log link) of the 578 

influence of year, site and their interaction on the abundance of adult Aphidius matricariae on 579 

Marion Island across samples taken in 2006, 2007 and 2011 (means and errors provided in 580 

Supplementary Table S1) 581 

 582 

 df Deviance Residual 

deviance 

F p 

Year 2, 155 172.06 909.37 24.75 < 0.0001 

Site 13, 142 315.22 594.15 6.98 < 0.0001 

Year x Site 19, 123 169.36 424.79 2.56 0.001 

 583 

 584 

 585 

  586 



Table 2 Outcome of a generalized linear model (quasibinomial errors, logit link) of the 587 

influence of year, site and their interaction on the proportion of parasitized Rhopalosiphum 588 

padi aphids on Marion Island across samples taken in 2006, 2007 and 2011 (means and errors 589 

provided in Supplementary Table S1) 590 

 591 

 df Deviance Residual 

deviance 

F p 

Year 2, 155 1631.07 1210.96 330.55 < 0.0001 

Site 13, 142 451.15 759.81 14.07 < 0.0001 

Year x Site 19, 123 450.11 309.71 9.6 < 0.0001 

 592 

 593 

  594 



Table 3 Minimum adequate generalized linear model (binomial errors, logit link) examining 595 

the effect of acclimation and treatment temperature on the proportion of Aphidius matricariae 596 

surviving either a ramped or plunge lower lethal temperature survival trial. Lower Lethal 597 

Temperature 50 (LLT50) values are given for each trial and acclimation group 598 

 599 

Model/Factor z p 

Ramped lower lethal temperature   

Intercept 10.98 < 0.0001 

Acclimation at 5°C 1.07 0.283 

Acclimation at 10°C 2.65 0.008 

Treatment temperature 11.21 < 0.0001 

Residual deviance/df = 60.8/86   

Plunge lower lethal temperature   

Intercept 10.71 < 0.0001 

Acclimation at 5°C 2.1 0.0358 

Acclimation at 10°C 1.2 0.223 

Treatment temperature 11.3 < 0.0001 

Residual deviance/df = 147.18/86   

LLT50 values (± s.e.) Ramp Plunge 

0° Acclimation -16.9 ± 0.29 -15.2 ± 0.44 

5°C Acclimation -17.4 ± 0.31 -16.4 ± 0.33 

10°C Acclimation -18.2 ± 0.35 -16.0 ± 0.35 

 600 

 601 



Table 4 Minimum adequate generalized linear model (binomial errors, logit link) examining 602 

the effect of acclimation and treatment temperature on the proportion of Aphidius matricariae 603 

surviving either a ramped or plunge upper lethal temperature survival trial. Upper Lethal 604 

Temperature 50 (ULT50) values are given for each trial and acclimation group, except for the 605 

plunge protocol, where no difference between acclimation groups was found* 606 

 607 

Model/Factor z p 

Ramped upper lethal temperature   

Intercept 5.44 < 0.0001 

Acclimation at 5°C -1.94 0.052 

Acclimation at 10°C -1.79 0.073 

Treatment temperature -5.44 < 0.0001 

5°C Acclim. x treatment temp. 2.09 0.037 

10°C Acclim. x treatment temp. 1.98 0.047 

Residual deviance/df = 51.9/84   

Plunge upper lethal temperature   

Intercept 10.26 < 0.0001 

Acclimation at 5°C 0.59 0.558 

Acclimation at 10°C 1.55 0.121 

Treatment temperature -10.29 < 0.0001 

Residual deviance/df = 79.2/71   

ULT50 values (± s.e.) Ramp Plunge*  

0° Acclimation 32.0 ± 0.25 32.8 ± 0.17 

5°C Acclimation 33.4 ± 0.33  

10°C Acclimation 33.8 ± 0.33  



Table 5 Outcome of a generalized linear model (quasipoisson errors, log link) of the 608 

influence of temperature, humidity and their interaction on the survival time of adult Aphidius 609 

matricariae exposed to a variety of temperatures and humidities 610 

 611 

 df Deviance Residual deviance F p 

Temperature 2, 237 1100.9 7590.7 52.3 < 0.0001 

Humidity 3, 234 5103.8 2486.9 161.7 < 0.0001 

Temperature x 

humidity 

6, 228 118.8 2368.1 1.8 0.09 

 612 

 613 

  614 



Figure legends 615 

 616 

Fig. 1 Digital elevation model of Marion Island with major sampling localities and the 617 

research station indicated by name. The inset shows the location of Marion Island, part of the 618 

Prince Edward Island group, in the Southern Ocean setting. 619 

 620 

Fig. 2 (a) Mean number of adult Aphidius matricariae wasps found at each site on Marion 621 

Island; (b) Mean number of Rhopalosiphum padi individuals and the proportion parasitized 622 

(indicated by circle fill) at each site around the island. Notice the decline in aphid abundance 623 

and increase in parasitism between 2006 and 2011. Where sites are in close proximity, circles 624 

represent the average across both (summary data available in Supplementary Material Table 625 

S1). 626 

 627 

Fig. 3 The effect of temperature and humidity (Humid) on the survival time of adult Aphidius 628 

matricariae (summary data are available in Supplementary Material Table S2). 629 

 630 

 631 








