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Biological control of pests continues to become more important in agriculture

as pesticides are being withdrawn. However, successful control can be

compromised by contemporary evolution. Recent work in New Zealand has

shown that the once-successful biological control programme of the sexually

reproducing grassland weevil pest Listronotus bonariensis by the asexual

parasitoid Microctonus hyperodae has now failed. To explain the mechanisms

associated with this, weevil parasitism rates were intensively monitored

between 1994 and 2019. Frequent sampling took place at widely dispersed

New Zealand sites spanning the warmer northern regions to the cooler south.

Based on elapsed heat accumulation above the parasitoid’s development

temperature threshold of 10.2◦C degree-day (DD), the results over c. 25 years

indicated that the extent of parasitism decline at a given location was

directly related to the accumulated DD. The latter, in turn, was taken to be

indicative of parasitoid activity and selection pressure. Accordingly, laboratory

microcosm experiments measuring the response of weevils collected from

the North–South distribution to a common population of parasitoids showed

that the weevils from the warmer northern region showed higher rates of

avoidance of the searching parasitoids than those from the cooler south.

This strongly supported the hypothesis that the weevil resistance mechanism

is related to levels of parasitoid avoidance behaviour arising from long-

term parasitoid selection pressure. This study of the behaviourally based

acquisition of resistance to a biological control agent illustrates a general

need to consider the potential capability of an exotic target host to develop

resistance to imported biological control agents. This includes identifying

existing host adaptations that selection pressure could potentially act upon

that may compromise otherwise successful biological control programmes.

Such a requirement points to the need for long-term monitoring of biological

control systems and understanding of parasitoid/host dynamics.

KEYWORDS

Argentine stem weevil, avoidance behaviour, biological control, contemporary
evolution, Listronotus,Microctonus, parasitoid, resistance

Frontiers in Ecology and Evolution 01 frontiersin.org

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2022.923248
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2022.923248&domain=pdf&date_stamp=2022-08-18
mailto:stephen.goldson@agresearch.co.nz
https://doi.org/10.3389/fevo.2022.923248
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fevo.2022.923248/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-923248 August 18, 2022 Time: 12:12 # 2

Shields et al. 10.3389/fevo.2022.923248

Introduction

This contribution refers to the ecology of the Argentine
stem weevil, Listronotus bonariensis Kuschel (Coleoptera:
Curculionidae; referred to hereafter as L. bonariensis or “the
weevil”) and its response to the parthenogenetic parasitoid
Microctonus hyperodae Loan (Hymenoptera: Braconidae;
referred to hereafter as M. hyperodae or “the parasitoid”). The
weevil is a particularly severe pest of New Zealand pasture
grasses, causing c. $160M per annum damage to farming
(Ferguson et al., 2019). The parasitoid was introduced into
New Zealand in 1991 (Goldson et al., 1993) as an agent against
the weevil, and it rapidly became effective, with parasitism
rates averaging over 70% in the 1990s, but occasionally
peaking at >90% (e.g., Goldson et al., 1998; Barker, 2013).
An exception to this has been in southern New Zealand,
where parasitism remained at c. 10–15% (Ferguson et al.,
1997). While the beneficial effects of this biological control
initiative were apparent (e.g., Goldson et al., 2011; Barker, 2013;
Ferguson et al., 2019), Tomasetto et al. (2017) subsequently
presented clear evidence that after c.14 weevil generations
(7 years), national parasitism rates had declined by 44% with
a consequent lack of weevil suppression (Popay et al., 2011).
This was attributed to contemporary resistance by the weevil to
the parasitoid (Goldson and Tomasetto, 2016; Tomasetto et al.,
2017).

This paper explores the mechanism behind this first-
documented example of an insect pest species hypothesised to
have become resistant to its biological control agent (Goldson
et al., 2014a; Mills, 2017; Pennisi, 2017; Tomasetto et al.,
2017). The rareness of this event is quite different from the
relatively common acquisition of pest resistance to insecticides
(Sparks and Nauen, 2015). Possible reasons for the apparent
ecological stability of biological control suppression elsewhere
may include that biological control agents can co-evolve with
a pest and thereby counteract resistance developing in the
latter (Henter, 1995; Henter and Via, 1995). Furthermore,
should a pest develop resistance to a control agent, it may
not persist in a population because of the imposition of
metabolic or other adaptive costs (e.g., Kraaijeveld and Godfray,
1997). Also, pest susceptibility to biological control agents
can be maintained through either the presence of spatial
(e.g., Hanski, 1981) or temporal refuges (e.g., Godfray et al.,
1994). Finally, diverse agroecosystems may stabilise biological
control by virtue of a wide range of natural-enemy guilds
that collectively contribute to pest suppression (Tylianakis and
Romo, 2010). Irrespective, it is now apparent that resistance
to insect biological control agents can occur given the right
circumstances. Although not an importation biological control
programme per se, Pascoal et al. (2014, 2020) presented clear
evidence of the contemporary evolution of an orthopteran
host against its dipteran parasitoid in Hawaii. Considering
the resistance of L. bonariensis to M. hyperodae, Goldson

et al. (2014a,b) contended that the sexually reproducing weevil
has greater adaptive capacity than the clonal M. hyperodae,
resulting in an uneven evolutionary arms race (e.g., Mills,
2017). Subsequent modelling by Casanovas et al. (2018) has
strongly supported this hypothesis. Furthermore, Goldson
et al. (2014a, 2020) have also noted that the dearth of
natural enemy complexity in New Zealand’s species-poor exotic
pastoral ecosystems has probably also contributed to the
appearance of resistance.

While the decline of L. bonariensis parasitism is now
well-documented (e.g., Goldson et al., 2014a,b, 2015, 2020;
Goldson and Tomasetto, 2016; Tomasetto et al., 2017, 2018a,b;
Casanovas et al., 2018), the mechanism behind this is less
certain. Goldson et al. (2014b) speculated that parasitoid-
exerted selection had enhanced weevil avoidance behaviours,
leading to the reductions in parasitism. This idea was
subsequently supported by Tomasetto et al. (2018a), who
showed that the parasitoid’s searching efficiency had declined
significantly between 1993 and 2018, implying increased
avoidance behaviour by L. bonariensis. At the same time,
ongoing research has revealed no other definitive factors that
might singularly contribute to parasitism decline (Goldson
et al., 2015, 2022), such as the occurrence of defensive bacterial
endosymbionts (White et al., 2015).

This contribution further investigates the hypothesis that
the mechanism for reduced parasitism of L. bonariensis is
behaviourally based and that selection pressure for this effect
is directly related to accumulated heat above the parasitoid’s
development temperature threshold of 10.2◦C.

Materials and methods

Background

New Zealand’s montane geography has a North–South
orientation, with the bulk of its farmed landmass extending
from c. 35.4oS to c. 46.0oS (therefore being c. 1,150 km long).
Usefully, for the purposes of ecological experimentation, this
offers a range of largely maritime climates extending from the
almost subtropical climate in the North to the cool temperate
climate in the South.

This study refers to three broad New Zealand regions.
For the purposes of this contribution, these are referred to as
the Northern, Central, and Southern Regions. Within these,
specific localities are referred to and are at least 80 km
apart. In the Northern Region, these localities are Ruakura
(37◦46′19.4′′S 175◦18′29.0′′E) and Wellsford (36◦14′14.1′′S
174◦30′48.7′′E); in the Central Region, the locality is Lincoln
(43◦37′49.2′′S 172◦28′16.8′′E); and in the Southern Region,
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the localities are Invermay (45◦51′31.4′′S 170◦23′14.5′′) and
Waipiata (45◦10′34.9′′S 170◦09′23.1′′E). The use of these
different localities within the regions was partly to ensure that
there were no outlier locality biases. The Central Region data
collection was focussed on the Lincoln locality and constituted
the most thorough sampling regime in the country. The areas
within each locality, where the collection of L. bonariensis
and later M. hyperodae populations were made, were usually
within 30 km of the coordinates listed above. These areas were
intensively and repeatedly sampled in both space and time.

Collating data on Listronotus
bonariensis parasitism rates

Stable diapausing L. bonariensis field parasitism rate data
(Goldson, 1981; Goldson et al., 1993) were extracted from
both published (Ferguson et al., 1997; Barker, 2013; Goldson
et al., 2014a; Phillips and Kean, 2017; Tomasetto et al.,
2017) and unpublished records (AgResearch). These data
were collected from the Northern Region (Locality: Ruakura),
Central Region (Locality: Lincoln), and the Southern Region
(Locality: Invermay). Notably, Ruakura, Lincoln, and Invermay
are the localities where major AgResearch science centres are
located. The L. bonariensis field parasitism data were collected
intensively between 1994 and 2000, between 2011 and 2019, and
sporadically between 2000 and 2011.

By 2000, analysis and understanding of the parasitoid
biology, ecology and impacts had been well researched in
all three regions. Thereafter, sampling intensity decreased
markedly until 2011, when there was evidence of parasitism
decline (Popay et al., 2011). Sampling for diapausing parasitism
rates ranged from May to August in the Northern Region
(Locality: Ruakura) and from May to September in the Central
(Locality: Lincoln) and Southern Regions (Locality: Invermay).
Parasitism rates were determined by dissection based on >14
weevils per sample.

Calculation of Microctonus hyperodae
heat accumulation above the
development temperature threshold

In considering the effects of regional temperature
differences on the biology of M. hyperodae, extensive use was
made of rates of heat accumulation. Between November to June
inclusively, regional maximum and minimum air temperature
data from 1993 to 2018 were collected (NIWA, 2019) when the
adult parasitoids were active (i.e., non-diapausing; Phillips and
Kean, 2017). Using these data, degree-day (DD) accumulation
above the parasitoid’s development threshold of 10.2◦C (Barlow
et al., 1994) was calculated using the “4-step,” or “trapezoidal”
approximation as described by Barlow et al. (1994).

Overall experimental conditions

The behavioural studies comprised two experiments
involving early and late season L. bonariensis collected from
different regions and localities. The intention was to see if the
weevils from these places responded differently to the presence
of the parasitoids. Both experiments were based on a common
design, as mentioned below.

The experiments were maintained at 23◦C, 60% humidity
under a 16:8 light:dark photoperiod using a randomised
block design. The weevils were starved for 3 days before the
experiment but were provided with water-soaked dental wicks.
The replicated arenas consisted of an upper part of a transparent
polyvinyl chloride jar (230 mm× 12 mm× 8 mm), embedded in
a-165 mm diameter plant pot containing moistened pasteurised
soil collected from Lincoln pasture. The top of each jar
was fitted with 0.1 mm mesh for ventilation, and the lower
internal walls had a band of polytetrafluoroethylene applied
to prevent the weevils from climbing up. Within 24 h of
the experiments starting, 4-week-old nil-endophyte diploid
perennial ryegrass Lolium perenne L. plants were embedded
in the pots, and each plant was cropped to 150 mm and
comprised 7–10 tillers. On the day of the experiments, 2 h
before the onset of darkness, 10 weevils from each of the
test regions and localities were added to the appropriate
treatment jars. Ninety minutes later, a single parasitoid was also
added to the parasitoid-present treatments; the controls had
no such addition.

To obtain the parasitoids, field-collected weevils from
Lincoln were maintained at room temperature pending
prepupal M. hyperodae larvae emergence. After parasitism
pupation and eclosion, the adults were kept in Petri dishes with
dental wicks soaked with 10% honey-water (Phillips et al., 1996;
Goldson and Tomasetto, 2016). In all experiments, the Lincoln
parasitoids were ≤5 days old.

Once established, the following behavioural parameters
were measured:

On-plant presence: This was measured as the total number
of weevils on the plant. The on-plant population was taken to
be at risk of parasitism, whereas the remainder were presumed
less susceptible because they were often stationary or semi-
buried in the soil.

Feeding: These weevils were characterised as having
their heads down and their rostrums in contact with
the plant. This configuration resulted in the abdomen
being slanted upward, thereby exposing their inter-sternite
membranes and anus to attack. In this position, the weevils
are considered to be highly vulnerable (Phillips, 2002).
Such weevil feeding behaviour was a subset of their on-
plant presence.

These observations commenced at the onset of darkness
and were conducted systematically during four consecutive 40–
60 min observation periods using a red light.
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Response of early season weevils

The L. bonariensis populations for the early season
experiment were collected from the Northern Region (Locality:
Ruakura) on 8 January 2018, the Central Region (Locality:
Lincoln) on 8 January 2018, and the Southern Region
(Locality: Invermay) on 13 February 2018. These collections
were made during the mass emergence of first summer
generation adult weevils (late December to early February)
when parasitism rates were low (Goldson et al., 1998; Phillips
and Kean, 2017). Before the experiment, these weevils were
maintained in cages for c. 3 weeks (in order to purge
any parasitoids present), to which bouquets of nil-endophyte
tetraploid Lolium multiflorum Lam. were added as food twice
a week. As per the design, the parasitoids for the early
season experiment were obtained from parasitised weevils
collected in the Central Region (Locality: Lincoln) on 8
January and supplemented parasitoids from other weevils,
again collected from the Central Region (Locality: Lincoln)
in late February and early March 2018 when parasitism rates
were relatively high (Goldson et al., 2011; Phillips and Kean,
2017).

The experiment was conducted in the abiotic conditions
described above and comprised a randomised block design
consisting of six treatments, viz. the three weevil populations
being tested were collected from the Northern Region
(Locality: Ruakura), the Central Region (Locality: Lincoln),
and the Southern Region (Locality: Invermay). These were
subjected to either the presence or absence (control) of the
parasitoids. For reasons of space and parasitoid availability,
the first six blocks were established on 9 March and
the remaining five blocks on 23 March. Observational
data (as above) were collected on the same dates as the
blocks’ establishment.

Response of late season weevils

The L. bonariensis populations for the late-season
weevil experiment were collected from the Northern
Region (Localities: Ruakura and Wellsford) on 19 April
2018 and the Southern Region (Locality: Waipiata) on
26 April 2018. These autumnal collections were made
after the onset of diapause when parasitism rates were
moderate (Goldson et al., 1998; Phillips and Kean, 2017).
Before the experiment, the weevils were maintained
in cages for up to 21 days, to which bouquets of nil-
endophyte tetraploid L. multiflorum Lam. were added
as food two times a week. The parasitoids for the late-
season weevil experiment were obtained from weevils
collected from the Central Region (Locality: Lincoln) in
early March 2018.

The experiment was conducted in the same abiotic
conditions as described above. For reasons of space and
parasitoid availability, the first six blocks were established
on 30 April, the next six blocks on 4 May and the
last six blocks on 10 May 2018. Observational data (as
above) were collected on the same dates as the blocks’
establishment.

Statistical analysis

Analyses of the field parasitism rates and accumulated DD
calculations across the three regions were conducted using
SAS version 9.4 (SAS Institute Inc, 2018). The parasitism rate
data were analysed using an analysis of variance (ANOVA)
and comprised two factors, these are the regional parasitism
rates and the two sampling periods (i.e., 1994–2000 or 2011–
2019). A comparison of accumulated DD across the three
regions during the period of M. hyperodae activity (non-
diapause) was conducted using ANOVA with locality as
the only factor.

Behavioural analysis was based on two variables, the
percentage of L. bonariensis showing “on-plant presence” and
“feeding” (out of the 10 weevils in each replicate). The data
were first analysed using R version 3.6.3 (R Core Team,
2018) with a generalised linear mixed-effects model with a
penalised quasi-likelihood estimation (GLMMPQL) to indicate
overall behavioural trends. The GLMMPQL was applied to
all data collected in all four observation periods in each
behavioural experiment and correlation was modelled based
on observations first-order autoregressive random effects.
The fixed effects of the GLMMPQL were sampling regions,
present/absent parasitoid, and their interaction using binomial
distributions through a logit link function. The GLMMPQL
analysis was conducted using the glmmPQL function in
the R package MASS (Venables and Ripley, 2002). Next,
behavioural responses over time were investigated by fitting
a Generalised Linear Model (GLM) with a binomial error
term using GenStat Release 20.1 (VSN International, 2019). All
GLM assumptions were met. Model terms were replicated (a
blocking factor) by sampling locality, plus/minus parasitoid,
and their interaction. A (log-odds) “logit” “link function”
was specified, and the “dispersion parameter” was estimated
rather than fixed. Each GLM gave a “prediction” of the
six means and estimated a least significant difference (LSD)
at P < 0.05 for comparing each of the 6C2 = 15 pairs
of means; these LSDs were relatively small for comparing
two small means, large for comparing two large means and
intermediate for comparing a small and large mean. A GLM
was independently fitted for each of the two behaviours
in each of the four observation periods in the early and
season experiments.
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Results

Temporal and spatial comparisons of
Listronotus bonariensis parasitism rates

Significance of overwintering parasitism rate
declines across the regions

During the 1994–2000 period, mean weevil parasitism
rates when in diapause were significantly different amongst all
regions, and thereafter, the extent of parasitism decline that
occurred from 2011 to 2019 also varied greatly amongst the
regions (Figure 1).

In the Northern Region (Locality: Ruakua), in 1994–
2000 period, the mean parasitism rate was 70.4% ± 2.4%
[mean ± standard error (SE)] but reduced to 13.7% ± 2.0%
(mean ± SE) in the 2011–2019 period [t = 16.6, degrees
of freedom (df) = 214, P < 0.001] (Figure 1). Likewise,
in the Central Region (Locality: Lincoln), during the 1994–
2000 period, the mean parasitism rate was 61.6% ± 2.2%
(mean ± SE) but reduced to 32.0% ± 2.1% (mean ± SE) in
the 2011–2019 period (t = 10.5, df = 214, P < 0.001; Figure 1).
In the Southern region (Locality: Invermay), there were no
significant changes in the parasitism rates between the 1994–
2000 and 2011–2019 periods (t = 0.1, df = 214, P > 0.05;
Figure 1).

Comparison of the extent of parasitism rate
decline across the regions

In the Northern Region (Locality: Ruakua), the extent of
parasitism decline was significantly greater (56.6%± 3.4%) than
that in the Central Region (Locality: Lincoln; 29.6% ± 2.8%)
and the Southern Region (Locality: Invermay; 1.1% ± 10.6%;
t = 6.1 and 5.0, respectively, df = 214, P < 0.001 for
both). Furthermore, the extent of the Central Region (Locality:
Lincoln) decline (56.6% ± 3.4%) was significantly greater
than that of the Southern Region (Locality: Invermay)
decline (1.1% ± 10.6%; t = 2.6, df = 214, P < 0.01;
Figure 1).

Degree-days above the Microctonus
hyperodae 10.2◦C development
threshold at the three study locations:
November–June 1993–2019

Measured between 1993 and 2018, the rate of November–
June DD heat accumulation per 24 h period above the
M. hyperodae 10.2◦C development threshold was significantly
different between the regions (t ≥ 9.4, df = 75, P < 0.001;
Figure 2). The results followed a latitudinal gradient with the
Northern Region (Locality: Ruakura) having the highest mean
DD accumulation at (5.442 DD ± 0.133 DD; mean ± SE)

followed by Central Region (Locality: Lincoln; 3.268 DD± 0.106
DD) and the Southern Region (Locality: Invermay; 1.761
DD± 0.097 DD; Figure 2).

(a) The early season Listronotus
bonariensis experiment

(i) The on-plant presence of the weevil in
response to the parasitoid

The results of on-plant presence in the early season weevil
experiment are summarised in Table 1.

The weevil feeding responses to the parasitoid were far more
pronounced than the on-plant presence responses (Tables 1, 2).

Comparisons with the controls
In the presence of M. hyperodae, the Northern Region

(Locality: Ruakura) weevils spent significantly less time on the
plants than when the parasitoid was absent (t = 2.1, df = 256,
P < 0.05).

The GLM analysis also suggested that the Northern Region
(Locality: Ruakura) weevils that remained on the plant in
the presence of the parasitoids moved to the lower parts of
the plant. This displacement was observed in all four 40–
60 min observation periods but was only statistically significant
in observation period 2 (df = 49, P < 0.05; Table 1).
Conversely, the weevils from the Central Region (Locality:
Lincoln) and the Southern Region (Locality: Invermay) showed
no significant on-plant responses to the presence of the
parasitoid compared to when the parasitoid was absent
(t = 0.1, df = 256, P > 0.05) and (t = 0.3, df = 256,
P > 0.05), respectively.

Comparison of on-plant responses to the
parasitoid by the weevils collected from the
different regions

When exposed to the parasitoid, the GLMMPQL analysis
showed that the Northern Region (Locality: Ruakura) weevils
had significantly fewer individuals on the plants than was found
with weevils from the Central Region (Locality: Lincoln; t = –3.2,
df = 256, P < 0.05) and Southern Region (Locality: Invermay;
t = –3.1, df = 256, P < 0.05). The GLM analysis showed the same
trend across each of the four observation periods (df = 49 for all,
P < 0.05; Table 1). There were no significant differences in on-
plant presence responses between the weevil populations of the
Central and Southern Regions in the presence of the parasitoid.

(ii) Feeding responses of the weevil in the
presence of the parasitoid

The feeding responses by L. bonariensis to M. hyperodae
were far more pronounced than their on-plant presence
responses (Table 1).
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FIGURE 1

Mean percent parasitism of diapausing Listronotus bonariensis (horizontal bars indicate mean during each period) in the Southern Region
(Locality: Invermay), the Central Region (Locality: Lincoln), and the Northern Region (Locality: Ruakura) of New Zealand during the periods
1994–2000 and 2011–2019. Points (•) indicate annual mean overwintering parasitism rates. The slope of the dotted lines (—) indicate the
Regional rates of parasitism decline. Error bars = standard error of the mean overwintering parasitism rate for each year.

FIGURE 2

Mean 24 h accumulation degree-days (DD) occurring above the 10.2◦C development threshold of Microctonus hyperodae in the Southern
Region (Locality: Invermay), the Central Region (Locality: Lincoln), and Northern Region (Locality: Ruakura) of New Zealand between November
and June 1993–2018. Error bars represent the standard error of the mean daily DD occurring during the period of parasitoid activity.
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TABLE 1 Behavioural experiment 1.

Regions Southern (Invermay) Central (Lincoln) Northern (Ruakura) LSD (5%)

Microctonus hyperodae
treatment

Parasitoid
absent

Parasitoid
present

Parasitoid
absent

Parasitoid
present

Parasitoid
absent

Parasitoid
present

Range of
values

(min – max)

L. bonariensis
on-plant
presence
(mean %)

Observation
period 1

51.0 a 50.9 a 50.9 a 52.7 a 42.7 ab 32.7 b 16.4 – 17.5

Observation
period 2

56.0 a 57.3 a 50.9 a 46.4 a 46.4 a 30.0 b 15.5 – 16.6

Observation
period 3

54.9 a 49.1 a 53.6 a 54.5 a 48.2 ab 32.7 b 16.2 – 17.2

Observation
period 4

54.5 a 49.1 a 53.6 a 52.7 a 42.7 ab 26.4 b 17.5 – 19.1

Mean percentages of Listronotus bonariensis on-plant presence from three Regions in the absence (control) or presence of Microctonus hyperodae. Reading horizontally, values without
letters in common differ significantly (P < 0.05). The lettering was assigned on the basis of the 6C2 = 15 pairwise comparison 5%-level least significant differences (LSD) output by the
GLM procedure, with the minimum and maximum LSDs given in the last column.

Comparisons with the controls
The GLMMPQL analysis for the early season weevil

experiment indicated that a lower proportion of the Northern
Region (Locality: Ruakura) L. bonariensis were feeding when
M. hyperodae was present compared to when it was absent
(t = 3.3, df = 256, P < 0.01; Figure 3).

Similarly, the GLM analysis showed that Northern Region
(Locality: Ruakura) weevils consistently reduced feeding in
response to M. hyperodae across all four observation periods;
the reduction was statistically significant in observation periods
2, 3, and 4 (df = 49 for all, P < 0.01, P < 0.05 and P < 0.01,
respectively; Table 2).

Conversely, the GLMMPQL suggested there was no such
significant feeding response to the parasitoid shown by weevils
from either the Central Region (Locality: Lincoln; t = 1.5,
df = 256, P > 0.05) or the Southern Region (Locality: Invermay;
t = 1.4, df = 256, P > 0.05).

However, the more targeted GLM analysis showed that
in observation period 3, Central Region (Locality: Lincoln)
weevils had significantly reduced feeding (df = 49, P < 0.05)
in response to the parasitoid (mean ± SE: 23.6% ± 4.1%)
compared to when the parasitoid was absent (40.0% ± 4.7%;
Table 2).

In observation period 4, the Southern Region (Locality:
Invermay) weevils showed a significantly lower percentage
of feeding (18.2% ± 3.7%) in response to M. hyperodae
presence compared to its absence (34.9% ± 4.8%; df = 49,
P < 0.05).

Comparison of feeding responses to the
parasitoid of the weevils collected from the
different regions

When exposed to the parasitoid, the GLMMPQL
analysis showed that the Northern Region (Locality:
Ruakura) weevils showed significantly less feeding than

those from the Central Region (Locality: Lincoln; t = –
2.2, df = 256, P < 0.05) or the Southern Region (Locality:
Invermay; t = –3.3, df = 256, P < 0.01; Figure 3). GLM
analysis also showed that in the presence of M. hyperodae
significantly fewer Northern Region (Locality: Ruakura)
weevils were observed to be feeding compared to those from
the Southern Region (Locality: Invermay) in observation
periods 2 and 3 (df = 49 for both, P < 0.001 and P < 0.05,
respectively) and from the Central Region (Locality:
Lincoln) in observation period 2 (df = 49, P < 0.05;
Table 2).

(b) The late season Listronotus
bonariensis experiment

(i) The on-plant presence of the weevil in
response to the parasitoid

The results of on-plant presence in the late-season weevil
experiment are summarised in Table 3.

Comparisons with the controls
The GLMMPQL analysis revealed no significant on-plant

presence responses to M. hyperodae (t ≥−0.7, df = 422,
P > 0.05). However, while the results were predominantly
non-significant, indications were that the Northern Region
(Localities: Ruakura and Wellsford) populations of weevils
responded to M. hyperodae by moving off the leaves in a
way similar to how the Northern Region weevils (Ruakura)
responded in the early season experiment (Table 1).

Comparison of on-plant responses to the
parasitoid by the weevils collected from the
different regions

In the parasitoid’s absence, the GLMMPQL indicated there
were significantly more Northern Region (Locality: Ruakura)
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FIGURE 3

The early season weevil experiment. Mean percentages of Listronotus bonariensis feeding in the absence or presence of Microctonus
hyperodae. The weevils were collected from the Southern Region (Locality: Invermay), the Central Region (Locality: Lincoln), and the Northern
Region (Locality: Ruakura) of New Zealand. Rectangles show the mean (central line) and 95% CL, and tails show the range.

TABLE 2 Behavioural experiment 1.

Regions Southern (Invermay) Central (Lincoln) Northern (Ruakura) LSD (5%)

Microctonus hyperodae
treatment

Parasitoid
absent

Parasitoid
present

Parasitoid
absent

Parasitoid
present

Parasitoid
absent

Parasitoid
present

Range of
values

(min – max)

L. bonariensis
feeding
(mean %)

Observation
period 1

36.9 a 33.6 ab 34.5 ab 24.5 ab 30.9 ab 19.1 b 15.6 – 18.8

Observation
period 2

40.4 a 38.2 a 27.3 a 25.5 a 31.8 a 10.9 b 13.7 – 18.1

Observation
period 3

36.4 ab 29.1 ab 40.0 a 23.6 bc 30.9 ab 15.4 c 13.1 – 16.5

Observation
period 4

34.9 a 18.2 bc 26.4 ab 21.8 abc 27.3 ab 10.9 c 10.9 – 14.8

Mean percentages of Listronotus bonariensis feeding from the three Regions in the absence (control) or presence of Microctonus hyperodae. Reading horizontally, means with no letters in
common differ significantly (P < 0.05). The lettering was assigned on the same basis as in Table 1.

weevils observed on the plants compared to Southern Region
(Locality: Waipiata) weevils (t = 2.0, df = 422, P < 0.05). This
was by supported the GLM, which showed that in observation
period 4, in the parasitoid’s absence, there were significantly
fewer Southern Region (Locality Waipiata) weevils on the plants
compared to those from Northern Region (Locality Ruakura)
weevils (df = 83, P < 0.05).

(ii) Feeding responses of the weevil in the
presence of the parasitoid

The feeding responses by L. bonariensis to M. hyperodae
were far more pronounced than their on-plant
presence responses.

Comparisons with the controls
The GLMMPQL analysis for the late-season weevil

experiment indicated that the Northern region (Locality:
Ruakura) weevils showed significantly reduced feeding when
M. hyperodae was present compared to when it was absent
(t = 4.4, df = 422, P < 0.001; Figure 4).

Similarly, the GLM analysis showed that Northern Region
(Locality: Ruakura) weevils showed significantly reduced
feeding in response to M. hyperodae in observation periods 1,
2, and 4 (df = 83 for all, P < 0.01, P < 0.001, and P < 0.001,
respectively; Table 4).

Likewise, the other Northern Region (Locality: Wellsford)
weevils also had significantly reduced feeding in response to
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TABLE 3 Behavioural experiment 2.

Regions Southern (Waipiata) Northern (Wellsford) Northern (Ruakura) LSD(5%)

Microctonus hyperodae
treatment

Parasitoid
absent

Parasitoid
present

Parasitoid
absent

Parasitoid
present

Parasitoid
absent

Parasitoid
present

Range of
values

(min – max)

L. bonariensis
on-plant
presence
(mean %)

Observation
period 1

45.0 a 57.8 a 54.5 a 51.7 a 56.1 a 49.7 a 12.9 – 13.5

Observation
period 2

50.6 a 57.2 a 59.0 a 53.3 a 61.7 a 54.8 a 13.1 – 13.7

Observation
period 3

48.3 a 50.0 a 59.1 a 55.0 a 58.9 a 53.9 a 13.0 – 13.5

Observation
period 4

52.2 bc 48.3 c 61.1 ab 51.7 bc 65.0 a 53.7 abc 11.6 – 12.2

Mean percentages of Listronotus bonariensis on-plant presence from two Regions (three Localities) in the absence (control) or presence of Microctonus hyperodae. Reading horizontally,
values with no letters in common differ significantly (P<0.05). The lettering was assigned on the same basis as in Table 1.

FIGURE 4

The late-season weevil experiment. Mean percentages of Listronotus bonariensis feeding in the absence or presence of Microctonus
hyperodae. The weevils were collected from the Southern Region (Locality: Waipiata) and the Northern Region (Localities: Wellsford and
Ruakura) of New Zealand. Rectangles show the mean (central line) and 95% CL, and tails show the range.

M. hyperodae in observation periods 3 and 4 (df = 83 for both,
P < 0.05 and P < 0.01, respectively). There was no significant
feeding response to the parasitoid by the Southern Region
(Locality: Waipiata) weevils.

Comparison of feeding responses to the
parasitoid by the weevils collected from the
different regions

When exposed to the parasitoid, the GLMMPQL analysis
indicated that the Northern Region (Locality: Ruakura) weevils

showed significantly reduced feeding compared to those also
from Northern Region (Locality: Wellsford; t = –2.5, df = 422,
P < 0.05). When using the GLM analysis, this finding was
found to have occurred in observation periods 1 and 2
(df = 83 for both, P < 0.05 and P < 0.01, respectively;
Table 4).

In the absence of the parasitoid, the GLMMPQL analysis
indicated that there were significantly fewer Southern
Region (Locality: Waipiata) weevils feeding compared to
the two Northern Region populations at Locality Ruakura
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TABLE 4 Behavioural experiment 2.

Regions Southern region
(Waipiata)

Northern region
(Wellsford)

Northern region
(Ruakura)

LSD (5%)

Microctonus hyperodae
treatment

Parasitoid
absent

Parasitoid
present

Parasitoid
absent

Parasitoid
present

Parasitoid
absent

Parasitoid
present

Range of
values

(min – max)

L. bonariensis
feeding
(mean %)

Observation
period 1

18.3 abc 16.7 bc 28.4 a 25.0 ab 28.3 a 13.1 c 9.2 – 11.7

Observation
period 2

17.2 b 16.7 b 31.7 a 29.4 a 35.0 a 13.4 b 9.4 – 12.2

Observation
period 3

16.1 c 16.7 c 35.1 a 21.7 bc 26.7 ab 18.3 bc 8.6 – 10.8

Observation
period 4

18.3 b 13.3 b 31.9 a 18.3 b 37.8 a 12.0 b 7.5 – 10.8

Mean percentages of Listronotus bonariensis feeding from two Regions (three Localities) in the absence (control) or presence of Microctonus hyperodae. Reading horizontally, means with
no letters in common differ significantly (P< 0.05). The lettering was assigned on the same basis as in Table 1.

(t = –3.4, df = 422, P < 0.001) and Locality Wellsford
(t = –3.3, df = 422, P < 0.05; Figure 4). This finding is
also supported by the GLM analysis, where there were
significantly fewer Southern Region (Locality Waipiata)
weevils observed to be feeding than in the Northern
Region weevils (Localities: Ruakura and Wellsford) during
observation periods 2, 3, and 4 (df = 83 for all, P < 0.05;
Table 4).

Discussion

This study considered the extent of M. hyperodae
parasitism decline since the 1990s which was greatest
in the warmer regions of New Zealand and graded
to negligible in the cooler South. Furthermore, the
mechanism for this is likely to have been varied
selection pressure levels for enhanced evasion by
L. bonariensis.

Regional effects on the extent of
Listronotus bonariensis parasitism
decline

The results have indicated significant differences (since the
1990s) in the levels of long-term field parasitism decline within
each of the weevil populations from the three regions (Figure 1).
These corresponded to the rates of DD accumulation. In
the Central and Northern Regions, Goldson et al. (1998)
indicated that, respectively, first-generation parasitoid egg
and first instar development rates were 17–42% and 11–
16% faster in the Northern Region (Locality: Ruakura) than
in the Central Region (Locality: Lincoln). This DD effect
was even more apparent in the Northern Region (Locality:

Ruakura), considering the late autumn/winter third-generation
development which took 130 days less than in the Central
Region (Locality: Lincoln; Goldson et al., 1998). Given
that the long-term regional differences in DDs (Figure 2)
strongly corresponded to the extent of this regional weevil
parasitism decline (Figure 1), it is reasonable to consider
the cumulative extent of DD build-up as a proxy for
selection pressure.

The exception here is that in the Southern Region,
parasitism rates have always remained very low c. 8% (Figure 1),
obviating any possible selection pressure. This is supported
by the little to no avoidance behaviour exhibited by Southern
Region weevil populations (Figures 3, 4 and Tables 1–4).
The reason for the limited parasitism rates demands further
research, but it could be related to the climatical limitation
of the parasitoid’s range as suggested by the low rate of
DD accumulation.

Contrary to the observed regional effect on parasitism
decline discussed here, Tomasetto et al. (2018b) suggested
that the differences in DD accumulation between the two
regions (Northern and Central) had not brought about changes
in overwintering parasitism rates and therefore contended
that time was the only correlate of the appearance of
resistance. However, their conclusion was based on broad
national parasitism trends, and unlike in this study, no data
had been collected beyond 2016. Furthermore, these workers
did not have access to the additional historical raw data
used in this study.

The mechanism for the observed
parasitism decline

Given that the graded extent of regional weevil parasitism
decline is based on the extent of parasitoid selection pressure
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as per the DD accumulation, this study has sought to discover
how this is manifest.

The strongest observed weevil population response to
the parasitoid was feeding reduction (Barratt et al., 1996a;
Gerard, 2000; Phillips, 2002). Based on the arena experiments,
weevil cessation-of-feeding responses were highest in those
populations collected from areas with high DD accumulation
(Northern Region) through to no response with low DD
accumulation (Southern Region). When there was an
intermediate DD accumulation (Central Region), the non-
feeding responses were correspondingly less pronounced
(Figures 3, 4 and Tables 2, 4). A slight anomaly to this
generalisation resulted from the weevils collected from the
Northern Region (Locality: Wellsford). These still showed a
typically reduced feeding response, but it was delayed, albeit
to a lesser extent than the weevils from regions further south
(Table 4). This weaker response could possibly be explained
by the weevils’ changed physiological condition, as the late
season test weevils were collected during diapause by necessity
(Goldson, 1981).

Linked to this, an associated response was reduced weevils
on the foliage. Significantly, this reaction was strong enough
in the early season weevil experiment to overcome any fitness
costs associated with reduced optimal feeding and ovipositional
opportunity (Goldson, 1982; Barker, 1989). Broadly, weevil
numbers on the foliage in the presence of the parasitoid showed
the same pattern as reduced feeding, with lower numbers
amongst populations collected from the Northern Region
compared to those from further south. There was no significant
on-plant presence response in the late-season weevil experiment
(Table 3) which again, could be explained by the weevils having
been collected during diapause.

The acquired resistance of L. bonariensis to M. hyperodae
is based on parasitoid evasion, which is known to have a lower
reproductive cost than physiological immunity (Lefèvre et al.,
2012; Lynch et al., 2016). Moreover, it is the least disruptive form
of resistance that is known to rapidly generate new phenotypes
(Sih et al., 2011).

With regard to the origin of the L. bonariensis avoidance of
M. hyperodae, fieldwork by Barker (2013) has shown that it is
possible to discern that, in the presence of the parasitoid, weevil
oviposition is largely suspended until the parasitoid density
has declined (e.g., via an intergenerational gap). Thereafter
in the parasitoid’s absence, there is an ovipositional pulse’ by
the weevil. Given the weevil’s susceptibility to M. hyperodae
parasitism during oviposition and feeding (Phillips, 2002;
Cournoyer and Boivin, 2005), it can be argued the selection
pressure discussed here has led to an accentuation of already-
existing weevil responses to the parasitoid.

Based on their population analyses, Tomasetto et al.
(2017, 2018b) concluded that the genetic competency for
the appearance of resistance in the weevil was likely to be
evenly distributed across all locations and possibly associated

with the increased prevalence of certain genotypic changes,
but not spreading from a point source. Consistent with
this idea, Harrop et al. (2020), in their extensive genomic
survey of L. bonariensis, based on GBS analysis, found that
the weevil populations showed high levels of heterozygosity
and low population structure, indicating a large effective
population size and frequent gene flow. They also noted
that a large amount of standing genetic variation in weevil
populations could be sufficient to encode phenotypic variation
in parasitoid survivability and that resistance was most likely
to have been through multiple genomic regions of small
effect. These observations of both Tomasetto et al. (2018a)
and Harrop et al. (2020) contrast strongly with the finding
of Pascoal et al. (2014, 2020), who examined the rapid
evolution of resistance in a Hawaiian population of field crickets
[Teleogryllus oceanicus (Le Guillou; Orthoptera: Gryllidae) to
the parasitoid fly, Ormia ochrea (Bigot; Diptera: Tachinidae)].
They showed that a resistance-causing point mutation in
T. oceanicus spread through the cricket population, greatly
reducing parasitism rates.

With regard to L. bonariensis parasitism decline, a number
of alternative hypotheses have been considered. Ideas have
included influences such as changes in farming practices,
seasonal changes, and pasture grass endophytes (e.g., Gerard
et al., 2021). However, earlier investigations into such proposed
mechanisms have found that they do not accommodate aspects
such as the regional patterns of parasitism decline or the
different regions’ weevil populations showing varying levels of
parasitoid evasion.

The loss of M. hyperodae efficacy has serious economic
implications. Therefore, some consideration has been given
to increasing the adaptive capacity of the parasitoid. This
could include the introduction of new parasitoid strains
additional to those previously introduced to New Zealand
(Phillips et al., 2008). There is also the possibility of
making M. hyperodae sexually reproductive, thereby permitting
laboratory-based selection processes to improve the parasitoid’s
adaptive potential.

Broader implications for biological
control

The resistance of L. bonariensis to M. hyperodae, as the
first documented example of resistance-based insect biological
control failure (Mills, 2017; Pennisi, 2017), has implications
for biological control generally. An immediate candidate for
consideration would be the clover root weevil Sitona obsoletus
Gmelin (Coleoptera: Curculionidae), which is a severe pest
of white clover in New Zealand pasture (Ferguson et al.,
2019). This weevil is controlled by another parthenogenetic
congeneric wasp, Microctonus aethiopoides Loan (Hymenoptera:
Braconidae; e.g., Gerard et al., 2011). Given the closeness of the
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system discussed here to that of S. obsoletus and M. aethiopoides,
there is good reason to suppose that resistance could occur
in a similar way. Therefore, consideration should be given to
the genetic diversity of S. obsoletus and whether the species
has any of the characteristics of L. bonariensis, including the
extent of its genetic diversity. S. obsoletus was first described
in New Zealand c. 1996 (Barratt et al., 1996b) but the first
incursion was probably some 5 years earlier (Barker et al.,
1996). Irrespective, the species’ initial limited distribution in
the Auckland area (Barker et al., 1996) would suggest that
only a single incursion had occurred, therefore, there may
be insufficient genetic diversity for resistance compared to
L. bonariensis.

More generally, it is widely recognised that many exotic pest
species have established and caused problems in simplified non-
complex agricultural ecosystems with limited biotic resistance
and thus offer enemy release (e.g., Goldson et al., 2014b,
2020; Tomasetto et al., 2017; Ferguson et al., 2019). As a
result, biological control practitioners have often imported
natural enemies from the pests’ native ranges for biological
control purposes (e.g., Heimpel and Mills, 2017). Given that
the pest and its control agent frequently originate from the
same native range, it is possible that the pest may have, at
least to some degree, resistance adaptations toward its co-
evolved natural enemies. For example, Kraaijeveld et al. (1998)
and Lapchin (2002) have pointed out that some pre-adapted
defensive responses of pests to their parasitoids can provide at
least some level of fitness when confronted by a wide range
of natural enemies. Thus, as contended in this study, when
biotic and abiotic circumstances permit, possible resistance
traits in an exotic pest species can be acted on by high control
agent selection pressure, thereby leading to pest resistance.
This particularly applies to biological control programmes with
unequal adaptive capacity in the pest’s favour, as referenced
in this contribution (Casanovas et al., 2018). Speculatively,
these considerations may be part of the reason for the very
low success rate reported in importation biological control
initiatives (e.g., Cock et al., 2016).

There may well indeed be other unpublished
examples of what is discussed in this contribution.
However, typically, sparse long-term attention is paid to
biological control programmes after the agents’ initial
introductions and sometimes, evaluations. Furthermore,
if biological control failure is behaviourally based, as
in this study, this indeed can be a difficult component
to measure.
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