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Abstract Several spiny leguminous tree species 
within the genus Neltuma Raf. (formerly Prosopis L.) 
(Fabaceae) occur as widespread invasive alien plants 
in South Africa, exerting severe negative socio-eco-
nomic and ecological impacts. Given these impacts, 
South Africa recently released the leaf-tying moth 
Agnippe sp. #1 (syn. Evippe sp. #1) (Lepidoptera: 
Gelechiidae) as a biological control agent against 
invasive Neltuma species in 2021. The widespread 
invasion of Neltuma spp. across a vast and climati-
cally diverse range of South Africa has led to con-
cerns regarding the establishment and impact of 
the agent. Therefore, this study aimed to assess the 

constraints posed by climate to the potential establish-
ment and efficacy of Agnippe sp. #1 using both cli-
matic matching (CLIMEX) and thermal-physiology 
assessments. Climatic analyses revealed relatively 
high (71%) and moderate (66%) matches of South 
Africa to the native (Argentina) and introduced (Aus-
tralia) ranges of Agnippe sp. #1 respectively. Ther-
mal assessments of Agnippe sp. #1, particularly the 
 4th instar larvae, determined a  CTmin = 0.9 ± 0.3  °C 
and  LLT50 = −11.1 ± 0.4 °C, which suggest the moth 
is suited mainly to warmer regions of South Africa. 
Overall, these assessments propose that the establish-
ment and performance of Agnippe sp. #1 is likely to 
be constrained by climate in parts of South Africa, 
particularly within the cold semi-arid and temperate 
provinces of the country. Promisingly, these climatic 
comparisons suggest that Agnippe sp. #1 may become 
more widely established in the hottest parts of the 
Northern Cape province, which remains a major bio-
logical control target region for Mesquite in South 
Africa.

Keywords Biological invasions · Climate 
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Introduction

Numerous leguminous species within the genus 
formerly described as Prosopis L. (Fabaceae: 
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Caesalpinioideae) were intentionally introduced as 
‘multi-purpose’ trees into several countries world-
wide, and, in many cases, have become natural-
ised and invasive (van Klinken 2012; Shackleton 
et  al. 2015). This genus has now been disintegrated 
(Hughes et al. 2022), with invasive ‘Prosopis’ species 
introduced into Africa, predominantly belonging to 
the genus Neltuma Raf., more commonly referred to 
as ‘Mesquite’. These trees were introduced into South 
Africa from the Americas during the late 1800s due 
to their perceived benefits in terms of shade, fuel-
wood, fodder (via pod production), and timber, and 
were consequently widely promoted, distributed, 
and planted in arid and semi-arid regions up until 
the 1960s (Zachariades et al. 2011; Shackleton et al. 
2015). Since then, these Neltuma spp. have become 
widespread invasive trees within the Northern Cape 
and to a lesser extent in the Western Cape, Eastern 

Cape, Free State and North West provinces (Hender-
son and Wilson 2017; Henderson 2020). The trees 
grow rapidly, often forming dense impenetrable 
stands with little to no fodder value. The seeds are 
typically dispersed by animals (endozoochorously) 
or through flooding events, which facilitates the ram-
pant spread of these trees (estimated at ~ 8% annu-
ally) (Shackleton et al. 2016; van Wilgen and Wilson 
2018). As a result, Neltuma currently exists as one 
of the most abundant invasive plant genera in South 
Africa, second only to the Australian tree genus, Aca-
cia, and is estimated to cover some 6–8 million ha 
of the country (Shackleton et  al. 2017; van Wilgen 
and Wilson 2018; Fig.  1). These Neltuma invasions 
now exert severe negative socio-ecological impacts, 
reducing ground water availability and aquafer 
recharge, depleting arable and pastoral land, impact-
ing biodiversity, and hindering ecosystem services 

Fig. 1  Distribution of invasive Neltuma spp. (including hybrid taxa) (formerly Prosopis L.) in South Africa. Resolution of grid cells 
is at a quarter degree square (QDS: ~ 25 km × 25 km) (Data adapted from SAPIA 2018; GBIF 2023)
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and consequently human livelihoods in South Africa 
(see Dzikiti et al. 2013; Shackleton et al. 2015, 2017; 
Reynolds et al. 2020).

Recognising these threats, South Africa has spent 
over R 1 billion (~ 56 million US$) in attempting 
to control invasive stands of Neltuma spp. since the 
mid-1990s (van Wilgen et al. 2012; Shackleton et al. 
2017). Despite this substantial expenditure, both 
mechanical and chemical clearing efforts have been 
ineffective in managing the Mesquite invasion at a 
large scale, leading to calls for increased support for 
and usage of biological control (Shackleton et  al. 
2017; Kleinjan et  al. 2021; van Wilgen et  al. 2022). 
Biological control efforts were first initiated against 
Neltuma spp. in South Africa during the 1980’s, and 
as to retain the useful attributes of Mesquite these 
early efforts focused on reducing the rate of spread, 
using only seed-feeding agents (Impson et  al. 1999; 
Zachariades et al. 2011). Three seed-feeding bruchids 
(Chrysomelidae: Bruchinae) were released, two of 
which have become established (Zachariades 2021). 
However, their impact has been limited (Impson et al. 
1999; Moran et  al. 2021; van Wilgen et  al. 2022), 
and in 2014 the decision was made to investigate 
more damaging candidates targeting any part(s) 
of Mesquite (Kleinjan et  al. 2021). Among these 
candidates an undescribed species of leaf-tying moth, 
known as Agnippe sp. #1 (Gelechiidae: Lepidoptera) 
(syn. Evippe sp. #1), was considered one of the most 
promising (Zachariades et  al. 2011; van Klinken 
2014). Following its importation from Australia 
in 2014, and subsequent host-specificity testing, 
Agnippe sp. #1 was approved for release in December 
2020, with the first releases of the moth undertaken 
in South Africa during February 2021 (Kleinjan et al. 
2021). The release of Agnippe sp. #1 in South Africa 
was highly anticipated given substantial defoliation of 
Neltuma spp. by the moth soon after its introduction 
into parts of Australia (van Klinken et al. 2003a; van 
Klinken 2012).

In its native range (Argentina) Agnippe sp. #1 is 
oligophagous, feeding and developing on several 
species of Neltuma, with its fundamental host range 
restricted to Neltuma spp. native to the Americas 
(section: Algarobia) (van Klinken and Heard 2000; 
van Klinken 2012). The biology of Agnippe sp. 
#1 predisposes the species to rapid increases in 
population size, with egg to adult development 
completed in as few as 34  days (van Klinken et  al. 

2003a). Adult moths are short-lived, typically 
surviving no longer than three weeks, with females 
laying up to ~ 75 eggs, which are oviposited into 
cracks and fissures of the tree’s bark (van Klinken 
and Heard 2000). Eggs hatch within a few days and 
the  1st instar larvae begin feeding by creating mines 
within the leaves, subsequently forming a series of 
leaf-ties within which they feed, progress through the 
remaining three instars and later pupate (van Klinken 
and Heard 2000). Under adverse conditions, Agnippe 
sp. #1 enters a facultative diapause during the 
colder winter months, mainly triggered by reduced 
daylength, and overwinters as  4th instar larvae 
and pupae within the leaf ties from late autumn to 
mid-spring.

Generally, the rapid and widespread establishment 
of Agnippe sp. #1 across Australia and its defoliation 
of several Neltuma spp. and their hybrids, is highly 
promising (van Klinken et al. 2003a, 2009). However, 
the abundance of Agnippe sp. #1 populations and their 
subsequent biological control impact on Neltuma 
spp. remains variable, being strongly linked to 
climate, particularly temperature (van Klinken 2012; 
Winston et al. 2014). Agnippe sp. #1 appears to thrive 
under hot arid conditions, evidenced by the moth’s 
consistently high population density and associated 
level of damage in the Pilbara region of Western 
Australia (van Klinken 2012, 2014; Winston et  al. 
2014). Climatically, the Pilbara is characterised by 
exceedingly hot summers, often averaging > 30  °C, 
with mild and predominantly frost-free winters, 
which rarely drop below 20 °C, and variable but low 
levels of rainfall (Sudmeyer 2016). Contrastingly, 
exceedingly low levels of leaf-tying by Agnippe sp. 
#1, typically < 10% of foliage, have been recorded 
in the cooler, semi-arid and temperate regions of the 
moth’s introduced range in Australia, particularly 
within New South Wales (van Klinken et al. 2003a). 
This suggests that both the abundance and impact of 
Agnippe sp. #1 may be climatically constrained in 
South Africa, particularly within the country’s cooler 
semi-arid and temperate inland regions invaded by 
Neltuma spp.

Climate is widely accepted as an important 
factor in the success of weed biological control 
programmes, influencing not only the establishment 
but the abundance and effectiveness of released agents 
(Byrne et  al. 2004; Robertson et  al. 2008; Heimpel 
and Mills 2017). Agents sourced from climatically 
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similar regions to those in which they are to be 
released, are assumed to be more likely to establish 
and offer more effective levels of control (Robertson 
et al. 2008; Harms et al. 2021), whereas mismatches 
in these abiotic variables, often termed climatic 
unsuitability, have been shown to hinder biological 
control efforts, either restricting the establishment, 
spread, proliferation and/or survival of insect agents 
within their introduced ranges (see Byrne et al. 2002; 
Cowie et  al. 2016). As a result, ‘climate matching’ 
procedures remain a common practice employed in 
biological control programmes and are frequently 
used to identify climatically well-suited regions for 
the survey and collection of candidate agents in their 
native range or areas suitable for the release of agents 
on invasive plant populations in the introduced range 
(Senaratne et  al. 2006; Kriticos et  al. 2015). In the 
case of Agnippe sp. #1, climatic matching was used to 
predict the moth’s likely establishment in Australia, 
based on occurrences in its native range in Argentina. 
However, this did not accurately predict that the 
agent would be most successful in the hottest parts of 
Australia (i.e., the Pilbara) (van Klinken et al. 2003a, 
2009). Therefore, to more accurately infer whether 
Agnippe sp. #1 will be ‘successful’ in South Africa 
and the areas in which the moth would most likely 
establish and be damaging, occurrence data from the 
native range should be bolstered with the inclusion 
of data from the introduced range in Australia along 
with thermal physiology studies on the moth itself.

The abundant and widespread distribution of 
Neltuma spp. across a diverse range of climatic 
regions within South Africa is likely to influence the 
establishment and subsequent impacts of Agnippe sp. 
#1 and there are concerns that climatic unsuitability 
may limit this agent’s efficacy in the country 
(Kleinjan et  al. 2021). Several years of sustained 
damage by Agnippe sp. #1 would be required before 
notable reductions in the Mesquite invasion become 
evident, and it would be beneficial to predict the role 
this agent is likely to play in the future, so that it may 
be included in a long-term national management plan 
for Mesquite control. If Agnippe sp. #1 is unlikely to 
be successful in any part of South Africa, then control 
efforts should be redirected to other biocontrol agents 
or suitable management interventions. If it is only 
likely to provide control localised to certain parts of 
the country, then alternative strategies will be required 
in the unsuitable areas. Predicting where Agnippe 

sp. #1 is likely to be most damaging should also 
guide release efforts so that releases occur in areas 
where establishment is most likely, and where the 
abundance and efficacy of the agent will be greatest. 
This would improve the chances of successful control 
and limit wasteful expenditure, particularly in remote 
areas. Therefore, the aim of this study was to assess 
the potential constraints posed by climate to (1) the 
likelihood of establishment of the leaf-tying moth 
Agnippe sp. #1 and its potential efficacy in South 
Africa, and (é) to identifying the most suitable release 
areas in South Africa using climatic matching and 
thermal-physiology assessments.

Material and methods

Assessment of climatic suitability (climate matching)

To assess the likely establishment and efficacy of 
the leaf-tying moth Agnippe sp. #1, the climate 
prediction-modelling program DYMEX simulator 
(CLIMEX: version 4.3) was used (Kriticos et  al. 
2015). Initial comparison between South Africa and 
the moth’s native range in Argentina, using the La 
Rioja and Santiago del Estero provinces, was done 
to assess the potential establishment of Agnippe sp. 
#1 in South Africa. Whereas comparisons between 
South Africa and the Australian states in which the 
moth was previously released, namely New South 
Wales, Northern Territory, Queensland, and Western 
Australia (the Pilbara), were used to gain insight into 
the anticipated levels of damage likely to be exerted 
by Agnippe sp. #1 as an introduced insect (i.e., 
biological control agent). In the case of South Africa, 
only the five provinces currently invaded by Neltuma 
spp., namely the Eastern Cape, Free State, North 
West, Northern Cape, and Western Cape (Fig.  1), 
were used for climatic comparisons to both the native 
(Argentina) and introduced range (Australia) of 
Agnippe sp. #1.

For a comprehensive comparison, climatic data 
were selected from all available sites (weather sta-
tions) present within CLIMEX (Kriticos et al. 2015) 
for areas known to be invaded or in close proximity to 
invasion by Neltuma spp. (SAPIA 2018; GBIF 2023) 
and then averaged per province/state in Argentina 
(La Rioja and Santiago del Estero), Australia, and 
South Africa (Supplementary Table  S1). CLIMEX 
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comparisons between South Africa and Argentina as 
well as South Africa and Australia were made based 
on the mean annual rainfall, rainfall seasonal pat-
tern, minimum, average and maximum temperatures, 
RH and soil moisture. All climatic parameters were 
weighted equally (= 1), excluding annual rainfall and 
rainfall seasonality, which were weighted at half their 
effect (= 0.5), given the findings of van Klinken et al. 
(2003a) regarding the limited effect of rainfall on 
Agnippe sp. #1.

Overall, the basis on which these climate compari-
sons between regions/localities is the use of the com-
posite match indices, in which 0 indicates no match 
between the compared regions/localities and 100 
indicates an identical match (Kriticos et  al. 2015). 
Broadly, these indices may be categorised to sim-
plify the comparisons and offer basic inferences into 
the likelihood of a species establishing in an intro-
duced range. Indices with a value of > 70 are gener-
ally considered suitably matched and suggest that the 
likelihood of an introduced species’ establishment 
should be ‘high’ (Kriticos et  al. 2015; Phillips et  al. 
2018), whereas composite match indices of ≤ 50 are 
considered poorly matched and are unsuitable for a 
species’ establishment. The 50–70 range is variable 
in terms of the establishment likelihood and often 
remains species-specific. However, for the purpose of 
this biological control study indices of: (1) 51–55% 
were considered marginally matched offering little to 
no likelihood of establishment, (2) 56–60 were con-
sidered poorly matched offering a low likelihood of 
establishment and (3) indices between 60 and 70 were 
considered moderately matched and offered a moder-
ate likelihood of the species establishing.

Thermal physiology assessments of Agnippe sp. #1

Agnippe sp. #1 used in these experiments were 
reared on caged Neltuma sp. plants (~ 0.5  m tall) in 
a temperature-controlled glasshouse section of the 
University of the Witwatersrand Insectary Facility 
(Wits Insectary), Johannesburg, South Africa during 
mid-summer. The initial Agnippe sp. #1 adults were 
sourced from a culture currently mass-reared at the 
Agricultural Research Council—Plant Health and 
Protection (ARC-PHP) in Roodeplaat, Pretoria, South 
Africa. The origin of this culture was from field col-
lected individuals from the Pilbara region of West-
ern Australia, first imported during 2014 (Kleinjan 

et  al. 2021). The glasshouse receives full sunlight 
(∼1800  μmol−1  P.A.R) and follows natural (ambi-
ent) day–night light patterns. Temperatures in which 
Agnippe sp. #1 were cultured averaged 25.9 ± 2.1 °C 
during the day (12  h) and 19.3 ± 1.5  °C at night 
(12 h), with a RH of between 50 and 70%.

Critical thermal limits

The critical thermal limits, namely minima  (CTmin) 
and maxima  (CTmax), of Agnippe sp. #1 were deter-
mined using a double jacket system, connected to a 
programmable water bath (Julabo F32-ME, See-
bach, Germany) (see Cowie et al. 2016). Both adults 
(moth) and larvae  (4th instar caterpillar) were used in 
the assessments to offer greater insight into the over-
all thermal capacity and limitations of this species. 
Moths/caterpillars were randomly selected from the 
culture and individually sealed within clear glass pol-
ytop vials (size No.1: 5 ml) and submerged into the 
water bath set at 25 °C and allowed a 15 min thermal 
equilibration period. Thereafter, the water was cooled 
at a rate of 0.2 °C  min−1 for the assessment of  CTmin 
and heated at the same rate (0.2 °C  min−1) for  CTmax 
assessments.  CTmin/CTmax was recorded, per individ-
ual, as the temperature at which a loss of locomotory 
function (inability to self-right) occurred as well as 
the failure to show a coherent response to a stimu-
lus (fine bristle paint brush: size 5). Individuals that 
failed to self-right or showed no locomotory function, 
whilst in the water bath, were then removed and their 
response to the stimulus tested immediately. Indi-
viduals which were removed but showed a coherent 
response to the stimulus were disregarded and no data 
were recorded. Likewise, no data were recorded for 
individuals which were removed, showed no coherent 
response but failed to recover (survive).

Lethal temperatures

Upper and lower lethal temperatures  (ULT50 and 
 LLT50) were assessed following a similar water bath 
procedure to the critical thermal limits. Different 
batches of moths and caterpillars (n = 10 individu-
als per batch) were individually sealed in glass poly-
tope vials and submerged at 25 °C, allowed a 15 min 
equilibration period, and the water then cooled or 
heated (0.2 °C  min−1) to the target temperature. Once 
reached, the target temperature was maintained for 
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a 2 h period, immediately after which all vials were 
removed, and all insects (per batch) were placed onto 
fresh leafy Neltuma sp. bouquets and allowed a 24 h 
recovery period. Target temperatures used for  ULT50 
assessments of both adults and larvae were: 36, 37, 
38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50 °C. 
In the case of  LLT50 assessments of adult and larval 
Evippe sp., target temperatures of 0, −1, −2, −3, −4, 
−5, −6, −7, −8, −9, −10, −11, −12, −13, −14, −15 
were used.

Releases of Agnippe sp. #1 in South Africa

Releases of Agnippe sp. #1 were conducted during 
2021 and 2022 at several sites within South Africa. 
These releases were carried out following a protocol 
largely similar to that of van Klinken et al. (2003a) in 
Australia. Large styrofoam boxes (22–30 l) containing 
leaf-ties, with pupae on the verge of emerging as adult 
moths, were placed directly into the field. Release 
boxes were marked and affixed to Neltuma trees with 
several exit holes made to allow for unencumbered 
dispersal of the newly emerged adult moths. Revisits 
to the release sites were conducted when possible and 
typically employed a ~ 30 min active search, starting 
at the initial release tree working outward, to inspect 
for any signs of Agnippe sp. #1 (i.e., leaf-mining or 
tying of the foliage). Sites that were revisited in the 
following spring/summer seasons were deemed 
to have been successful in terms of establishment, 
provided they showed signs of Agnippe sp. #1.

Data analysis

The suitability of climatic variables was quanti-
fied, using composite match indices generated 
using the ‘Match Climates’ feature in CLIMEX 
(Kriticos et al. 2015) and compared between both 
the native (Argentina) and introduced (Australia 
and South Africa) ranges of Agnippe sp. #1. Lin-
ear Mixed Effects Models (LMER), with repeated 
measures, were used to compare mean monthly 
minimum, average, and maximum temperatures 
between the South African Agnippe sp. #1 release 
provinces and the sites in which Agnippe sp. #1 
has performed the best and worst in Australia, 
namely the Pilbara (Western Australia) and New 
South Wales, respectively. LMERs had tempera-
ture set as the response variable, locality (site) set 

as the fixed effect and time (month) set as the ran-
dom effect. Differences in larval vs. adult critical 
thermal minima and maxima  (CTmin/CTmax) were 
assessed using a Student’s t-test (equal variance). 
Upper and lower lethal temperatures  (ULT50/
LLT50), at which 50% of the population were pre-
dicted to experience mortality, were calculated, 
and determined as per Cowie et al. (2016), using a 
binomial Generalized Linear Model (GLM), with 
survival set as the response variable, temperature 
as the fixed variable and a probit link function for 
both the larval  (4th instar) and adult (moth) stages 
of Agnippe sp. #1. All statistical analyses were 
carried out using R (R Core Team 2022) via the R 
studio interface (RStudio Team 2022).

Results

Assessment of climatic suitability (climate matching)

Overall, the climatic parameters of the South Afri-
can provinces, invaded by Mesquite, showed mean 
match of 71% to the native range of Agnippe sp. #1 in 
Argentina, particularly La Rioja province (Table  1). 
In terms of comparison between South Africa and 
the moth’s introduced range in Australia, a mean cli-
matic match of 66% was calculated and highlighted 
that most of the South African provinces, namely the 
Eastern Cape, Free State, North West, and Western 
Cape, were climatically similar to the cooler semi-
arid state of New South Wales (Table  1), whereas 
the Northern Cape was found to be the most strongly 
matched South African province to Australia overall 
(71%), particularly to the warmer semi-arid state of 
Queensland (75%) (Table  1). In addition, climatic 
matches of South Africa to the best performing site of 
Agnippe sp. #1 in Australia (the Pilbara) displayed a 
moderate match of 61%. This climatic match was pro-
jected, along with the release records of Agnippe sp. 
#1, and showed that the Northern Cape maintained 
the best match overall, followed by sections of the 
North West and lastly by the Eastern Cape, Western 
Cape and Free State provinces (Fig. 1).

Further comparisons of the South African prov-
inces in which Agnippe sp. #1 was released (Fig. 2) 
to those in Australia where the moth has performed 
‘best’ (i.e., the Pilbara) and ‘worst’ (i.e., New 
South Wales), highlighted notable trends regarding 
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Fig. 2  Projected climatic match of Neltuma spp. invaded 
regions in South Africa to Agnippe sp. #1 release sites in West-
ern Australia (the Pilbara). Resolution of grid cells is at a quar-

ter degree square (QDS: ~ 25 km × 25 km) (Data adapted from 
CLIMEX: Kriticos et al. 2015)

temperature. When compared to the Pilbara, all 
South African release sites experienced signifi-
cantly cooler minimum temperatures throughout 

the year (F4,44 = 453.1; P < 0.001), with the North-
ern Cape being the least cold, followed by the 
North West and Free State provinces. Moreover, 

Table 1  Mean composite match indices ± SE (%) generated between South African provinces currently invaded by Neltuma spp. and 
the native (Argentinian) and introduced range (Australian) of the biological control agent Agnippe sp. #1

South African provinces in bold are those in which Agnippe sp. #1 releases have been undertaken
Superscripts indicate the number of sites (weather stations) selected and averaged per locality

Argentina (native) Australia (introduced)

La  Rioja1 Santiago del 
 Estero1

Pilbara9 Northern 
 Territory8

New South 
 Wales14

Queensland20

South Africa Eastern  Cape9 75 ± 2 71 ± 1 61 ± 2 68 ± 2 75 ± 2 71 ± 2
Free State6 71 ± 1 69 ± 2 57 ± 1 61 ± 1 70 ± 2 62 ± 2
Northern Cape19 74 ± 2 68 ± 2 64 ± 3 70 ± 2 73 ± 3 75 ± 3
North West5 76 ± 3 72 ± 2 62 ± 2 66 ± 2 71 ± 1 70 ± 2
Western  Cape13 68 ± 2 63 ± 1 59 ± 2 61 ± 1 68 ± 3 63 ± 1
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the North West and Free State provinces were the 
coldest overall being significantly colder than New 
South Wales (Fig. 3a). A similar trend was present 
in terms of average temperature, with all South 
African release sites found to be significantly colder 
than the Pilbara (F4,44 = 294.9; P < 0.001) and the 

North West and Free State provinces aligning most 
closely to the temperatures experienced in New 
South Wales (Fig.  3b). Lastly, maximum tempera-
tures experienced in all South African release sites 
were significantly cooler than the Pilbara through-
out the year (F4,44 = 284.3; P < 0.001). However, 

Fig. 3  Mean monthly 
minimum (a), average (b) 
and maximum (c) tem-
peratures for the Australian 
and South African release 
sites (Free State, North 
West and Northern Cape) 
of Agnippe sp. #1. Climatic 
data were generated from 
CLIMEX (Kriticos et al. 
2015), averaged and plotted 
using a spline function. 
Lowercase superscript 
letters indicate significant 
differences (P < 0.05) in 
temperatures between sites. 
F- and P-values indicate 
overall differences in site 
temperature using repeated 
measures linear mixed 
effects model (LMER)
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both the Northern Cape and North West provinces 
were significantly warmer than New South Wales 
(Fig. 3c).

Thermal physiology assessments of Agnippe sp. #1

The temperatures at which Agnippe sp. #1 indi-
viduals were unable to self-right and respond to 
stimuli differed between the larval and adult devel-
opmental stages at both high and low temperatures 
(Fig.  4). In the case of low temperatures, Agnippe 
sp. #1 larvae displayed a significantly lower mean 
 CTmin = 0.9 ± 0.3  °C, compared to that of the adults 
which had a mean  CTmin = 1.3 ± 0.2  °C (t38 = 3.73; 
P < 0.001; Fig. 4a). Similarly, larvae displayed a sig-
nificantly greater tolerance to higher temperatures, 
with a mean  CTmax = 46.8 ± 0.5 °C, compared to that 
of the adult moths, averaging a  CTmax = 46.0 ± 0.4 °C 
(t38 = 4.42; P < 0.001; Fig. 4b).

Lethal temperatures calculated for Agnippe sp. #1 
appeared to differ between life stages, with larvae dis-
playing a greater thermal tolerance when compared 
to the adult moths. Fourth instar larvae displayed a 
lower lethal temperature  (LLT50) of −11.1 ± 0.4  °C 
which was ~ 2  °C lower than that of the adult life 
stage with an  LLT50 of −8.8 ± 0.3  °C (Fig.  5a, b). 
Likewise, the upper lethal temperature  (ULT50) for 
adult Agnippe sp. #1 was calculated at 43.6 ± 0.3 °C, 
~ 1.2 °C lower than that of the fourth instar larvae at 
44.8 ± 0.3 °C (Fig. 6a, b).

Fig. 4  Critical thermal minima  (CTmin) (a) and critical ther-
mal maxima  (CTmax) (b) for larval  (4th instar caterpillar) and 
adult (moth) Agnippe sp. #1 (n = 20 individuals per life stage). 
t- and P-values indicate differences (P < 0.05) between adult 

and larval stages for  CTmin and  CTmax temperatures. Boxplots 
show mean, median,  10th,  25th,  75th and  90th percentiles as well 
as outliers (grey circles) for the differing life stage thermal 
minima/maxima

Fig. 5  Larval  (4th instar caterpillar) (a) and adult (moth) (b) 
Agnippe sp. #1 survival (%) after 2-hour exposure to low tem-
peratures of 0, −1, −2, −3, −4, −5, −6, −7, −8, −9, −10, −11, 
−12, −13, −14, and −15 °C (n = 10 individuals; per tempera-
ture treatment) and a 24 h recovery period. Survival data were 
fitted with a probit function (GLM) to determine the lower 
lethal temperatures  (LLT50)
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Release of Agnippe sp. #1 in South Africa

During 2021 and 2022, approximately 17,000 
Agnippe sp. #1 individuals were released at seven 
sites across South Africa (Table  2). The majority 
of these release sites were located within the 
predominately hot and arid regions of the Northern 
Cape province (n = 4), followed by the cold and 
semi-arid North West (n = 2) and Free State (n = 1) 
provinces. Although Agnippe sp. #1 appeared to 
persist initially at the majority of sites after release, 
to date establishment of the moth has only been 
recorded at two localities, namely the Kenhardt and 
Meerkat SKA (Carnarvon) release sites, both within 
the Northern Cape (Table 2).

Discussion

The preliminary establishment of Agnippe sp. #1 
within the Northern Cape remains promising and can 
largely be attributed to the generally hot arid climate 
of the region (Beck et  al. 2018). Post-release stud-
ies on Agnippe sp. #1 as a biological control agent in 
Australia highlight that optimal establishment occurs 
in arid areas experiencing exceedingly hot summers 
as well as warm winters (van Klinken et  al. 2003a, 
2009; van Klinken 2012). Although Agnippe sp. #1. 
is also able to establish at temperate semi-arid sites, 
as recorded in New South Wales (Australia) and even 
from single relatively small releases (van Klinken 
et  al. 2003b, 2009), this was not the case in South 
Africa. The failure of Agnippe sp. #1 to establish 
at sites within the North West and Free State prov-
inces, despite multiple releases at some sites, is likely 
due to the substantially colder temperatures experi-
enced, particularly during the coldest winter months 
(June–July) where minimum temperatures frequently 
drop below 0 °C (Schulze 1997; Kriticos et al. 2015). 
Ultimately, this suggests that climate is an important 
factor for consideration when releasing Agnippe sp. 
#1 in South Africa, as from these climatic assess-
ments it appears that the moth will not become 
widely established across the entirety of the Mesquite 
invasion. Rather, the moth’s establishment is likely 
to predominate within the hotter arid regions of the 
Northern Cape province. Therefore, Agnippe sp. #1 
releases should be prioritised, at least initially, for the 
most climatically suitable areas within the Northern 
Cape, to promote wider establishment.

Beyond these initial establishment predictions, 
biocontrol researchers are also frequently inter-
ested in the anticipated levels of damage of recently 
released biological control agents (Heimpel and Mills 
2017; Hill et al. 2020; Muskett et al. 2020). However, 
as suggested by van Klinken et al. (2003a; b), caution 
should be exercised when solely using climatic data 
to make these types of inferences regarding agent 
performance (Senaratne et  al. 2006), and hence the 
choice of comparison to a similar introduced range 
of the moth in Australia, rather than using the native 
range in Argentina. Promisingly, these climatic com-
parisons with Australia suggest that Agnippe sp. #1 
should become established in parts of the Northern 
Cape province, which remains a major biological 
control target region since it suffers the highest levels 

Fig. 6  Larval  (4th instar caterpillar) (a) and adult (moth) (b) 
Agnippe sp. #1 survival (%) after 2 h exposure to high temper-
atures of 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49 
and 50 °C and a 24 h recovery period (n = 10 individuals per 
temperature treatment). Survival data were fitted with a probit 
function (GLM) to determine the upper lethal temperatures 
 (ULT50)
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of Mesquite invasion and impact (Shackleton et  al. 
2015; Henderson 2020; Reynolds et  al. 2020). Cli-
matically, much of the Northern Cape resembles that 
of Queensland in Australia, where high levels of leaf-
tying by Agnippe sp. #1 have been recorded. Warmer 
seasonal temperatures are associated with a greater 
number of Agnippe sp. #1 generations, resulting in 
larger populations with a higher abundance of leaf-
ties, damaging up to 50–90% of Neltuma spp. foliage 
(see van Klinken et  al. 2003a). Although this offers 
good prospects for biological control efforts within 
the Northern Cape, inferences made from climatic 
data may be somewhat tenuous, as previously noted 
for Agnippe sp. #1 in Australia (van Klinken et  al. 
2003a, b) and ground truthing of these suggested out-
comes, should Agnippe sp. #1 become more widely 
established, is strongly advised (e.g., Muskett et  al. 
2020). In addition, the expectation of an agent like 
Agnippe sp. #1 to be equally damaging across such a 
vast and climatically diverse and variable area such as 
the Northern Cape is unrealistic (van Klinken et  al. 
2003b; Harms et  al. 2021). The large extent of the 
Mesquite invasion, coupled with the pronounced sea-
sonal variations in temperature (Kriticos et al. 2015) 
and variable but high levels of leaf drop (50–90%) by 

Neltuma spp. during winter, are all likely to influence 
and affect Agnippe sp. #1 populations and their subse-
quent levels of damage experienced in the province.

Given the importance of temperature on the abun-
dance and damage of Agnippe sp. #1, the inclusion of 
physiological, particularly thermal, assessments offer 
further insight to broad scale climate matching (van 
Klinken et al. 2003b; Muskett et al. 2020). Thermally, 
Agnippe sp. #1 appears best suited to Mesquite inva-
sions occurring within the Northern Cape. The spe-
cies’ low  CTmin and  LLT50 display promising levels 
of cold tolerance, particularly the  4th instar larvae 
which is the overwintering life stage. Although the 
diapause of larvae within leaf-ties may offer some 
thermal buffering against cold temperatures, there is 
still a high risk of cold stress accumulation in certain 
regions of South Africa. Cold semi-arid and tem-
perate inland sections of the Free State, North West 
and southern parts of the Northern Cape where win-
ter temperatures frequently drop below the moth’s 
 CTmin (Schulze 1997; Kriticos et  al. 2015), should 
be avoided and likely account for the failed estab-
lishment at these sites. Although cold winter tem-
peratures appear to preclude the moth’s establishment 
outside of the Northern Cape at present, this may not 

Table 2  South African release sites of the leaf-tying moth Agnippe sp. #1 undertaken during 2021 and 2022 within the Free State, 
North West and Northern Cape provinces (see Fig. 2)

a Climate classifications made as per Beck et al. (2018)
b As of March 2023

Release site Co-ordinates of release site Climatea Release  numberMonth Establishmentb

2021 2022

Free State
 Modderrivier 29° 1′ 19.0092″ S, 24° 45′ 23.0184″ E Cold 2000Oct 800May Failed

Semi-arid
North West
 Bloemhof 27° 28′ 44.346″ S, 25° 45′ 53.222″ E Cold 660Mar 900Jan Failed

Semi-arid 600May 2900Feb

1000Nov –
 Sannieshof 26° 32′ 11.2668″ S, 25° 46′ 1.1748″ E Cold – 600Mar Failed

Semi-arid
Northern Cape
 Kenhardt 29° 13′ 25.9752″ S, 21° 23′ 32.0352″ E Hot Arid 2300Nov – Established
 Meerkat SKA 30° 41′ 39.9" S, 21° 27′ 44.0" E Cool Arid 1800Feb – Established
 Prieska 29° 41′ 40.8156″ S, 22° 49′ 47.6652″ E Hot Arid 2000Dec – N/A: Site cleared
 Witsand 28° 32′ 25.7028″ S, 22° 28′ 7.9788″ E Hot Arid – 700Oct Unconfirmed

600Nov
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persist into the future. There remains the potential 
for Agnippe sp. #1 to display a degree of phenotypic 
plasticity or even local adaptation to climatic con-
ditions over the longer term, as seen in other South 
African biocontrol programmes facing similar cli-
matic constraints (Griffith et al. 2019). Contrastingly, 
the high temperatures experienced in South Africa 
are unlikely to pose any hinderances to adult moths or 
their larvae. The high  CTmax and  ULT50 should allow 
the moth to persist readily, even in the hottest regions 
of South Africa where temperatures average > 32 °C 
throughout summer (e.g., Vioolsdrif) (Schulze 1997). 
Moreover, the development of larvae entirely within 
leaf-ties and the residence of adult moths within the 
foliage may offer further thermal refuge. Therefore, 
these thermal physiology assessments support the 
notion that Agnippe sp. #1 releases should be car-
ried out, at least initially, in the most climatically 
well-suited regions to prompt greater establishment, 
increases in population size and subsequently higher 
levels of damage.

Although climate exists as one of the main con-
straints to classical biological control programmes 
(Harms et  al. 2021), secondary factors known to 
hinder the establishment, abundance and efficacy 
of agents should not be overlooked. Predation, and 
more particularly parasitism, of various endophytic 
and lepidopteran agents released in South Africa is 
well documented and may be a cause for concern 
(Hill and Hulley 1995), warranting further investi-
gation locally. Promisingly, parasitism of Agnippe 
sp. #1 in Australia has remained exceedingly low, 
averaging < 2%, despite the larval and pupal stages 
attracting a diversity of parasitoids (see van Klinken 
and Burwell 2005; van Klinken 2012). Similarly, 
the genetic facets of biological control programmes 
should not be ignored given the longstanding, his-
torical invasion of Neltuma spp. in South Africa 
potentially allowing for unique Neltuma genotypes 
(Ward et  al. 2008). Likewise, the likelihood of 
genetic bottlenecking should be explored if estab-
lishment issues arise in climatically well-suited 
areas, given the collection of Agnippe sp. #1 from 
a few Australian sites as well as its prolonged labo-
ratory culturing period prior to release (~ six years) 
(Taylor et  al. 2011; Harms et  al. 2021). Although 
Agnippe sp. #1 is known to be damaging across 
several Neltuma spp. (van Klinken et  al. 2003a; 
Kleinjan et  al. 2021), many of which are believed 

to be present in South Africa, recent studies suggest 
that the majority of the Neltuma spp. prevalent and 
invading South Africa represent a ‘hybrid swarm’ 
(Mazibuko 2012; Richardson et  al. 2020) which 
may influence the performance of Agnippe sp. #1 
regardless of any other underlying abiotic or biotic 
limitations.

In conclusion, the release and preliminary estab-
lishment of the leaf-tying moth, Agnippe sp. #1, 
remains highly promising and an important step 
towards increasing and sustaining the impact of 
ongoing biological control efforts (Hill et  al. 2020) 
against notoriously invasive and damaging Neltuma 
spp. in southern Africa. Climatic assessments com-
paring South Africa to Argentina and Australia sug-
gest that establishment of the moth is likely to be 
constrained by climatic factors, particularly low win-
ter temperatures in cold semi-arid inland regions. 
Parts of the introduced distribution in South Africa 
are unlikely to be suitable for the agent, but areas of 
the Northern Cape, where some of the worst infesta-
tions of Neltuma spp. persist, are likely to be suitable 
for establishment. Agnippe sp. #1 is most likely to 
establish within the Northern Cape, offering mod-
erate to potentially high levels of damage, albeit 
restricted predominately to the hottest arid regions 
of the province. Therefore, ongoing biological con-
trol efforts should focus releases primarily in the 
most climatically well-suited areas of the Northern 
Cape to promote greater establishment of the moth. 
More broadly, this research highlights the importance 
of climatic considerations in biological control pro-
grammes, particularly to other amenable countries, 
such as Kenya and Ascension Island, which are cur-
rently considering Agnippe sp. #1 as a possible agent 
for invasive Neltuma spp.
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