Received: 22 August 2024

'.) Check for updates

Accepted: 1 March 2025

DOI: 10.1111/eea.13557

ORIGINAL ARTICLE

®

Thermal performance drifts between the egg parasitoid
Telenomus remus and the fall armyworm may threaten the
efficacy of biological control under climate change

Macdonald Mubayiwa' | Honest Machekano®* | Brighton M. Mvumi* |

Winnifred A. Opio®> | Bame Segaiso' | Frank Chidawanyika®’ | Casper Nyamukondiwa'®®

'Department of Biological Sciences and
Biotechnology, Botswana International
University of Science and Technology,
Palapye, Botswana

Department of Zoology and Entomology,
University of Pretoria, Pretoria, South Africa

3Forestry and Agricultural Biotechnology
Institute (FABI), University of Pretoria,
Pretoria, South Africa

“Department of Agricultural and Biosystems
Engineering, University of Zimbabwe, Harare,
Zimbabwe

National Agricultural Research Organization,
Entebbe, Uganda

®Plant Health Department, International
Centre of Insect Physiology and Ecology
(ICIPE), Nairobi, Kenya

"Department of Zoology and Entomology,
University of the Free State, Bloemfontein,
Republic of South Africa

8Department of Zoology and Entomology,
Rhodes University, Makhanda, South Africa

°Centre for Environmental Policy, Imperial
College of London, Ascot, UK

Correspondence

Casper Nyamukondiwa, Department of
Biological Sciences and Biotechnology,
Botswana International University of Science
and Technology, Palapye, Botswana.

Email: nyamukondiwac@biust.ac.bw

Abstract

The fall armyworm, Spodoptera frugiperda J.E. Smith, is a significant global agricultural
pest known for its rapid invasion and devastating impact on crops. While pesticides
may be effective for controlling the pest in the short-term, they cause several socio-
economic and ecological costs that highlight the need for more sustainable manage-
ment strategies. Telenomus remus (Nixon) is a promising egg parasitoid for its biological
control. For the parasitoid to provide effective ecosystem services, it should be able
to survive and coexist within the same ecological niches as its host. However, there is
limited information regarding the potential responses of T. remus to thermal changes.
In the context of the changing climate environments, it is key to understand the para-
sitoid's overall environmental fitness in relation to its host. We investigated the effects
of short-term (2h) and long-term (6 h) acclimation pretreatment of T. remus adults
and S. frugiperda eggs to high and low temperatures (18°C and 32°C, respectively) in
comparison with the control (28°C). Telenomus remus thermal fitness (critical thermal
maxima [CT_ ], heat knockdown time and critical thermal minima [CT..;,)) parasit-
ism rates, and adult emergence were determined. Pretreated S. frugiperda eggs were
assessed for hatchability under the control conditions. Acclimation at low (18°C) and
high (32°C) temperatures significantly reduced and increased heat tolerance, respec-
tively. Both temperatures, however, reduced cold tolerance. The parasitoid thermal
tolerance polygons following acclimation pretreatment, showed significant heat- but
not cold-tolerance gains. Fall armyworm eggs short-term acclimated to 32°C had
significantly higher (p<0.05) but comparable hatchability to the control treatment.
Similarly, parasitism and adult emergence rates were significantly lower (p < 0.001) fol-
lowing long-term acclimation of host eggs and the parasitoid to 32°C. These findings
suggest that high temperatures may decouple the T. remus-fall armyworm ecological
relationship, threatening its success in warming regions. The findings provide valu-
able insights into the potential environmental resilience and suitability of T. remus as a
biological control agent across different climates or geographies.
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FALL ARMYWORM TELENOMUS TEMPERATURE PERFORMANCE DRIFTS

INTRODUCTION

Insects' sensitivity to thermal fluctuations is high, due to
their ectothermic nature, and can influence survival and
subsequent population dynamics (Colinet et al., 2015; Hance
et al,, 2007). For interacting host-natural enemy arthropod
species, predicting the effects of temperature is important
for pest management practitioners as it helps in designing
efficacious sustainable strategies for controlling pest spe-
cies (Machekano et al., 2018). The effects of increasing tem-
peratures with climate change on biological processes may
not be unidirectional, making net consequences for climate
change highly ambivalent for interacting species, including
host-natural enemy interactions (Chidawanyika et al., 2019).
Indeed, the success or failure of biological control agents is,
thus, dependent on matches or mismatches in their thermal
preferences, tolerance and sync in host-natural enemy phe-
nologies. The effects of climate change are increasingly being
noticed (IPCC, 2023; Stillman, 2019) with predictions pointing
toward more extreme temperatures (Witze, 2024). The con-
sequences of these extreme temperatures are dreadful, es-
pecially to biodiversity, ecosystem integrity, function and the
provision of insect ecosystem services (Harvey et al., 2023).
Insects are essential components of ecosystems, with many
of them being natural enemies to many problematic pest
species (Hance et al.,, 2007). As such, climate change presents
significant threats to the survival, and success of many natural
enemies in biological control programs through direct and
indirect effects (Chidawanyika et al., 2019; Nyamukondiwa
et al, 2022). Temperature increases indirectly disrupt the
synchronous ecological balance among interacting insect
species by differentially influencing their biogeography as a
result of differences in individual species' thermal preferences
and fitness (Chidawanyika et al., 2019; Moore et al., 2021). As
a result, the spatial and temporal distribution and synchroni-
zation of parasitoids and their hosts face disruptions leading
to possible phenological decoupling that increases pest out-
breaks (Hance et al., 2007; Tougeron et al., 2020). Although
host insect development initially responds positively to in-
creasing temperatures through accelerated development,
the success of most parasitoids may be limited under high-
temperature environments (Bueno et al., 2008; Kingsolver
etal,, 2024). Higher trophic levels are expected to be more af-
fected by climate change than their lower trophic-level hosts
(Furlong & Zalucki, 2017; Hance et al., 2007; Spahn & Lill, 2022).
However, the exact effect of elevated temperatures on par-
asitoids and their hosts is dependent on species-specific
thermal requirements and tolerances (Moore et al., 2021).
Heat stress also affects natural enemies' efficacy through
their direct effects on developmental time, sex ratios, par-
asitism windows, and adult longevity (Nguyen et al., 2013;
Pomari et al., 2013). For successful ecosystem services pro-
vision by natural enemies, they must, thus, be able to ad-
just their thermal preferences to match those of their hosts
(Tougeron et al., 2020). However, several reports suggest
likely mismatches in interacting species under temperature
stress (Segoli et al., 2024; Tougeron et al., 2020). As such, an

understanding of host-natural enemy specific interactions
under changing climate environments can help crop protec-
tion scientists and policymakers in designing efficacious pest
management programs.

The fall armyworm, Spodoptera frugiperda (J.E. Smith)
(Lepidoptera: Noctuidae) is a significant global agricultural
pest known for its rapid invasion and devastating impact
on crops, particularly maize (Kenis et al., 2023; Mlambo
et al,, 2024; Timilsena et al., 2022). The pest originated from
South and Central America and has invaded Africa, Asia,
Oceania, and Europe in the recent past (Cean et al., 2024;
Kenis et al., 2023). In Africa, fall armyworm has invaded more
than 50 of the 54 countries on the continent and is respon-
sible for maize field losses ranging from 9% to 67% (De
Groote et al., 2020; Kassie et al., 2020; Mlambo et al., 2024).
Its highly polyphagous and invasive nature has highlighted
the need for the development and deployment of sustain-
able integrated pest management (IPM) options (Kenis
et al., 2023). Among the potential IPM techniques, biological
control is a strong component of choice due to the global
push to reduce over-reliance on synthetic pesticides, which
have largely been reported ineffective and environmen-
tally unsustainable (Kenis et al., 2023; Van Den Berg & du
Plessis, 2022; Zhang et al., 2021). In addition, biological con-
trolis preferable due to advances in insect mass-rearing tech-
nigues, environmental and consumer safety advantages,
reduced risks of resistance development, sustainability, and
cost-effectiveness (Holmes et al., 2016; Kumari et al., 2022).
A large number of hymenopteran and dipteran parasitoids
are known to attack fall armyworm both in the Americas
and Africa (Canico et al., 2020; Hay-Roe et al., 2016; Kenis
et al.,, 2023), with the majority (~80 species) being found in
South America (de Freitas et al., 2019), including Telenomus
remus (Nixon) (Hymenoptera: Scelionidae). Egg parasitoids
that belong to the genera Telenomus and Trichogramma
show great potential (Sithanantham et al., 2001), with the
two parasitoid genera showing efficacy of ~64%-100% and
up to ~78% under laboratory and field conditions, respec-
tively (Agboyi et al., 2021; Laminou et al., 2020). However, the
efficacy of these biological control agents is affected by sev-
eral environmental factors, chiefly prevailing temperatures
and other context-specific biotic interactions (Abd-Elgawad
& Askary, 2020; Seehausen et al.,, 2021). Understanding the
effects of environmental factors on natural enemies’ fitness
is key in explaining their functionality under changing envi-
ronments and thus determining their suitability in divergent
environments.

The use of egg parasitoids for fall armyworm biolog-
ical control is a relatively more efficient option because
they impede egg hatching, hence prevent the develop-
ment of the economically damaging larval stage (Grande
et al., 2021). In addition, egg parasitoids can be reared
in large numbers in very small spaces and are effective
against a large number of pests (Bueno et al., 2023; Parra
& Junior, 2019). Telenomus remus is an oligophagous
egg parasitoid of lepidopteran pests, primarily of the
Spodoptera genus (Bueno et al., 2008; Cave, 2000; Kenis
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etal., 2019; Wengrat et al., 2021). It is one of the most cos-
mopolitan and abundant of all fall armyworm egg par-
asitoids globally (Grande et al., 2021; Navik et al., 2021)
with notable field tolerance to most pesticides com-
monly used in agro-ecosystems (Carmo et al., 2010; Kenis
et al., 2023; Mani & Krishnamoorthy, 1986), making it a
favorable biological control option in pesticide-laden
agro-ecosystems. However, how the distribution and
parasitism efficacy of the parasitoid may be shaped by
habitat environmental complexities, particularly tem-
perature, is unknown.

Several studies have been conducted on thermal re-
quirements and effects of environmental variables, such
as temperature, relative humidity, and photo phases on
T. remus development and biological control efficacy
as a parasitoid (Bueno et al., 2008; Pomari et al., 2012,
2013). Similarly, much research efforts have targeted fall
armyworm climate responses (Chen et al., 2022; Huang
et al,, 2021; Mbande, Mutamiswa, & Chidawanyika, 2023;
Mbande, Mutamiswa, Nyamukondiwa, &
Chidawanyika, 2023; Segaiso et al., 2022) and different
hosts/diets (Jin et al., 2020; Moraes et al., 2020; Mubayiwa
et al., 2023). However, most of this work investigated the
pest host or natural enemies separately with no compar-
ative host and natural enemy responses for drawing in-
ferences on the potential influence on biological control.
There is, thus, inadequate empirical evidence regarding
the possible responses of parasitoids to climate stress,
particularly when both parasitoids and hosts are exposed
to the same stress simultaneously. Here, we sought to
investigate the potential effects of acclimation pretreat-
ment on the physiological limits to activity (plastic re-
sponses) of T. remus compared with the target life stage
of its host. The main objective of the study was to deter-
mine the effects of short-term and long-term acclimation
pretreatment of T. remus adults and fall armyworm eggs
to high and low acclimation temperatures on their ther-
mal tolerance limits and other ecological fitness metrics,
such as egg hatchability and parasitism efficacy. We hy-
pothesized that long-term acclimation pretreatment to
high and low temperatures confers beneficial effects on
T. remus thermal fitness, and as such improves parasitoid
survival, while having deleterious effects on S. frugiperda
egg hatchability. The results of this study will provide in-
sights on whether T. remus will be able to share the same
ecological niches with fall armyworm in diverse global
agroecosystems as climate change ensues.

MATERIALS AND METHODS

Telenomus remus and Spodoptera frugiperda
rearing

The T. remus population used in these experiments
was imported from the National Agricultural Research
Organization (NARO) in Uganda (import permit

number—5361/23; issue date—06/03/2023). The para-
sitoids were reared on eggs of fall armyworm in the Eco-
physiological Entomology Laboratory, Department of
Biological Sciences and Biotechnology at Botswana
International University of Science and Technology. Three
batches of approximately 500 fresh fall armyworm eggs
(<24h old) were loosely stuck on egg cards using paper
glue (Zhejiang Changchao Stationery Co., Ltd., Yiwu City,
Zhejiang Province, China). Each fall armyworm egg batch
was then exposed to ~50 unsexed T. remus for 24h for
parasitism. Parasitized eggs were kept in 350mL ‘consol’
glass jars covered with netted perforated lids to allow for
ventilation. These jars were kept in climate chambers (HPP
260; Memmert GmbH + Co.KG, Germany) set at 28+ 1°C,
60£5% r.h. until adult emergence. The emerged T. remus
adults (<12 h old) used for the experiments were sustained
on a 10% sucrose solution artificially dyed with yellow food
coloring (Robertsons—Libstar Manufacturing Solutions,
Gauteng, South Africa). The fall armyworm colony was a
laboratory population established from collections from
farmers' fields in Palapye (22°28'38" S, 27°14'01" E), Central
District Botswana in 2023, and was constantly mated with
wild populations (after every five to six generations) to
avoid genetic erosion. The host insects were maintained on
an artificial diet based on Tefera (2010), at optimal 28 +1°C;
60+ 5% r.h. in climate chambers.

Short-term and long-term acclimation
pretreatment responses to high and low
temperatures

The emerged F, T. remus adults were separately acclimated
to low (18+1°C) and high (32£1°C) temperatures for 2h
(short-term acclimation) and 6h (long-term acclimation),
while control insects were kept under the optimal condi-
tions (28 + 1°C; 60 £ 5% r.h.) until experimentation. Following
acclimation, the parasitoids were returned to the control en-
vironment (28 +1°C; 60+ 5% r.h.) for 12 h to allow them to re-
cover before experimentation (van der Merwe et al., 1997).
The treated adults were then used to assay critical thermal
limits (critical thermal maxima [CT ol and critical thermal
minima [CT_. 1) and heat knockdown time (HKDT) against
those reared under control environments. These met-
rics represent a standardized system of thermal tolerance
measurement that is easy to record in the laboratory and
are essential proxies determining species' biogeography
(Andersen et al., 2015; Terblanche et al., 2007, 2011).

Thermal tolerance metrics

Critical thermal maxima (CT 2

Acclimated and control T. remus adults were individually
placed in each of the 10 transparent glass organ pipes
insulated by a double-jacketed chamber connected to a
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programmable water bath containing 1:1 water:propylene
glycol (Grant GP200-R4; Grant Instruments, UK). The tem-
perature in the water bath was kept at 28°C for an initial
10 min for equilibration before ramping up. The tempera-
ture was ramped up from an optimum temperature of
28°C (Wan et al., 2021) using an ecologically relevant rate
of 0.25°C per minute (Nyamukondiwa et al., 2013). A ther-
mocouple connected to a digital thermometer (Fluke 54
series II; Fluke Cooperation, China; accuracy: 0.05°C) was
inserted into one of the organ pipes to record the tem-
perature inside the pipes. The experimental procedure was
repeated twice to have a total of 20 replicates per treat-
ment. The insects were observed continuously, and CTax
was recorded as the upper temperature endpoint at which
insects lost coordinated muscle functions or the inability to
self-right following gentle prodding using a thermally inert
camel hair brush (Bennett & Beitinger, 1997; Machekano
et al., 2018).

Heat knockdown time

Heat knockdown time assays were conducted following
procedures outlined by Weldon et al. (2011). Pretreated
and control adult T. remus were placed inside 0.65-mL
Eppendorf microcentrifuge tubes and placed inside a
climate chamber set at 45°C and 65% r.h. until they lost
coordination. The heat knockdown temperature was
determined by rounding up the temperature from the
mean CT__ of 44.1°C recorded following acclimation to
32°C in the previous experiments. The time taken by in-
dividual test insects to lose their self-righting responses
was captured in a video by a camera connected to the
climate chamber (HD Covert Network Camera, DS-
2CD6412FWD20; Hikvision Digital Technology Co., Ltd.,
China), and was saved automatically to a linked com-
puter. The HKDT for the individual insects was recorded
in minutes.

Critical thermal minima (CT_. )

Adult T. remus from each treatment, including the control
group, were individually placed inside the 10 organ pipes
of the programmable water bath at the set temperature of
28°C for an initial 10 min (for equilibration) before ramp-
ing down the temperatures, similar to the CT__ experi-
ments. After equilibration, the temperature was gradually
decreased at an ecologically relevant rate of 0.25°C per
minute (Nyamukondiwa et al., 2013) until each treatment
insect's endpoints were recorded. The temperature inside
the organ pipes was recorded as previously mentioned.
The temperature at which individual insects lost self-
righting abilities, as measured by failure to respond to mild
stimuli from prodding, as performed under the CT__ ex-
periment, was recorded. This experiment was run twice for
each treatment to attain 20 replicates.

Effects of short-term and long-term
acclimation pretreatment on fall armyworm
egg viability and parasitism

In this experiment, 50 freshly laid fall armyworm eggs (<12 h
old) were collected from the laboratory colonies and stuck
on egg cards (1cmx2.5cm). The eggs were then placed
inside small vials measuring 2.3cm in diameter and 7cm
in height. These vials were sealed with perforated lids cov-
ered with a fine netted clothing to allow for ventilation. The
eggs were pretreated at low (18+1°C) and high (32+1°C)
temperatures for 2 h (short-term acclimation) and 6 h (long-
term acclimation). Subsequently, the eggs were transferred
for incubation until hatching at 28 + 1°Cand 60+ 5% r.h. The
control treatment consisted of eggs kept at 28+1°C and
60+£5% r.h. throughout the experiment. The experiment
was replicated 20 times per treatment. After hatching, the
number of emerged neonates was recorded per vial.

To assess the effects of the host's eggs and parasitoid
acclimation on parasitism efficacy, 50 fall armyworm eggs
on cards and adult T. remus were separately acclimated to
both experimental temperatures and durations. The in-
sects were allowed to recover for 12 h at control conditions
as above. Following the recovery phase (post acclimation),
two T. remus (one female and one male) were introduced to
each vial containing a single egg card for 48 h under con-
trol conditions. On the contrary, control individuals were
kept at 28+ 1°C and 60+5% r.h. throughout the experi-
ment. The sexing of parasitoids was based on morphology
and especially using antennal length. Female T. remus have
shorter, club-shaped antenna with 11 segments, whereas
males have slender, long, geniculate antenna with 12 seg-
ments (Priyanka et al., 2023). Percentage parasitism was
calculated as the number of emerged adult T. remus plus
the number of eggs with unviable pupae of the parasitoid
(viewed under a microscope) expressed as a percentage of
the total number of eggs on the cards. Percentage parasit-
oid emergence was calculated as a proportion of the total
number of emerged adult parasitoids to the total number
of parasitized eggs.

Data analyses

All data were tested for normality and homogeneity as-
sumptions using Shapiro-Wilk and Hartley—Bartlett tests,
respectively, in Statistica v.14.0 Software (Statsoft, Inc.,
Tulsa, Oklahoma, USA). All data met the assumptions; hence,
they were subjected to two-way analysis of variance in the
same software. Mean separation was done using Fisher's
Protected LSD test where significant differences existed. To
determine the degree of eurythermicity and temperature-
dependent survival tactics (see Eme & Bennett, 2009) of
T. remus, thermal polygons were constructed following
methods by Conte et al. (2023), where regression plots for
CT. ., and CT_. were superimposed on the same graph,

max

followed by joining their endpoints at 18 and 32°C to form
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a quadrilateral for short-term and long-term acclimation.
Horizontal lines were inserted at the lowest CT_. - and low-
est CT_ . to show the magnitude of thermal tolerance, as
well as cold and heat tolerance gains or losses following
acclimation. In addition, acclimation temperature was re-

gressed against fall armyworm egg hatchability.

RESULTS
Telenomus remus thermal tolerance

Effects of acclimation pretreatment temperature
on heat tolerance

Acclimation temperature significantly influenced heat tol-
erance of adult T. remus, measured as the highest tempera-
ture to activity leading to heat stupor or CTax (le 0a=2714;
p<0.001). Individuals pretreated at 18°C had significantly
lower CT . (41.2£0.27°C) compared with the control
treatment (43.0+£0.58°C). On the contrary, parasitoids ac-
climated at 32°C had significantly higher heat tolerance
(CT . =441£0.11°C) than the control. Similarly, acclimation
temperature had significant effects on heat knockdown time
(HKDT) of T. remus adults (le 95 =27.20; p<0.001). Individuals
acclimated at sub-optimal temperatures had significantly
lower HKDT than the control. Parasitoids acclimated at 18°C
recorded the least HKDT (16.3+£0.59 min), followed by those
acclimated at 32°C (21.9+1.01 min), whereas the control in-
dividuals took longer to be knocked out by the set lethal
temperature (23.7+£0.47 min) (Figure 1). Acclimation dura-
tion (i.e., short-term vs. long-term acclimation pretreatment)
had significant effects on HKDT (FL ,6=8.01; p<0.05) but not
CT, . Individuals subjected to long-term acclimation took
significantly shorter time to be knocked out at heat coma
temperature (HKDT=17.7£0.50min) than those short-term
acclimated (HKDT=20.4+0.85min), and these effects were
significant at the high-temperature (32°C) acclimation. In ad-
dition, there was an overall significant positive correlation
between acclimation temperature and heat tolerance (€T ax
[r=0.64; p<0.001] and HKDT [r=0.49; p <0.001]).

Exposure_duration B3 2h B3 6h &5 Control

407 ¢
E c
230 b
‘g a ; _ Ej b
520 $
E = - .
€101 ! .
3
[
To

18 28 32

Exposure temperature (*C)

FIGURE 1 Effects of temperature and acclimation pretreatment
duration on Telenomus remus heat knockdown time (HKDT). Points
represent mean=SEM (n=20). Plots that do not share the same
lowercase letter are significantly different from one another based on
Fishers Protected LSD test at 95% confidence interval.

Acclimation temperature and duration had significant
interactive effects on HKDT (FL 26=233.37; p<0.001), but not
CT o Parasitoid acclimation at 18°C (regardless of duration)
and 32°C (long term) significantly reduced HKDT (Figure 1).
Although acclimation at low temperature reduced HKDT
in relation to the control, short-term acclimated T. remus
recorded significantly lower heat tolerance than those
acclimated at the same temperature for the long term
(14.9+£0.60 min compared with 17.7+£0.93 min) (FL ,6=8.01;
p<0.05). On the contrary, T. remus pretreated at 32°C for
the long term had significantly lower HKDT (17.8 £0.54 min)
compared with the control (p <0.05), whereas no significant
differences existed between the control and those long-
term acclimated at the high temperature (Figure 1).

Effects of high- and low-temperature
acclimation at different durations on T. remus
critical thermal minima

Acclimation temperature had significant effects on adult T.
remus cold tolerance, defined as the lowest temperature to
activity measured as CT . (Fzy 114=4.95; p<0.05). Telenomus
remus acclimated at 18 and 32°C had lower cold tolerance
(18°C=9.0£0.39°C; and 32°C [long term]=8.2+0.41°C) than
control individuals (CT_. =7.5+0.28°C) (Figure 2). Duration
of acclimation (2 or 6 h) did not have an influence on T. remus
CT ., but its interactions with temperature were significant
(F1’ 26=12.76; p<0.001) (Figure 2). Individuals that were accli-
mated for the short term at 32°C had the highest cold toler-
ance (lowest CT . ) (6.9+0.41°C) compared with all treatments
but were not significantly different from the control group.
There were no significant differences between individuals
that were acclimated either for the short term or the long term
at 18°C (9.6+0.42°C and 8.5+0.63°C, respectively) and those
acclimated for the long term at 32°C (9.5+0.57°C). Moreover,
correlation analyses showed a significant negative relation-
ship between acclimation temperature and CT_. = following
long-term pretreatment acclimation, whereas no relationship
existed following short-term acclimation.

Telenomus remus thermal polygons

Telenomus remus long-term acclimated to high and low tem-
peratures had higher thermal tolerance over short-term ac-
climated individuals. Parasitoids acclimated for 2h had a total
thermal tolerance polygon measuring 504.8°C%, while those
acclimated for 6h had 509.7°C? (Figure 3A,B, respectively).
Intrinsic tolerance constituted 92.2% (465.2°C%) and 92.0%
(468.7°C?) of the total tolerance polygon areas following
short-term and chronic acclimation, respectively. The lower
acquired tolerance was not significant in both instances but
was significantly and negatively correlated to acclimation
temperature following short-term acclimation (Figure 3A). On
the contrary, the upperacquired thermal tolerance zones were
significant and almost similar in both instances, measuring
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21.1 and 22.7°C%, constituting 4.2% and 4.5%, for short-term
and long-term acclimated individuals, respectively.

Acclimation temperature effects on
S. frugiperda egg hatchability and parasitism
efficacy

There were significant differences in fall armyworm egg
viability tested as hatchability (F4’ 95 =8.82, p<0.001) as
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FIGURE 2 Effects of temperature and acclimation pretreatment

duration on Telenomus remus critical thermal minima (CT_, ). Points
represent mean +SEM (n=20). Plots that does not share the same
lowercase letter are significantly different from one another based on
Fishers Protected LSD test at 95% confidence interval.

shown by differences in hatching percentage. Eggs accli-
mated for the short term to 32°C recorded a significantly
higher hatching percentage (74.0%), but were not sta-
tistically different from the control (74.5%). On the con-
trary, eggs pretreated for the long term at both 18 and
32°C (54%-58%) had significantly lower hatchability than
both the control and those short-term acclimated at 32°C
(Figure 4).

Temperature and acclimation duration had a signifi-
cant influence on T. remus parasitism rates (F4, 95=49.51;
p<0.001) and adult emergence (Fs, 95 =15.26; p<0.001).
Parasitism rates were significantly lower in individuals
pretreated at 32°C, with individuals acclimated to this
temperature for long-term recording the least parasitism
rates (48.9%), followed by those short-term pretreated at
the same temperature (67.7%) (Figure 5A). On the con-
trary, parasitism rates were significantly higher in indi-
viduals acclimated at low temperature (18°C, regardless
of acclimation duration). These were comparable to the
control (74.8-75.7) (Figure 5A). Furthermore, long-term
pretreatment at 32°C significantly reduced parasitoid
emergence (81.2%) (FL ,6=12.39; p<0.07), followed by
long-term acclimation at 18°C. In addition, no significant
differences were recorded between the control treat-
ment and those exposed for a short term to 18 and 32°C
(Figure 5B).
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a . . . o .
75 — — $ hymenopteran parasitoid species. When poikilothermic or-
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FIGURE 4 Effects of temperature and acclimation pretreatment
duration on fall armyworm egg hatching percentage (mean +SEM)
(n=20). Plots that do not share the same lowercase letter are
significantly different from one another based on Fishers Protected LSD
test at 95 % confidence interval.
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FIGURE 5 Effects of temperature and acclimation pretreatment on
Telenomus remus parasitism (A) and emergence rates (B) (mean = SEM)
(n=20). Plots that do not share the same lowercase letter are
significantly different from one another based on Fishers Protected LSD
test at 95 % confidence interval.

DISCUSSION

We set out to determine the comparative responses to ther-
mal stress by T. remus and fall armyworm as a proxy to trophic
level co-evolution and, thus, potential for geographical co-
occurrence. The parasitoids acclimated to high temperature
(32°C, both short-term and long-term) recorded higher CTax
than those acclimated to low temperature (18°C). These re-
sults are in line with the Borget beneficial acclimation theory,
which states that when insects are acclimated to novel en-
vironments, they experience reversible inter-generational
physiological adjustments that aid their survival in similar
conditions (Flynn et al., 2015; Marais & Chown, 2008; Wilson
& Franklin, 2002). Possible causes for the improved heat toler-
ance of T. remus exposed to 32°C may be reduced metabolic

respond by initiating compensatory physiological adapta-
tions in the short-term (Hochachka & Somero, 1971). These
include alterations in enzyme activities through the actions
of inhibitors or activators, modification of intracellular pH,
changes in serum and tissue ion concentrations, as well as
hormonal and cuticular permeability changes (Neven, 2000;
Sheikh et al., 2017; Somero & Hochachka, 1971). In addition,
insects may up-regulate heat shock proteins, whose expres-
sion may have been present, albeit low, under optimum tem-
peratures (Hochachka & Somero, 1971; King & Macrae, 2015;
Li et al., 2009; Sheikh et al., 2017). On the contrary, the reduc-
tion of the parasitoid's HKDT following long-term pretreat-
ment at high temperature could be a result of prolonged
stress, which could have resulted in cumulative cell damage
(Jorgensen et al., 2021). These findings suggest that the sur-
vival of T. remus may be threatened under global warming
due to climate change, as record-high temperatures con-
tinue to be experienced.

Similar to fall armyworm, the optimum developmen-
tal temperature for T. remus is 28°C. The parasitoid had a
basal CT and HKDT of 43.0+0.58°C and 23.72 +0.47 min,
respectively. These tolerance levels are generally compa-
rable to those of fall armyworm adults (~45°C) (Mbande,
Mutamiswa, & Chidawanyika, 2023), but are lower than
those found in other studies on the fourth/fifth instar
larvae (Segaiso et al., 2022). Although these basal toler-
ance levels indicate a high potential for co-existence be-
tween the parasitoid and its host, the generally low heat
tolerance of the adult parasitoid compared with the fall
armyworm larval stages indicates risks of the parasitoid's
population decimation under high-temperature envi-
ronments (Stillman, 2019). This, therefore, may offset the
balance between the parasitoid and its host under global
change, and in austral arid and semi-arid summers, where
temperatures often exceed the recorded T. remus CT_
values (Davies-Reddy & Vincent, 2017; Nogrady, 2023;
Witze, 2024). Tolerance to high temperatures is the main
determinant of individual species survival in warming envi-
ronments (Colinet et al., 2015; Nyamukondiwa et al., 2022).
The effects of T. remus acclimation to high and low tem-
peratures on other life-history traits need to be ascertained
for a wide scale understanding of the implications. Our cur-
rent results imply that the parasitoid has low activity ther-
mal limits in relation to its host and thus may not be active
under projected sub-optimal thermal environments typi-
cal in some parts of Africa, and in future in the context of
projected climate change (Davies-Reddy & Vincent, 2017;
Nogrady, 2023; Witze, 2024) where fall armyworm and its
economic effects are most profound (Kenis et al., 2023).
The possibility of the parasitoid's inability to perform its
ecosystem services all year round in most parts of Africa
may be important for crop protection practitioners in
modeling pest management strategies.
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Record-shattering high temperatures have been re-
corded during recent summers globally, with projec-
tions pointing toward the occurrence of more frequent
and severe heat waves (Davies-Reddy & Vincent, 2017;
Witze, 2024). In our experiment, the thermal tolerance
polygons showed heat tolerance gains following an in-
crease in pretreatment temperatures. These results con-
cur with CT___ results previously discussed and are in line
with findings by Scott et al. (1997) where prior exposure of
Trichogramma carvacea to high temperatures had survival
benefits under high-temperature environments. These
findings further provide scope for thermally precondition-
ing T. remus in mass-rearing programs to mitigate poor
field performance via phenotypic plasticity.

Our results also showed a basal CT . of 7.5°Cfor T. remus.
This low cold tolerance level makes it difficult for the para-
sitoid to be active and indeed survive chilling winters and
unpredictable cold waves (common in mid-latitude areas
and in the generally warmer regions of Africa) under climate
change (Faranda et al., 2022; Jalili et al., 2010). In addition,
our results indicating significantly higher cold tolerance
(lowest CT . ) in parasitoids acclimated to 32°C for the short-
term (comparable to control), whereas those acclimated to
18°C (short-term and long-term) and 32°C (long-term) re-
corded significantly lower cold tolerance, suggest that pre-
exposure to sub-optimal temperatures in nature may come
at cold tolerance fitness costs for T. remus. An improvement
in cold tolerance following short-term acclimation to high
temperature may be a result of overlap in mechanisms be-
tween heat and cold tolerance (Hoffmann, 2010; Hoffmann
et al., 2005). This overlap may not have manifested for in-
dividuals acclimated for the long-term owing to the pro-
longed stressful sub-optimal environments that may have
caused cumulative damage (Jgrgensen et al., 2021). A
general negative correlation between CT . and exposure
temperature following T. remus long-term pretreatment to
test temperatures, whereas no relationship existed follow-
ing short-term pretreatment, can be attributed to cross-
protection mechanisms. This may be through the actions
of variant biochemical molecules/enzymes that also work in
compensatory mechanisms during heat stress (Hochachka
& Somero, 1971). Telenomus remus is usually stored under
low-temperature environments (10+1°C) to extend its
shelf-life and provide opportunities to accumulate sufficient
numbers before their eventual release into the targeted
environments (Rathee & Ram, 2018; Tefera et al., 2019). Our
overall thermal tolerance polygons showed insignificant
cold tolerance changes following short-term and long-term
acclimation pretreatment, meaning that cold storage of the
parasitoids may not negatively influence their ecological
performance. This suggests that short-term cold storage
of T. remus may not affect its survival. However, our study
tested adults and did not use other parasitoid developmen-
tal stages for more accurate inferences, necessitating more
studies in this area.

Our egg viability experiments showed that basal egg
hatchability for host fall armyworm was 77+3.74%. This

hatchability is within a natural range in the wild and is com-
parable to that recorded on two-leaf stage maize (78.4%),
but is lower than that recorded on four- to five-leaf stage
old maize plants (93.5%) (He et al.,, 2021). Overall, fall army-
worm egg viability was lower at sub-optimal temperatures
of 18°C (56.2+2.73%) and 32°C (only for chronic acclimation)
(58.5+3.45%) than at control temperature (28°C). The low
viability at high sub-optimal temperatures was expected
because heat causes developmental impairment through
dehydration and desiccation, and protein denaturation
and immobilization of some crucial proteins (Hochachka
& Somero, 1971; Ma et al, 2021; Mbande, Mutamiswa,
Nyamukondiwa, & Chidawanyika, 2023). However, the actual
cause of low egg hatchability following acclimation at high
temperatures was not ascertained in our study and may need
further interrogation. These findings are similar to those of
Ali et al. (1990), Mbande, Mutamiswa, Nyamukondiwa, and
Chidawanyika (2023), and Savadatti and Adoni (2023) who
also recorded low fall armyworm egg hatching success at ele-
vated temperatures (with maximum of 32°C). On the contrary,
sub-optimal low temperatures cause impaired embryonic de-
velopment through enzyme inactivation, arrested respiration
and protein synthesis, compromised membrane integrity
and altered ionic balances of cells, and unavailability of some
key nutrients in non-diapausing species (Higaki & Ando, 2002;
Howe, 1967; Neven, 2000). Similar to heat stress, cold stress
also causes desiccation through dehydration and osmotic
stress at the cellular level in insects (Sinclair et al., 2013).

The least parasitism rates by T. remus, which underwent
long-term pretreatment at 32°C, followed by those pre-
treated for short-term at the same temperature, indicate that
pre-exposure of T. remus to sub-optimal high temperatures
may reduce their performance. Similarly, parasitoids pre-
treated at 32°C recorded low parasitoid adult emergence,
suggesting that exposure to high temperatures has delete-
rious effects on T. remus successful development, and thus
may lower the delivery of ecosystem services by the para-
sitoid in nature. This could be attributed to a reduction in
the success of oviposition attempts or reduced oviposition
preference by females due to heat stress (Spahn & Lill, 2022).
In addition, some parasitoids may lose oviposition interest
following reduced host quality (Spahn & Lill, 2022). However,
our study did not assess these aspects. On the contrary, nu-
merous studies indicate that female parasitoids can assess
their host's quality, avoiding either those of lower quality or
dead hosts. Our study may have underestimated T. remus
effectiveness by not factoring host natural mortality. When
the T. remus parasitism results are superimposed on fall ar-
myworm egg hatchability, high temperature reduced both
T. remus parasitism rates and host egg hatchability. On the
contrary, low temperatures did not affect parasitism rates,
but reduced host egg hatchability. These findings indicate
better pest control by the T. remus under low-temperature
environments, and suggest that the common practice of
low-temperature storage of the parasitoid does not com-
promise the parasitoid ecosystem service delivery within
optimum temperature ranges. To the pest management
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practitioner, a compromised T. remus fitness may manifest
as reduction in numbers, activity, and consequent reduc-
tion in fall armyworm control. Thus, the knowledge of how
host-natural enemies' differentially respond to changing
temperature conditions may help remodel more efficient
climate-resilient pest management programs. In addition, a
reduced adult emergence rate can be attributed to potential
reproductive abnormalities and activated cellular immunity
following stressful conditions. Cellular immunity is utilized
by hosts as a survival strategy against endoparasitoids
that oviposit in their bodies (Spahn & Lill, 2022). Fall army-
worm survive threats from these exogenous agents by ac-
tivating the innate immune system through up-regulating
phenoloxidase production. This enzyme is expressed more
in advanced developmental stages than in eggs (Huang
et al.,, 2022), making them more susceptible to parasitism.
Through this mechanism, the immune system of hosts de-
tects parasitoid eggs as foreign bodies and mobilizes cel-
lular immunity against them through enzymatic action or
encapsulation of the eggs or developing larvae (Andrade
etal, 2010; Reed et al., 2007). Nevertheless, parasitoids inject
venom into the hosts and kill them during oviposition.

In addition to the reduction of parasitoid thermal fitness
and reduced adult emergence, heat stress also reduces
parasitoid performance through its direct effects on devel-
opmental time, parasitism windows, adult longevity, and
female host-searching abilities (Cancino et al., 2020; Larios
et al., 2002; Pomari et al., 2013). In addition, temperature
also affects sex ratios in insects directly by influencing the
sperm stock that is acquired by females during copulation
(Nguyen et al., 2013). Information concerning offspring's
sex ratio from each thermal treatment can provide cru-
cial information to develop a biological control program
against the fall armyworm. Investigating these aspects is
useful to fully understand the extent of the impact of accli-
mation pretreatment, and thus provide more crucial infor-
mation for use in biological control programs.

Comparing the two experiments' results, long-term pre-
treatment to high temperature increased T. remus heat tol-
erance, while low-temperature pretreatment reduced both
cold and heat tolerance of the parasitoid. Similarly, accli-
mation to high (long term) and low temperatures generally
reduced egg hatchability in fall armyworm. Similar to sub-
missions by Furlong and Zalucki (2017), our results show
that as insects get exposed to sub-optimal temperatures
under the changing climate and in nature, both hosts and
parasitoids may be affected. We found the basal CT___ and
HKDT of T. remus to be 43.0+0.58°C and 23.7 +0.47 min,
respectively. These basal heat tolerance levels are lower
than those of its host fall armyworm reported by Mbande,
Mutamiswa, and Chidawanyika (2023) (~45°C on adults)
and Segaiso et al. (2022) (~50°C on fourth/fifth instar lar-
vae); a finding that complicates biological control using
T. remus, particularly where extended durations of high
temperatures are experienced. The higher developmental
stages of fall armyworm (fourth instar larvae upward and
adults) show some high tolerance to extreme temperature

environments, making it difficult to effectively suppress its
populations during periods of high-temperature anoma-
lies. In addition to low heat tolerance by T. remus, its par-
asitism efficacy and adult emergence are also reduced at
elevated temperatures. These findings concur with submis-
sions by Furlong and Zalucki (2017) and Hance et al. (2007)
who argued that parasitoid-mediated biological control
is likely to be negatively impacted by increasing bouts of
high temperatures and heat waves, a common phenome-
non under global climate change.

CONCLUSIONS

Acclimation of fall armyworm eggs and T. remus to subop-
timal temperatures comes at fitness costs, particularly for
the parasitoid. Our overall findings suggest that fall army-
worm and T. remus will be negatively impacted through
host egg desiccation for the former and parasitoid activity
and field fitness for the latter. Acclimation pretreatment to
elevated temperatures boosted T. remus CT a0 Yetits toler-
ance levels remained lower than the basal tolerance of its
host's developmental stages, as documented in literature.
In addition, parasitism rates and adult emergence may
be reduced by adult parasitoid pretreatment to elevated
temperatures. Our findings suggest valuable insights into
the environmental resilience and suitability of T. remus as
a biological control agent across different climates or ge-
ographies, particularly in varying seasons as influenced by
climatic conditions. Beneficial acclimation responses of the
biological control agent reported here also suggest that
leveraging insights from evolutionary physiology can en-
hance the mass rearing of parasitoids intended for release
in environments with varying climate conditions.

AUTHOR CONTRIBUTIONS

Macdonald Mubayiwa: Conceptualization; data curation;
formal analysis; investigation; methodology; validation;
visualization; writing — original draft; writing - review and
editing. Honest Machekano: Conceptualization; meth-
odology; resources; software; supervision; validation;
visualization; writing — original draft; writing - review and
editing. Brighton M. Mvumi: Conceptualization; project
administration; supervision; validation; visualization; writ-
ing - review and editing. Winnifred A. Opio: Investigation;
methodology; resources; validation; writing - review and
editing. Bame Segaiso: Investigation; methodology; writ-
ing — review and editing. Frank Chidawanyika: Writing
- original draft; writing - review and editing; validation
Casper Nyamukondiwa: Conceptualization; funding ac-
quisition; methodology; project administration; resources;
software; supervision; validation; visualization; writing —
original draft; writing - review and editing.

ACKNOWLEDGEMENTS
We are indebted to the National Agricultural Research
Laboratories, Uganda, and the Plant Health Department of

85U80|7 SUOWILIOD BAIIERD 8|qedl|dde ayy Aq peusenob aJe e e YO ‘8sn Jo se|nJ Joj Ariqi8UlIUO 43I UO (SUORIPUOD-PUR-SWBH W00 A8 |ImAleJq 1 BUI|UO//SANY) SUORIPUOD Pue SWB 18U} 89S *[5202/50/82] U0 AriqiTaulluO AB[IM ‘Y AN - SSFOOV DING3 Ad LGGETEeS/TTTT'OT/I0p/M00 A8 | AR Ul juo//Sdny WOy pepeo|umod ‘G ‘SZ0Z ‘851/0LST



FALL ARMYWORM TELENOMUS TEMPERATURE PERFORMANCE DRIFTS

the International Centre of Insect Physiology and Ecology
(ICIPE), Kenya, for providing the Telenomus remus culture
used in this experiment. The authors are grateful to the
Department of Biology and Biotechnology, and Botswana
International University of Science and Technology (BIUST)
forprovidinglaboratoryfacilitiesand reagents. We thank Mr.
Shaw Mlambo (Department of Biology and Biotechnology,
BIUST) for assisting with the maintenance of the laboratory
fall armyworm culture used in our experiment.

FUNDING INFORMATION
This research received no external funding.

CONFLICT OF INTEREST STATEMENT
All authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Datasets analyzed for the current study can be obtained
from the corresponding author upon reasonable request.

ETHICS STATEMENT
The authors have nothing to report.

ORCID
Casper Nyamukondiwa = https://orcid.
org/0000-0002-0395-4980

REFERENCES

Abd-Elgawad, M.M.M. & Askary, T.H. (2020) Factors affecting success
of biological agents used in controlling the plant-parasitic nem-
atodes. Egyptian Journal of Biological Pest Control, 30(17), 1-11.
Available from: https://doi.org/10.1186/s41938-020-00215-2

Agboyi, L.K., Layodé, B.F.R., Fening, K.O., Beseh, P,, Clottey, V.A., Day, R.
et al. (2021) Assessing the potential of inoculative field releases of
Telenomus remus to control Spodoptera frugiperda in Ghana. Insects,
12(8), 1-15. Available from: https://doi.org/10.3390/insects12080665

Ali, A., Luttrell, R.G. & Schneider, J.C. (1990) Effects of temperature and
larval diet on development of the fall army worm (Lepidoptera:
Noctuidae). Entomological Society of America, 83(4), 725-733.

Andersen, J.L., Manenti, T., Serensen, J.G., Macmillan, H.A., Loeschcke, V.
& Overgaard, J. (2015) How to assess Drosophila cold tolerance: chill
coma temperature and lower lethal temperature are the best pre-
dictors of cold distribution limits. Functional Ecology, 29(1), 55-65.
Available from: https://doi.org/10.1111/1365-2435.12310

Andrade, G.S., Serrdo, J.E., Zanuncio, J.C,, Zanuncio, TV., Leite, G.L.D. &
Polanczyk, R.A. (2010) Immunity of an alternative host can be over-
come by higher densities of its parasitoids Palmistichus elaeisis and
Trichospilus diatraeae. PLoS One, 5(10), 1-7. Available from: https://
doi.org/10.1371/journal.pone.0013231

Bennett, W.A. & Beitinger, T.L. (1997) Temperature tolerance of the
sheepshead minnow, Cyprinodon variegatus. Copeia, 1997(1), 77-87.

Bueno, A.F, Sutil, W.P,, Maciel, R.M.A., Roswadoski, L., Colmenarez, Y.C.
& Colombo, F.C. (2023) Challenges and opportunities of using
egg parasitoids in FAW augmentative biological control in Brazil.
Biological Control, 186, 105344. Available from: https://doi.org/10.
1016/j.biocontrol.2023.105344

Bueno, R.C.O.F,, Carneiro, T.R., Pratissoli, D., Bueno, A.D.F. & Fernandes,
O.A. (2008) Biology and thermal requirements of Telenomus remus
reared on fall armyworm. Ciéncia Rural Santa Maria, 38(1), 1-6.

Cancino, J., Mazariegos, D., Pérez, C., Ayala, A., Diaz-Fleischer, F., Leal-
Mubarqui, R. et al. (2020) Pre-release packing and chilling re-
duce host-searching ability of the parasitoid Diachasmimorpha

longicaudata used in the augmentative control of tephritid flies.
Entomologia Experimentalis et Applicata, 168, 350-359. Available
from: https://doi.org/10.1111/eea.12913

Canico, A., Mexia, A. & Santos, L. (2020) First report of native parasit-
oids of fall armyworm Spodoptera frugiperda Smith (Lepidoptera:
Noctuidae) in Mozambique. Insects, 11(9), 1-12. Available from:
https://doi.org/10.3390/insects11090615

Carmo, E.L., Bueno, A.F. & Bueno, R.C.O.F. (2010) Pesticide selectivity for
the insect egg parasitoid Telenomus remus. BioControl, 55(4), 455-
464. Available from: https://doi.org/10.1007/s10526-010-9269-y

Cave, R.D. (2000) Biology, ecology and use in pest management of
Telenomus remus. Biocontrol News and Information, 21(1), 21-26.

Cean, M., Taddei, A., Gottsberger, R.A., Reisenzein, H. & Georgescu, E.I.V.
(2024) First report of the fall armyworm Spodoptera frugiperda (J.E.
Smith, 1797) in Romania. EPPO Bulletin, 54(2), 212-216. Available
from: https://doi.org/10.1111/epp.13017

Chen, Y.C,, Chen, D.F, Yang, M.F. & Liu, J.F. (2022) The effect of tem-
peratures and hosts on the life cycle of Spodoptera frugiperda
(Lepidoptera: Noctuidae). Insects, 13(2), 1-15. Available from: https://
doi.org/10.3390/insects13020211

Chidawanyika, F., Mudavanhu, P. & Nyamukondiwa, C. (2019) Global cli-
mate change as a driver of bottom-up and top-down factors in
agricultural landscapes and the fate of host-parasitoid interactions.
Frontiers in Ecology and Evolution, 7, 1-13. Available from: https://doi.
org/10.3389/fev0.2019.00080

Colinet, H., Sinclair, B.J., Vernon, P. & Renault, D. (2015) Insects in fluctu-
ating thermal environments. Annual Review of Entomology, 60, 123—
140. Available from: https://doi.org/10.1146/annurev-ento-01081
4-021017

Conte, M., de Campos, D.F. & Eme, J. (2023) Effective practices for thermal
tolerance polygon experiments using mottled catfish Corydoras
paleatus. Journal of Thermal Biology, 115, 103616. Available from:
https://doi.org/10.1016/j.jtherbio.2023.103616

Davies-Reddy, C.L. & Vincent, K. (2017) Climate risk and vulnerabil-
ity: a handbook for southern Africa, 2nd edition. Pretoria, South
Africa: CSIR. Available from: https://doi.org/10.1017/9781108935
814.007

deFreitas, J.G., Takahashi, T.A., Figueiredo, L.L., Fernandes, P.M., Camargo,
L.F., Watanabe, |.M. et al. (2019) First record of Cotesia scotti (Valerio
and Whitfield, 2009) (Hymenoptera: Braconidae: Microgastrinae)
comb. nov. parasitising Spodoptera cosmioides (Walk, 1858) and
Spodoptera eridania (Stoll, 1782) (Lepidoptera: Noctuidae) in Brazil.
Revista Brasileira de Entomologia, 63(3), 238-244. Available from:
https://doi.org/10.1016/j.rbe.2019.05.001

De Groote, H., Kimenju, S.C., Munyua, B., Palmas, S., Kassie, M. & Bruce,
A. (2020) Spread and impact of fall armyworm (Spodoptera fru-
giperda J.E. Smith) in maize production areas of Kenya. Agriculture,
Ecosystems & Environment, 292, 106804. Available from: https://doi.
0rg/10.1016/j.agee.2019.106804

Eme, J. & Bennett, W.A. (2009) Critical thermal tolerance polygons of
tropical marine fishes from Sulawesi, Indonesia. Journal of Thermal
Biology, 34, 220-225. Available from: https://doi.org/10.1016/j.jther
bi0.2009.02.005

Faranda, D., Bourdin, S., Ginesta, M., Krouma, M., Noyelle, R., Pons, F. et al.
(2022) A climate-change attribution retrospective of some impact-
ful weather extremes of 2021. Weather and Climate Dynamics, 3,
1311-1340.

Flynn, K.J., St John, M., Raven, J.A., Skibinski, D.O.F., Allen, J.I, Mitra,
A. et al. (2015) Acclimation, adaptation, traits and trade-offs in
plankton functional type models: reconciling terminology for bi-
ology and modelling. Journal of Plankton Research, 37(4), 683-691.
Available from: https://doi.org/10.1093/plankt/fbv036

Furlong, M.J. & Zalucki, M.P. (2017) Climate change and biological control:
the consequences of increasing temperatures on host-parasitoid
interactions. Current Opinion in Insect Science, 20, 39-44. Available
from: https://doi.org/10.1016/j.cois.2017.03.006

Grande, M.L.M., de Queiroz, A.P.,, Gongalves, J., Hayashida, R., Ventura,
M.U. & Bueno, A.F. (2021) Impact of environmental variables on

85U80|7 SUOWILIOD BAIIERD 8|qedl|dde ayy Aq peusenob aJe e e YO ‘8sn Jo se|nJ Joj Ariqi8UlIUO 43I UO (SUORIPUOD-PUR-SWBH W00 A8 |ImAleJq 1 BUI|UO//SANY) SUORIPUOD Pue SWB 18U} 89S *[5202/50/82] U0 AriqiTaulluO AB[IM ‘Y AN - SSFOOV DING3 Ad LGGETEeS/TTTT'OT/I0p/M00 A8 | AR Ul juo//Sdny WOy pepeo|umod ‘G ‘SZ0Z ‘851/0LST


https://orcid.org/0000-0002-0395-4980
https://orcid.org/0000-0002-0395-4980
https://orcid.org/0000-0002-0395-4980
https://doi.org/10.1186/s41938-020-00215-2
https://doi.org/10.3390/insects12080665
https://doi.org/10.1111/1365-2435.12310
https://doi.org/10.1371/journal.pone.0013231
https://doi.org/10.1371/journal.pone.0013231
https://doi.org/10.1016/j.biocontrol.2023.105344
https://doi.org/10.1016/j.biocontrol.2023.105344
https://doi.org/10.1111/eea.12913
https://doi.org/10.3390/insects11090615
https://doi.org/10.1007/s10526-010-9269-y
https://doi.org/10.1111/epp.13017
https://doi.org/10.3390/insects13020211
https://doi.org/10.3390/insects13020211
https://doi.org/10.3389/fevo.2019.00080
https://doi.org/10.3389/fevo.2019.00080
https://doi.org/10.1146/annurev-ento-010814-021017
https://doi.org/10.1146/annurev-ento-010814-021017
https://doi.org/10.1016/j.jtherbio.2023.103616
https://doi.org/10.1017/9781108935814.007
https://doi.org/10.1017/9781108935814.007
https://doi.org/10.1016/j.rbe.2019.05.001
https://doi.org/10.1016/j.agee.2019.106804
https://doi.org/10.1016/j.agee.2019.106804
https://doi.org/10.1016/j.jtherbio.2009.02.005
https://doi.org/10.1016/j.jtherbio.2009.02.005
https://doi.org/10.1093/plankt/fbv036
https://doi.org/10.1016/j.cois.2017.03.006

348

MUBAYIWA €T AL.

parasitism and emergence of Trichogramma pretiosum, Telenomus
remus and Telenomus podisi. Biological Control, 50, 605-614.

Hance, T., Van Baaren, J., Vernon, P. & Boivin, G. (2007) Impact of extreme
temperatures on parasitoids in a climate change perspective.
Annual Review of Entomology, 52, 107-126. Available from: https://
doi.org/10.1146/annurev.ento0.52.110405.091333

Harvey, J.A., Tougeron, K., Gols, R., Heinen, R., Abarca, M., Abram, PK.
et al. (2023) Scientists' warning on climate change and insects.
Ecological Monographs, 93(1), 1-37. Available from: https://doi.org/
10.1002/ecm.1553

Hay-Roe, M.M., Meagher, R.L, Nagoshi, R.N. & Newman, Y. (2016)
Distributional patterns of fall armyworm parasitoids in a corn field
and a pasture field in Florida. Biological Control, 96, 48-56. Available
from: https://doi.org/10.1016/j.biocontrol.2016.02.003

He, L., Wang, T., Chen, Y., Ge, S., Wychuys, K.A.G. & Wu, K. (2021) Larval
diet affects development and reproduction of East Asian strain
of the fall armyworm, Spodoptera frugiperda. Journal of Integrative
Agriculture, 20(3), 736-744. Available from: https://doi.org/10.1016/
$2095-3119(19)62879-0

Higaki, M. & Ando, Y. (2002) The effect of temperature on embryonic de-
velopment and local adaptation in the life cycle of Eobiana engel-
hardti subtropica Bey-Bienko (Orthoptera: Tettigoniidae). Applied
Entomology and Zoology, 37(4), 625-636.

Hochachka, PW. & Somero, G.N. (1971) Biochemical adaptation to the
environment. In: Fish physiology, Vol. 6. New York: Academic Press,
pp. 99-156. Available from: https://doi.org/10.1016/51546-5098(08)
60147-8

Hoffmann, A.A. (2010) A genetic perspective on insect climate special-
ists. Australian Journal of Entomology, 49, 93-103. Available from:
https://doi.org/10.1111/j.1440-6055.2010.00744 .x

Hoffmann, A.A., Hallas, R., Anderson, A.R. & Telonis-Scott, M. (2005)
Evidence for a robust sex-specific trade-off between cold resis-
tance and starvation resistance in Drosophila melanogaster. Journal
of Evolutionary Biology, 18, 804-810. Available from: https://doi.org/
10.1111/j.1420-9101.2004.00871.x

Holmes, L., Mandjiny, S. & Upadhyay, D. (2016) Biological control of agri-
culture insect pests. 2nd Pan-American Interdisciplinary Conference,
PIC, pp. 228-237. Available from: https://www.researchgate.net/
profile/Silvina_Elias/publication/305046323_Internationalization_
of_Higher_Education_in_the_light_of_some_indicators/links/
59073f2b4585152d2e98e92a/Internationalization-of-Higher-Educa
tion-in-the-light-of-some-indicators.pdf#p [Accessed 17th Jan
2024]

Howe, R.W. (1967) Temperature effects on embryonic development in
insects. Annual Review of Entomology, 12, 15-42. Available from:
https://doi.org/10.1146/annurev.en.12.010167.000311

Huang, L.L., Xue, F.S., Chen, C., Guo, X., Tang, J.J., Zhong, L. et al. (2021)
Effects of temperature on life-history traits of the newly invasive
fall armyworm, Spodoptera frugiperda in Southeast China. Ecology
and Evolution, 11(10), 5255-5264. Available from: https://doi.org/10.
1002/ece3.7413

Huang, X., Jing, D., Prabu, S., Zhang, T. & Wang, Z. (2022) RNA interference
of phenoloxidases of the fall armyworm, Spodoptera frugiperda,
enhance susceptibility to Bacillus thuringiensis protein Vip3Aa19.
Insects, 13, 1-13. Available from: https://doi.org/10.3390/insects131
11041

IPCC. (2023) Climate change 2023: Synthesis report. Contribution of
Working Groups |, Il and Ill to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Changes. AR6 Synthesis
Report. Available from: https://doi.org/10.1017/9781009157896.015

Jalili, A., Jamzad, Z., Thompson, K., Araghi, M.K., Ashrafi, S., Hasaninejad,
M. et al. (2010) Climate change, unpredictable cold waves and pos-
sible brakes on plant migration. Global Ecology and Biogeography,
19, 642-648. Available from: https://doi.org/10.1111/j.1466-8238.
2010.00553.x

Jin, T, Lin, Y., Chi, H., Xiang, K.P, Ma, G.C., Peng, Z.Q. et al. (2020)
Comparative performance of the fall armyworm (Lepidoptera:
Noctuidae) reared on various cereal-based artificial diets. Journal

of Economic Entomology, 113(6), 2986-2996. Available from: https://
doi.org/10.1093/jee/toaal98

Jorgensen, L.B., Malte, H., @rsted, M., Klahn, N.A. & Overgaard, J. (2021) A
unifying model to estimate thermal tolerance limits in ectotherms
across static, dynamic and fluctuating exposures to thermal stress.
Scientific Reports, 11(1), 1-14. Available from: https://doi.org/10.
1038/541598-021-92004-6

Kassie, M., Wossen, T., De Groote, H., Tefera, T., Sevgan, S. & Balew, S.
(2020) Economic impacts of fall armyworm and its management
strategies: evidence from southern Ethiopia. European Review of
Agricultural Economics, 47(4), 1473-1501. Available from: https://doi.
org/10.1093/erae/jbz048

Kenis, M., Benelli, G., Biondi, A., Calatayud, P., Day, R., Desneux, N. et al.
(2023) Invasiveness, biology, ecology, and management of the fall
armyworm, Spodoptera frugiperda. Entomologia Generalis, 43(2), 1-
55. Available from: https://doi.org/10.1127/entomologia/2022/1659

Kenis, M., du Plessis, H., Van den Berg, J., Ba, M.N., Goergen, G., Kwadjo,
K.E. et al. (2019) Telenomus remus, a candidate parasitoid for the bio-
logical control of Spodoptera frugiperda in Africa, is already present
on the continent. Insects, 10(4), 1-10. Available from: https://doi.org/
10.3390/insects10040092

King, A.M. & Macrae, T.H. (2015) Insect heat shock proteins during stress
and diapause. Annual Review of Entomology, 60, 59-75. Available
from: https://doi.org/10.1146/annurev-ento-011613-162107

Kingsolver, J.G. (2024). Mechanisms and patterns of selection on per-
formance curves: thermal sensitivity of caterpillar growth. In
Environment and animal development Garland Science, pp. 305-319.
Available from: https://doi.org/10.1201/9781003579984-16

Kumari, M., Srivastava, A., Sah, S.B. & Subhashini. (2022) Biological control
of agricultural insect pests. Intech, 11, 1-16. Available from: https://
doi.org/10.5772/intechopen.104464

Laminou, S.A., Ba, M.N., Karimoune, L., Doumma, A. & Muniappan, R.
(2020) Parasitism of locally recruited EGG parasitoids of the fall ar-
myworm in Africa. Insects, 11(7), 1-13. Available from: https://doi.
0rg/10.3390/insects11070430

Lann, C.L,, Roux, O., Serain, N., Alphen, J.J.M., Vernon, P. &Baaren, J. (2011)
Thermal tolerance of sympatric hymenopteran parasitoid species:
does it match seasonal activity? Physiological Entomology, 36, 21-28.
Available from: https://doi.org/10.1111/j.1365-3032.2010.00758.x

Larios, G.B., Sivinski, J., Holler, T. & Aluja, M. (2002) The effects of chill-
ing on the fecundity and life span of mass-reared parasitoids
(Hymenoptera: Braconidae) of the Mediterranean fruit fly, Ceratitis
capitata (Wiedemann) (Diptera: Tephritidae). Biocontrol Science and
Technology, 12, 205-215. Available from: https://doi.org/10.1080/
09583150120124469

Li, ZW., Li, X., Yu, QY., Xiang, Z.H., Kishino, H. & Zhang, Z. (2009) The
small heat shock protein (sHSP) genes in the silkworm, Bombyx
mori, and comparative analysis with other insect sHSP genes. BMIC
Evolutionary Biology, 9(1), 1-14. Available from: https://doi.org/10.
1186/1471-2148-9-215

Ma, C., Sen, M., Ma, G. & Pincebourde, S. (2021) Survive a warming climate:
insect responses to extreme high temperatures. Annual Review of
Entomology, 66, 163-184. Available from: https://doi.org/10.1146/
annurev-ento-041520-074454

Machekano, H., Mvumi, B.M. & Nyamukondiwa, C. (2018) Loss of co-
evolved basal and plastic responses to temperature may underlie
trophic level host-parasitoid interactions under global change.
Biological Control, 118, 44-54. Available from: https://doi.org/10.
1016/j.biocontrol.2017.12.005

Mani, M. & Krishnamoorthy, A. (1986) Susceptibility of Telenomus remus
Nixon, an exotic parasitoid of Spodoptera litura (F.), to some pes-
ticides. Tropical Pest Management, 32(1), 49-51. Available from:
https://doi.org/10.1080/09670878609371028

Marais, E. & Chown, S.L. (2008) Beneficial acclimation and the Bogert ef-
fect. Ecology Letters, 11(10), 1027-1036. Available from: https:/doi.
org/10.1111/j.1461-0248.2008.01213.x

Mbande, A., Mutamiswa, R. & Chidawanyika, F. (2023) Thermal tolerance
in Spodoptera frugiperda: influence of age, sex, and mating status.

85U80|7 SUOWILIOD BAIIERD 8|qedl|dde ayy Aq peusenob aJe e e YO ‘8sn Jo se|nJ Joj Ariqi8UlIUO 43I UO (SUORIPUOD-PUR-SWBH W00 A8 |ImAleJq 1 BUI|UO//SANY) SUORIPUOD Pue SWB 18U} 89S *[5202/50/82] U0 AriqiTaulluO AB[IM ‘Y AN - SSFOOV DING3 Ad LGGETEeS/TTTT'OT/I0p/M00 A8 | AR Ul juo//Sdny WOy pepeo|umod ‘G ‘SZ0Z ‘851/0LST


https://doi.org/10.1146/annurev.ento.52.110405.091333
https://doi.org/10.1146/annurev.ento.52.110405.091333
https://doi.org/10.1002/ecm.1553
https://doi.org/10.1002/ecm.1553
https://doi.org/10.1016/j.biocontrol.2016.02.003
https://doi.org/10.1016/S2095-3119(19)62879-0
https://doi.org/10.1016/S2095-3119(19)62879-0
https://doi.org/10.1016/S1546-5098(08)60147-8
https://doi.org/10.1016/S1546-5098(08)60147-8
https://doi.org/10.1111/j.1440-6055.2010.00744.x
https://doi.org/10.1111/j.1420-9101.2004.00871.x
https://doi.org/10.1111/j.1420-9101.2004.00871.x
https://www.researchgate.net/profile/Silvina_Elias/publication/305046323_Internationalization_of_Higher_Education_in_the_light_of_some_indicators/links/59073f2b4585152d2e98e92a/Internationalization-of-Higher-Education-in-the-light-of-some-indicators.pdf#p
https://www.researchgate.net/profile/Silvina_Elias/publication/305046323_Internationalization_of_Higher_Education_in_the_light_of_some_indicators/links/59073f2b4585152d2e98e92a/Internationalization-of-Higher-Education-in-the-light-of-some-indicators.pdf#p
https://www.researchgate.net/profile/Silvina_Elias/publication/305046323_Internationalization_of_Higher_Education_in_the_light_of_some_indicators/links/59073f2b4585152d2e98e92a/Internationalization-of-Higher-Education-in-the-light-of-some-indicators.pdf#p
https://www.researchgate.net/profile/Silvina_Elias/publication/305046323_Internationalization_of_Higher_Education_in_the_light_of_some_indicators/links/59073f2b4585152d2e98e92a/Internationalization-of-Higher-Education-in-the-light-of-some-indicators.pdf#p
https://www.researchgate.net/profile/Silvina_Elias/publication/305046323_Internationalization_of_Higher_Education_in_the_light_of_some_indicators/links/59073f2b4585152d2e98e92a/Internationalization-of-Higher-Education-in-the-light-of-some-indicators.pdf#p
https://doi.org/10.1146/annurev.en.12.010167.000311
https://doi.org/10.1002/ece3.7413
https://doi.org/10.1002/ece3.7413
https://doi.org/10.3390/insects13111041
https://doi.org/10.3390/insects13111041
https://doi.org/10.1017/9781009157896.015
https://doi.org/10.1111/j.1466-8238.2010.00553.x
https://doi.org/10.1111/j.1466-8238.2010.00553.x
https://doi.org/10.1093/jee/toaa198
https://doi.org/10.1093/jee/toaa198
https://doi.org/10.1038/s41598-021-92004-6
https://doi.org/10.1038/s41598-021-92004-6
https://doi.org/10.1093/erae/jbz048
https://doi.org/10.1093/erae/jbz048
https://doi.org/10.1127/entomologia/2022/1659
https://doi.org/10.3390/insects10040092
https://doi.org/10.3390/insects10040092
https://doi.org/10.1146/annurev-ento-011613-162107
https://doi.org/10.1201/9781003579984-16
https://doi.org/10.5772/intechopen.104464
https://doi.org/10.5772/intechopen.104464
https://doi.org/10.3390/insects11070430
https://doi.org/10.3390/insects11070430
https://doi.org/10.1111/j.1365-3032.2010.00758.x
https://doi.org/10.1080/09583150120124469
https://doi.org/10.1080/09583150120124469
https://doi.org/10.1186/1471-2148-9-215
https://doi.org/10.1186/1471-2148-9-215
https://doi.org/10.1146/annurev-ento-041520-074454
https://doi.org/10.1146/annurev-ento-041520-074454
https://doi.org/10.1016/j.biocontrol.2017.12.005
https://doi.org/10.1016/j.biocontrol.2017.12.005
https://doi.org/10.1080/09670878609371028
https://doi.org/10.1111/j.1461-0248.2008.01213.x
https://doi.org/10.1111/j.1461-0248.2008.01213.x

FALL ARMYWORM TELENOMUS TEMPERATURE PERFORMANCE DRIFTS

Scientific African, 22, 1-9. Available from: https://doi.org/10.1016/j.
sciaf.2023.e01911

Mbande, A. Mutamiswa, R., Nyamukondiwa, C. & Chidawanyika, F.
(2023) Contrasting effects of acute heat shock on physiological
and ecological performance of the fall armyworm. Entomologia
Experimentalis et Applicata, 171, 525-534. Available from: https:/
doi.org/10.1111/eea.13310

Mlambo, S., Mubayiwa, M., Tarusikirwa, V.L., Machekano, H., Mvumi, B.M.
& Nyamukondiwa, C. (2024) The fall armyworm and larger grain
borer pest invasions in Africa: drivers, impacts and implications for
food systems. Biology, 13(160), 1-28. Available from: https://doi.org/
10.3390/biology13030160

Moore, M.E., Hill, C.A. & Kingsolver, J.G. (2021) Differing thermal sensi-
tivities in a host-parasitoid interaction: high, fluctuating develop-
mental temperatures produce dead wasps and giant caterpillars.
Functional Ecology, 35(3), 675-685. Available from: https://doi.org/
10.1111/1365-2435.13748

Moraes, T., Da Ferreira Silva, A., Leite, N.A., Karam, D. & Mendes, S.M.
(2020) Survival and development of fall armyworm (Lepidoptera:
Noctuidae) in weeds during the off-season. Florida Entomologist,
103(2), 288-292. Available from: https://doi.org/10.1653/024.103.
0221

Mubayiwa, M., Machekano, H., Chidawanyika, F., Mvumi, B.M., Segaiso,
B. & Nyamukondiwa, C. (2023) Sub-optimal host plants have devel-
opmental and thermal fitness costs to the invasive fall armyworm.
Frontiers in Insect Science, 3, 1204278. Available from: https://doi.
0rg/10.3389/finsc.2023.1204278

Navik, O., Shylesha, A.N., Patil, J., Venkatesan, T., Lalitha, Y. & Ashika, R.
(2021) Damage, distribution and natural enemies of invasive fall
armyworm Spodoptera frugiperda (J.E. Smith) under rainfed maize
in Karnataka, India. Crop Protection, 143, 105536. Available from:
https://doi.org/10.1016/j.cropro.2021.105536

Neven, L.G. (2000) Physiological responses of insects to heat. Postharvest
Biology and Technology, 21, 103-111.

Nguyen, T.M,, Bressac, C. & Chevrier, C. (2013) Heat stress affects male
reproduction in a parasitoid wasp. Journal of Insect Physiology, 59(3),
248-254. Available from: https://doi.org/10.1016/j.jinsphys.2012.12.
001

Nogrady, B. (2023) Record-breaking heat set to hit southern hemisphere
as summer begins. Nature, 623(7989), 896-897. Available from:
https://doi.org/10.1038/d41586-023-03547-9

Nyamukondiwa, C., Machekano, H., Chidawanyika, F., Mutamiswa, R., Ma,
G. & Ma, C. (2022) Geographic dispersion of invasive crop pests: the
role of basal, plastic climate stress tolerance and other complemen-
tary traits in the tropics. Current Opinion in Insect Science, 50, 100878.
Available from: https://doi.org/10.1016/j.cois.2022.100878

Nyamukondiwa, C., Weldon, CW., Chown, S.L, le Roux, PC. &
Terblanche, J.S. (2013) Thermal biology, population fluctuations
and implications of temperature extremes for the management of
two globally significant insect pests. Journal of Insect Physiology,
59(12), 1199-1211. Available from: https://doi.org/10.1016/j.jinsp
hys.2013.09.004

Parra, J.R.P. & Junior, A.C. (2019) Applied biological control in Brazil: from
laboratory assays to field application. Journal of Insect Science, 19(2),
1-6. Available from: https://doi.org/10.1093/jisesa/iey112

Pomari, A., Bueno, A.D.F,, Oliveira, R.C., de Bueno, F. & Menezes, A. (2012)
Biological characteristics and thermal requirements of the biolog-
ical control agent Telenomus remus (Hymenoptera: Platygastridae)
reared on eggs of different species of the genus Spodoptera
(Lepidoptera: Noctuidae). Annals of the Entomological Society of
America, 105(1), 73-81.

Pomari, A.F., Bueno, A.F., Bueno, R.C.0.F. & Menezes, A.O. (2013) Telenomus
remus Nixon egg parasitization of three species of Spodoptera
under different temperatures. Neotropical Entomology, 42(4), 399-
406. Available from: https://doi.org/10.1007/s13744-013-0138-0

Priyanka, S.L., Jeyarani, S., Sathiah, N., Mohankumar, S. & Nakkeeran, S.
(2023) Influence of host egg age on parasitic potential of the en-
tomophagous, Telenomus remus Nixon (Hymenoptera: Scelionidae)

against the fall armyworm, Spodoptera frugiperda (J.E. Smith)
(Lepidoptera: Noctuidae) and investigations on the developmen-
tal biology. Egyptian Journal of Biological Pest Control, 33(1), 1-16.
Available from: https://doi.org/10.1186/541938-023-00676-1

Rathee, M. & Ram, P. (2018) Impact of cold storage on the performance
of entomophagous insects: an overview. Phytoparasitica, 46, 421-
449. Available from: https://doi.org/10.1007/s12600-018-0683-5
Impact.

Reed, D.A., Luhring, K.A., Stafford, C.A., Hansen, A.K., Millar, J.G., Hanks,
L.M. et al. (2007) Host defensive response against an egg parasitoid
involves cellular encapsulation and melanization. Biological Control,
41(2), 214-222. Available from: https://doi.org/10.1016/j.biocontrol.
2007.01.010

Savadatti, E. & Adoni, S. (2023) Temperature effects on the develop-
ment of life stages of fall armyworm, Spodoptera frugiperda J.E.
Smith (Lepidoptera: Noctuidae) on maize. International Journal of
Environment and Climate Change, 13(9), 1884-1892. Available from:
https://doi.org/10.9734/1JECC/2023/v13i92419

Scott, M., Berrigan, D. & Hoffmann, A.A. (1997) Costs and benefits of
acclimation to elevated temperature in Trichogramma carverae.
Entomologia Experimentalis et Applicata, 85(3), 211-219. Available
from: https://doi.org/10.1046/j.1570-7458.1997.00251.x

Seehausen, M.L., Afonso, C., Jactel, H. & Kenis, M. (2021) Classical biolog-
ical control against insect pests in Europe, North Africa, and the
Middle East: what influences its success? NeoBiota, 65, 169-191.
Available from: https://doi.org/10.3897/NEOBIOTA.65.66276

Segaiso, B., Machekano, H., Cuthbert, R.N. & Nyamukondiwa, C. (2022)
Thermal fitness costs and benefits of developmental acclimation in
fall armyworm. Scientific African, 17, €01369. Available from: https://
doi.org/10.1016/j.sciaf.2022.e01369

Segoli, M., Kishinevsky, M. & Harvey, J.A. (2024) Climate change, tempera-
ture extremes, and impacts on hyperparasitoids. Current Opinion in
Insect Science, 64, 101229. Available from: https://doi.org/10.1016/j.
€0is.2024.101229

Sheikh, A.A., Rehman, N.Z. & Kumar, R. (2017) Diverse adaptations in
insects: a review. Journal of Entomology and Zoology Studies, 5(2),
343-350.

Sinclair, B.J., Ferguson, L.V, Salehipour-Shirazi, G. & Macmillan, H.A. (2013)
Cross-tolerance and cross-talk in the cold: relating low tempera-
tures to desiccation and immune stress in insects. Integrative and
Comparative Biology, 53(4), 545-556. Available from: https://doi.org/
10.1093/icb/ict004

Sithanantham, S., Abera, T.H., Baumgartner, J., Hassan, S.A., Lohr, B.,
Monje, J.C. et al. (2001) Egg parasitoids for augmentative biological
control of lepidopteran vegetable pests in Africa: research status
and needs. Insect Science and its Application, 21(3), 189-205.

Somero, G.N. & Hochachka, PW. (1971) Biochemical adaptation to the
environment. American Zoologist, 11(1), 159-167. Available from:
https://doi.org/10.1093/icb/11.1.159

Spahn, R. & Lill, J.T. (2022) Higher temperatures reduce the efficacy of a
key biocontrol parasitoid. Biological Control, 176, 105079. Available
from: https://doi.org/10.1016/j.biocontrol.2022.105079

Stillman, J.H. (2019) Heat waves, the new normal: summertime tempera-
ture extremes will impact animals, ecosystems, and human com-
munities. Physiology, 34(2), 86-100. Available from: https://doi.org/
10.1152/physiol.00040.2018

Tefera, T. (2010) Mass rearing of stem borers, maize weevil, and larger grain
borer insect pests of maize. CYMMIT. Available from: https://books.
google.co.bw/books?hl=en&Ir=&id=ja9KTh3n9PcC&oi=fnd&pg=
PA1&dg=Tefera+et+al+2010+&o0ts=XyuSjG1mxp&sig=NHOIgS3vfF
rcWDQ_GZ2gEk9S-nQ&redir_esc=y#v=onepage&q=Teferaetal
2010&f=false [Accessed 17th Jan 2023]

Tefera, T., Goftishu, M., Ba, M. & Muniappan, R. (2019) A guide to biological
control of fall armyworm in Africa using egg parasitoids, 1st edition.
Nairobi, Kenya. Available from: https://34.250.91.188:8080/xmlui/
handle/123456789/1001

Terblanche, J.S., Deere, J.A., Clusella-Trullas, S., Janion, C. & Chown, S.L.
(2007) Critical thermal limits depend on methodological context.

85U80|7 SUOWILIOD BAIIERD 8|qedl|dde ayy Aq peusenob aJe e e YO ‘8sn Jo se|nJ Joj Ariqi8UlIUO 43I UO (SUORIPUOD-PUR-SWBH W00 A8 |ImAleJq 1 BUI|UO//SANY) SUORIPUOD Pue SWB 18U} 89S *[5202/50/82] U0 AriqiTaulluO AB[IM ‘Y AN - SSFOOV DING3 Ad LGGETEeS/TTTT'OT/I0p/M00 A8 | AR Ul juo//Sdny WOy pepeo|umod ‘G ‘SZ0Z ‘851/0LST


https://doi.org/10.1016/j.sciaf.2023.e01911
https://doi.org/10.1016/j.sciaf.2023.e01911
https://doi.org/10.1111/eea.13310
https://doi.org/10.1111/eea.13310
https://doi.org/10.3390/biology13030160
https://doi.org/10.3390/biology13030160
https://doi.org/10.1111/1365-2435.13748
https://doi.org/10.1111/1365-2435.13748
https://doi.org/10.1653/024.103.0221
https://doi.org/10.1653/024.103.0221
https://doi.org/10.3389/finsc.2023.1204278
https://doi.org/10.3389/finsc.2023.1204278
https://doi.org/10.1016/j.cropro.2021.105536
https://doi.org/10.1016/j.jinsphys.2012.12.001
https://doi.org/10.1016/j.jinsphys.2012.12.001
https://doi.org/10.1038/d41586-023-03547-9
https://doi.org/10.1016/j.cois.2022.100878
https://doi.org/10.1016/j.jinsphys.2013.09.004
https://doi.org/10.1016/j.jinsphys.2013.09.004
https://doi.org/10.1093/jisesa/iey112
https://doi.org/10.1007/s13744-013-0138-0
https://doi.org/10.1186/s41938-023-00676-1
https://doi.org/10.1007/s12600-018-0683-5
https://doi.org/10.1016/j.biocontrol.2007.01.010
https://doi.org/10.1016/j.biocontrol.2007.01.010
https://doi.org/10.9734/IJECC/2023/v13i92419
https://doi.org/10.1046/j.1570-7458.1997.00251.x
https://doi.org/10.3897/NEOBIOTA.65.66276
https://doi.org/10.1016/j.sciaf.2022.e01369
https://doi.org/10.1016/j.sciaf.2022.e01369
https://doi.org/10.1016/j.cois.2024.101229
https://doi.org/10.1016/j.cois.2024.101229
https://doi.org/10.1093/icb/ict004
https://doi.org/10.1093/icb/ict004
https://doi.org/10.1093/icb/11.1.159
https://doi.org/10.1016/j.biocontrol.2022.105079
https://doi.org/10.1152/physiol.00040.2018
https://doi.org/10.1152/physiol.00040.2018
https://books.google.co.bw/books?hl=en&lr=&id=ja9KTh3n9PcC&oi=fnd&pg=PA1&dq=Tefera+et+al+2010+&ots=XyuSjG1mxp&sig=NH0lqS3vfFrcWDQ_GZ2gEk9S-nQ&redir_esc=y#v=onepage&q=Teferaetal2010&f=false
https://books.google.co.bw/books?hl=en&lr=&id=ja9KTh3n9PcC&oi=fnd&pg=PA1&dq=Tefera+et+al+2010+&ots=XyuSjG1mxp&sig=NH0lqS3vfFrcWDQ_GZ2gEk9S-nQ&redir_esc=y#v=onepage&q=Teferaetal2010&f=false
https://books.google.co.bw/books?hl=en&lr=&id=ja9KTh3n9PcC&oi=fnd&pg=PA1&dq=Tefera+et+al+2010+&ots=XyuSjG1mxp&sig=NH0lqS3vfFrcWDQ_GZ2gEk9S-nQ&redir_esc=y#v=onepage&q=Teferaetal2010&f=false
https://books.google.co.bw/books?hl=en&lr=&id=ja9KTh3n9PcC&oi=fnd&pg=PA1&dq=Tefera+et+al+2010+&ots=XyuSjG1mxp&sig=NH0lqS3vfFrcWDQ_GZ2gEk9S-nQ&redir_esc=y#v=onepage&q=Teferaetal2010&f=false
https://books.google.co.bw/books?hl=en&lr=&id=ja9KTh3n9PcC&oi=fnd&pg=PA1&dq=Tefera+et+al+2010+&ots=XyuSjG1mxp&sig=NH0lqS3vfFrcWDQ_GZ2gEk9S-nQ&redir_esc=y#v=onepage&q=Teferaetal2010&f=false
https://34.250.91.188:8080/xmlui/handle/123456789/1001
https://34.250.91.188:8080/xmlui/handle/123456789/1001

350

MUBAYIWA €T AL.

Proceedings of the Royal Society B: Biological Sciences, 274(1628),
2935-2943. Available from: https://doi.org/10.1098/rspb.2007.0985

Terblanche, J.S., Hoffmann, A.A., Mitchell, K.A., Rako, L., Le Roux, P.C. &
Chown, S.L. (2011) Ecologically relevant measures of tolerance to
potentially lethal temperatures. Journal of Experimental Biology,
214(22), 3713-3725. Available from: https://doi.org/10.1242/jeb.
061283

Timilsena, B.P., Niassy, S., Kimathi, E., Abdel-Rahman, E.M., Seidl-Adams,
I, Wamalwa, M. et al. (2022) Potential distribution of fall armyworm
in Africa and beyond, considering climate change and irrigation
patterns. Scientific Reports, 12(1), 1-15. Available from: https://doi.
0rg/10.1038/541598-021-04369-3

Tougeron, K., Brodeur, J., Le Lann, C. & van Baaren, J. (2020) How cli-
mate change affects the seasonal ecology of insect parasitoids.
Ecological Entomology, 45(2), 167-181. Available from: https://doi.
org/10.1111/een.12792

Van Den Berg, J. & du Plessis, H. (2022) Chemical control and insecti-
cide resistance in Spodoptera frugiperda (Lepidoptera: Noctuidae).
Journal of Economic Entomology, 115(6), 1761-1771. Available from:
https://doi.org/10.1093/jee/toac108

van der Merwe, M., Chown, S.L. & Smith, V.R. (1997) Thermal tolerance
limits in six weevil species (Coleoptera, Curculionidae) from sub-
Antarctic Marion Island. Polar Biology, 18, 331-336. Available from:
https://doi.org/10.1007/s003000050196

Wan, J., Huang, C,, Li, Cy., Zhou, H.x., Ren, Y.I, Li, Z.y. et al. (2021) Biology,
invasion and management of the agricultural invader: fall army-
worm, Spodoptera frugiperda (Lepidoptera: Noctuidae). Journal of
Integrative Agriculture, 20(3), 646-663. Available from: https://doi.
org/10.1016/52095-3119(20)63367-6

Weldon, C.W., Terblanche, J.S. & Chown, S.L. (2011) Time-course for at-
tainment and reversal of acclimation to constant temperature in
two Ceratitis species. Journal of Thermal Biology, 36(8), 479-485.
Available from: https://doi.org/10.1016/j.jtherbio.2011.08.005

Wengrat, A.P.G.S., Coelho Junior, A., Parra, J.R.P, Takahashi, T.A,,
Foerster, L.A., Corréa, A.S. et al. (2021) Integrative taxonomy and
phylogeography of Telenomus remus (Scelionidae), with the first
record of natural parasitism of Spodoptera spp. in Brazil. Scientific
Reports, 11(1), 1-9. Available from: https://doi.org/10.1038/s41598-
021-93510-3

Wilson, R.S. & Franklin, C.E. (2002) Testing the beneficial acclimation hy-
pothesis. Trends in Ecology & Evolution, 17(2), 66-70. Available from:
https://doi.org/10.1016/50169-5347(01)02384-9

Witze, A. (2024) Earth boiled in 2023 - will it happen again in 2024?
Nature, 625(7996), 637-639. Available from: https://doi.org/10.1038/
D41586-024-00074-Z

Zhang, D., Xiao, Y., Xu, P, Yang, X., Wu, Q. & Wu, K. (2021) Insecticide re-
sistance monitoring for the invasive populations of fall armyworm,
Spodoptera frugiperda in China. Journal of Integrative Agriculture,
20(3), 783-791. Available from: https://doi.org/10.1016/52095-
3119(20)63392-5

How to cite this article: Mubayiwa M, Machekano H,
Mvumi BM, Opio WA, Segaiso B et al. (2025) Thermal
performance drifts between the egg parasitoid
Telenomus remus and the fall armyworm may threaten
the efficacy of biological control under climate
change. Entomologia Experimentalis et Applicata 173:
338-350. https://doi.org/10.1111/eea.13557

85U80|7 SUOWILIOD BAIIERD 8|qedl|dde ayy Aq peusenob aJe e e YO ‘8sn Jo se|nJ Joj Ariqi8UlIUO 43I UO (SUORIPUOD-PUR-SWBH W00 A8 |ImAleJq 1 BUI|UO//SANY) SUORIPUOD Pue SWB 18U} 89S *[5202/50/82] U0 AriqiTaulluO AB[IM ‘Y AN - SSFOOV DING3 Ad LGGETEeS/TTTT'OT/I0p/M00 A8 | AR Ul juo//Sdny WOy pepeo|umod ‘G ‘SZ0Z ‘851/0LST


https://doi.org/10.1098/rspb.2007.0985
https://doi.org/10.1242/jeb.061283
https://doi.org/10.1242/jeb.061283
https://doi.org/10.1038/s41598-021-04369-3
https://doi.org/10.1038/s41598-021-04369-3
https://doi.org/10.1111/een.12792
https://doi.org/10.1111/een.12792
https://doi.org/10.1093/jee/toac108
https://doi.org/10.1007/s003000050196
https://doi.org/10.1016/S2095-3119(20)63367-6
https://doi.org/10.1016/S2095-3119(20)63367-6
https://doi.org/10.1016/j.jtherbio.2011.08.005
https://doi.org/10.1038/s41598-021-93510-3
https://doi.org/10.1038/s41598-021-93510-3
https://doi.org/10.1016/S0169-5347(01)02384-9
https://doi.org/10.1038/D41586-024-00074-Z
https://doi.org/10.1038/D41586-024-00074-Z
https://doi.org/10.1016/S2095-3119(20)63392-5
https://doi.org/10.1016/S2095-3119(20)63392-5
https://doi.org/10.1111/eea.13557

	Thermal performance drifts between the egg parasitoid Telenomus remus and the fall armyworm may threaten the efficacy of biological control under climate change
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Telenomus remus and Spodoptera frugiperda rearing
	Short-term and long-term acclimation pretreatment responses to high and low temperatures
	Thermal tolerance metrics
	Critical thermal maxima (CTmax)
	Heat knockdown time
	Critical thermal minima (CTmin)

	Effects of short-term and long-term acclimation pretreatment on fall armyworm egg viability and parasitism
	Data analyses

	RESULTS
	Telenomus remus thermal tolerance
	Effects of acclimation pretreatment temperature on heat tolerance
	Effects of high- and low-temperature acclimation at different durations on T. remus critical thermal minima

	Telenomus remus thermal polygons
	Acclimation temperature effects on S. frugiperda egg hatchability and parasitism efficacy

	DISCUSSION
	CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	ORCID
	REFERENCES


