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Abstract 
 

 

The threat of biological invasions due to global climate change and anthropogenic activities is 

growing globally. Environmental changes, such as increasing mean temperatures due to global 

climate warming, may exacerbate the spread of invasive insect species by improving their 

voltinism, survival, reproductive success and geographic range expansion. The fall armyworm 

(FAW) Spodoptera frugiperda is one of the most economically important invasive insect pests 

attacking sub-Saharan Africa (SSA) staple crops, such as maize and sorghum. First reported in 

West Africa in 2016, FAW has spread to the rest of SSA. Key questions arising from this rapid 

geographic expansion is how climate and its physiological attributes aid its invasion potential. This 

is particularly important in this era of global climate change where phenological mismatches are 

known to also influence their host utilization and survival across different life-stages and 

physiological status such as mating or feeding. Evolutionary responses at individual and population 

also play a pivotal role in survival and population persistence across various temporal scales. This 

study explored the evolutionary, physiological and phenological responses of S. frugiperda to 

climate change. First, I measured the effects of short-term exposure to heat shock on physiological 

responses vis critical thermal limits (critical thermal minima [CTmin] and critical thermal maxima 

[CT max]), and ecological traits vis reproductive success (fecundity [number of eggs per female] and 

hatching success) and longevity using virgin adults following heat shock at 32, 35, and 38 °C for 2 

hours. Second, I assessed the effects of repeatable exposure to cold (CTmin) and chill coma recovery 

time (CCRT) for 0; 24; 48 and 72 hours and the body lipid content (BLC) and body water content 

(BWC) on adult fall armyworm (24 h old). Last, I investigated the thermal tolerance of S. frugiperda 

at 3, 6 and 9 days old adults heat shocked at adult, pupal and larval stages, at 40℃ for 2 hours. 

Heat shock improved tolerance to heat (measured as CTmax) but negatively affected cold tolerance 

(measured as CTmin). Males were more vulnerable to heat stress than females. Interestingly, 
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heat shock also reduced fecundity, hatching success and adult longevity. Cold tolerance 

measured as CTmin improved with repeated exposure in 5
th

 instar larvae, virgin males, and 

females while CCRT improved in 4
th

, 5
th

 and 6
th

 instar larvae following repeated cold 

exposure. Heat tolerance in virgin females showed highest CTmax in 6 day olds while it 

fluctuated in males. Mated males had higher CTmax than mated females across all heat shocked 

developmental stages. This study shows that, under heat stress, reproductive fitness in FAW is 

largely compromised due to low fecundity and stress resistance that is dependent on mating 

status, age and life-stage. Taken together, the results show that thermal variation has fitness 

consequences for FAW at both individual and population level. These results provide valuable 

data that inform mechanistic models for the geographic distribution of FAW under variable 

climate scenarios. This will especially be critical in developing early warning systems and area-

wide strategies for FAW control. 

 

Keywords: Environmental stress, invasive species, longevity, population persistence, 

reproductive fitness, trade-off, thermal tolerance. 
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1.1 Effects of climate change on insects 
 

 

The magnitude and frequency of extreme weather events such as flooding and drought are 

gradually increasing due to global climate change (IPCC, 2013) with subsequent effects on 

biodiversity and ecosystem functioning (Walther et al., 2009; Ma & Ma, 2022). This is because 

climate change may reduce or eliminate abiotic limitations and /or indirectly alter biotic 

interactions, which may benefit invasive species (Hulme, 2017; Ma & Ma, 2022). This is a 

concern as it may have an impact on biodiversity, invasion of both plants and animals. For 

agricultural crop production this has implications directly or indirectly due to diseases and 

insect pest outbreaks (Parmesan et al., 1999; Qi et al., 2019), whether native or alien (Bale et 

al, 2002; Parmesan & Yohe, 2003; Chidawanyika et al., 2019; Phophi et al., 2020). 

 

Climate change may directly influence the spread of alien species as they have to track 

favourable climates (Fig. 1.1) (Huang et al., 2011). Insects are the most destructive and costly 

invasive taxa, with most exerting devastating impact on agricultural productivity (Paini et al., 

2016). Due to their ectothermic nature, the growth, metabolism, survival, fecundity, longevity 

and ultimately geographic distribution of insects is chiefly influenced by temperature (Chown 

 
& Nicolson, 2004, Calosi et al., 2008; Chidawanyika et al., 2012). It is therefore important to 

understand insect-temperature relationships as they inform both conservation or control 

options, depending whether the insect species is beneficial or deleterious, respectively (Tobin 

et al., 2003; Du Plessis et al., 2020).  
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Figure 1. 1 A conceptual framework incorporating the capacity of holometabolous insects 

buffering climate change. Redrawn from (Ma &Ma, 2022). 

 

          Insect responses to thermal variation are diverse and can be behavioural or physiological 

across both acute and chronic time-scales. For example, behavioral thermoregulation can benefit 

insects through avoidance of shaded cooler environments and moving to sunny spots (Yin et al., 

2018). Similarly, larvae can feed on the underside of the leaf whilst avoiding the upper surface 

exposed to direct heat from the sun (Yin et al., 2018; Guillen et al., 2022). This is in addition to 

other behavioral responses such as changing time of diurnal and seasonal activities (Caspi et al., 

2022; Ma & Ma, 2022). Other insects employ polyphenism where changes in color depending on 

environmental temperature assist in body thermoregulation (Markl et al., 2022). Other examples of 

plastic responses to thermal variation include physiological adjustments such as the expression of 
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heat shock proteins, which act as molecular chaperones against protein denaturation, to withstand 

extreme heat stress. These heat shock proteins are usually induced following sub-lethal thermal 

exposure before otherwise lethal environments (Chown & Nicolson, 2004; Angilletta & Angilletta, 

2009). Interestingly these heat shock proteins can also confer resistance to cold through cross-

tolerance mechanisms (Chidawanyika & Terblanche, 2011). Insects have also evolved 

mechanisms to withstand cold environments by use of polyols and lipids, which act as anti-

freezing agents to preserve body organs under sub-zero temperatures (Chown & Nicolson, 

2004), thereby prolonging survival in extreme conditions. Thus, insect responses to thermal 

variability is highly dynamic and dependent on several factors at both individual and 

population level through phenotypic plasticity and heritable responses, respectively 

(Angilletta, 2009). These phenotypically plastic responses are usually referred to as hardening 

(short term prior-exposure) and acclimation (long-term exposure days to weeks etc) and can 

be dependent on life stage (Fig. 1.1). 

1.2 Measures of insect thermal tolerance 
 

 

Insect thermal responses can be determined through their developmental rates, lethal limits (high 

or low) and critical thermal limits (CTmin and CTmax). Critical thermal limits are temperatures at 

which a crucial ecological function is lost such as locomotion function, these may be reversible 

(Mutamiswa et al., 2018). Other variation in both upper and lower thermal limits to survival and 

activity is closely related to features of the organisms and its environment they inhabit (Hoffmann 

et al., 2013; Soravia et al., 2021). These may include phylogenetic signal in thermal tolerance 

(Kellerman et al., 2012), differences in tolerance and behavioural regulation between life stages 

and the predictability in environmental variation (Chown & Terblanche, 2006). Upper and 

lower thermal tolerance of terrestrial organisms indicates the rate of decline in upper thermal 

limits, which is due to magnitude slower than that of lower limits (Sunday et al., 2011; 

Hoffmann & Chown., 2013; Turriago et al., 2022). Insect upper limits may vary much less with 
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acclimation than in lower limits (Stockton et al., 2018). Ectotherms in low latitudes may have 

narrow thermal safety margins (Deutsch et al., 2008; Hoffmann et al., 2013), and this increases 

chances of extinction. It is estimated that temperatures will increase by 4 ℃ on average by the 

end of the century (Georgoulias et al., 2022). This could increase the risk of population 

extinction, but if there is room for adaptation through evolution, plasticity, and cross-

generational epigenetic mechanisms, that could release genetic variation, increase adaptation 

to climate change, and reduce the risk of extinction (Hoffmann et al., 2013; Sgro et al., 2016). 

 
 

1.3 Plasticity to thermal tolerance 
 

 

Organisms have evolved adaptive mechanisms to buffer heat stress (Hoffmann et al., 2013). 

There are three (non-exclusive) methods through, which organisms can adapt to a changing 

environment. (1) Over a period of time and depending on an organism's life history, a species' 

 
distribution may shift to habitats that are more suitable to their physiology and ecology. (2) 

Adaptation to the current environmental conditions, which involves evolutionary (genetic) 

change in response to the new selective pressures. (3) In the short term, phenotypic plasticity 

where the same genes result in different phenotypes, depending on the environment (Chown & 

Nicolson, 2004). Thus, phenotypic plasticity can be used, particularly by ectotherms, to cope 

with harsh transient environmental conditions (Terblanche et al., 2010; Chidawanyika & 

Terblanche, 2011). Plasticity is therefore a key trait that contributes to the success of pest 

species especially when encountering novel environments (Angilletta, 2009; Harris et al., 2013; 

Sgro et al., 2016; Xue &Ma, 2020). For example, plasticity in thermal tolerance has been shown 

to improve fitness of invasive species such as Mediterranean fruit fly, Ceratitis capitata 

(Nyamukondiwa et al., 2010) where rapid cold hardening allowed C. capatita to track its 

diurnal change in environmental temperatures which may optimize both feeding and mating 

during unfarouble temperature conditions, Chilo partellus (Mutamiswa et al., 2019)  where 
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thermal tolerance has been shown to be life-stage dependent with adults that were 

developmentally acclimated and adult acclimated across temperature and relative humidity 

showing different thermal fitness, and Drosophila suzukii  showed that mating status may affect 

cold tolerance, mated females had lower cold tolerance and mating may lower plasticity of heat 

tolerance such that acclimation capacity of mated adults decreases (Xue & Ma, 2020) . This 

therefore suggests that thermal plasticity is a key trait aiding invasion potential (Chidawanyika 

et al., 2019; Nyamukondiwa et al., 2022). 

 

There are several ways in which thermal plasticity can be acquired. “Acclimation” is when 

reversible physiological plasticity in thermal tolerance used by organisms to survive in extreme 

conditions (Weldon et al., 2011; Gunderson & Stillman, 2015) is acquired over a relatively 

longer period. On the other hand, “hardening” involves reversible induction of physiological 

responses over short term pre-exposure to extreme heat (sub-lethal) or cold temperatures 

(Chidawanyika et al., 2011a, b; Foucault et al., 2014). In both hardening and acclimation, 

physiological changes such as upregulation of heat shock proteins or production of polyols to 

withstand heat or cold, respectively, may be involved. There are also cases of cross-tolerance 

where pre-exposure to the opposite thermal extreme can lead to improved tolerance of the 

opposite (Chidawanyika & Terblanche, 2011; Ge et al., 2013). 

 
Thermal plasticity is not a static trait, but rather a function of both environmental and organismal 

factors especially for organisms with complex life cycles such as insects that are characterized by 

different ontogenetic life stages. These life stages may occur in different microhabitats which may 

vary in temperature means and extremes (Krebs & Loeschcke, 1995), thus the evolution of different 

plasticity levels. This may consequently limit the achievement of different stage-specific 

temperature optima within each of these environments since tolerance at different developmental 

stages is likely to be linked and may be constrained by physiology or trade off (Huey & Kingsolver, 

1993; Angilletta, 2009; Blackenhorn et al., 2014). The magnitude of temperature and duration of 

exposure affects thermal tolerance of an organism (Chown & Nicolson, 2004). For example, 
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Chidawanyika & Terblanche (2011a) found an increase in mortality in codling moth Cydia 

pomonella with either an increase in temperature or an increase in the exposure at any given 

temperature. Similar factors such as sex, age, mating and metabolic status affect thermal 

tolerance (Colinet & Renault, 2014; Rusch et al., 2019; Xue & Ma, 2020). Scharf et al. (2016) 

found that the upper thermal tolerance (CTmax) reduced with age in Drosophila melanogaster 

and Nyamukondiwa & Terblanche (2009) found that fed fruit flies (Ceratitis capatata and 

Ceratitis rosa) had increased thermal tolerance. CTmax differed by sex in screwworm 

(Cochlioyia macellaria), with females showing an increased thermal tolerance than males 

regardless of nutrient availability (Rusch et al., 2019). The extent to, which species can cope 

with extreme temperatures in different life stages and how exposure to such conditions at a 

juvenile (ontogeny) affects adult survival, reproduction and life histories later in life are of 

interest in order to understand evolutionary and physiological constraints of thermal tolerance. 

This is because different physiological pathways may be used during ontogeny, for example 

using Drosophila, studies revealed that short-term exposure to extreme temperatures at larval 

and pupal stages influenced its development and hatchability and tolerance may be uncoupled 

across developmental stages (Krebs & Loeschcke, 1994).  

      Other studies on age -and-stage dependent resistance to high temperatures that showed a 

decline in thermal tolerance with stage or age include, Nyamukondiwa & Terblanche (2009) 

for fruit flies, Sales et al. (2021) for flour beetle, Tribolium castaneum and cold temperature 

tolerance in Chilo partellus (Mutamiswa et al., 2019). Several studies also showed that sex 

also differ in many ways to temperature stress, with females showing less sensitivity than 

males. Heat stress may delay mating and may reduce the frequency of mating (Sales et al., 

2018). Sperm and eggs production are affected by temperatures and differential effects of high 

temperatures on spermatogenesis and oogenesis has been reported in the parasitoid wasp 

Anisopteromalus calandrae (Nguyen et al., 2013). Such sex-specific differences in heat 

sensitivity are of importance since mating and consequently reproductive success are an 
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interaction because infertility of one mating partner is enough to result in zero fitness of the 

other (Blackenhorn et al., 2014; Sales et al., 2018). Hardening (heat or cold) and /or acclimation 

are important concepts linking stage-and sex-specific thermal tolerance. This is achieved by 

individuals who become more tolerant to extreme temperatures at adult stage after being 

exposed to them at juvenile stage (egg, larvae or pupae) (Hoffmann et al., 2003, Blackenhorn 

et al., 2014; Sales et al., 2021). These carry-over effects may increase survival and reproductive 

output and fitness at adult stage for both males and females (discussed in Hoffmann et al., 

2003; Chown & Nicolson, 2004; Bowler & Terblanche, 2008). 

1.4 Economic losses due to invasive insect pests 
 

 

Invasive species are a major threat to biodiversity and ecosystem service (Amusan & Olawuyi, 

2018; Machekano et al., 2018), food production and can act as disease vectors, which may have 

direct and indirect effects on humans (Haneley & Roberts, 2019). Biological invasions have major 

economic consequences and can reduce the flow of ecosystem services  by reducing biodiversity, 

competing with native species, altering habitats and may even lead to the extinction of native 

species and human wellbeing such as access to clean water, human health and climate stabilization 

(Shackleton et al., 2019; van Wilgen et al., 2020), . Agriculture is very important in southern Africa 

for security and livelihoods, yet is vulnerable to climate change (Mutamiswa et al., 2017). Crop 

losses due to insect pests, mites, weeds and pathogens have been a major threat to income of rural 

families and to food security (Mutamiswa et al., 2017; Savary et al., 2019; Sileshi et al., 2019). 

Insect pests’ geographic ranges are increasing with rising temperatures (Parmesan et al., 1999). 

This will lead to alien species including invasive pests expanding their host ranges. According to a 

recent global analysis of 1297 invasive species, Africa was found to be one of the continents with 

countries  that were mostly vulnerable to invasive alien species worldwide (Sileshi et al., 2019). 

Many AISs affect food crops including crops native to Africa such as sorghum (Sorghum bicolor), 

hungry rice (Digitaria exilis), maize (Zea mays) or cassava (Manihot esculenta), which are 
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staple food for a large number of low-income consumers (Silesh et al., 2019). Maize is a staple 

food in Africa and is grown across different agro-ecological zones where many people depend 

on it for food security (Kumela et al., 2019). Yield losses for 137 pest species on wheat rice, 

maize and potatoes were estimated at different hotspots world wide including southern Africa 

(Savary et al., 2019). Their survey showed that in Southern Africa average loss and the range 

of losses for different crops were wheat 21.5% (10.1–28.1%), rice 30.0% (24.6–40.9%), maize 

22.5% (19.541.1%), potato 17.2% (8.1–21.0%) and soybean 21.4% (11.0–32.4%). Southern 

Africa has been described as climate change hotspot and the region is expected to experience 

increases in aridity with low adaptive capacity (Nhamo et al., 2019). South Africa has the 

largest economy in terms of agricultural production and trade in the region (Ransom et al., 

2019). 

 
With warming climates due to climate change, the scourge of such pests is projected to increase. 

This leads to increased costs of crop production due to investment in pest management strategies 

and outright food insecurity in the cases where crop damage goes unabated. In South Africa, the 

exact amount of money spent on the control of invasive species is unknown but it  could potentially 

reach a minimum of US$242 million per year (van Wilgen et al., 2020). Developing countries are 

more vulnerable to threats posed by invasive species because their economies rely mostly on 

agriculture, fishing, and forestry (Pimentel et al., 2001). About 60% of employment in Africa 

comes from agriculture and generates more than 40% of the continents foreign exchange and about 

80% of rural populations depend on agriculture (Kherallah et al., 2002). Maize is the staple food 

of about 50% of the population of sub-Saharan Africa (SSA) and yet the region has the lowest 

maize yields due to invasive species (Kavhiza et al., 2022). For example, Chilo partelus (spotted 

stem borer) is a serious pest of maize and sorghum (Chidawanyika et al., 2012; Mutamiswa et al., 

2018). Its economic impact is estimated at US$61-73 million in Ethiopia, US$43-51 million in 

Kenya annually (Pratt et al., 2017). Prostephanus truncatus (larger grain borer) occurs in 17 

African countries and is a destructive pest of stored maize and dried cassava. The economic impact 
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of this pest is estimated at US $15 million cording at 1995 values (Boxall, 2002). The pest also 

damages cereals, legumes, dried roots, cocoa, coffee beans, wood and tubers. The Oriental fruit fly 

(Bactrocera dorsalis) have been confirmed in 41 countries across Africa. There are no reliable 

yield losses as estimates are lacking but fruit losses can be 100 % without protection (Cugala et al., 

2003). Tuta absoluta (tomato leaf miner) is a tomato pest and also attacks crops of the Solanaceae 

family and has been confirmed in 19 African countries including South Africa with 100% crop loss 

in countries invaded (Pratt et al., 2017; Naganna et al., 2020). Its range is predicted to expand in 

tropical Africa and the number of generations per year area also predicted to increase under climate 

change (Silesh et al., 2019). Spodoptera frugiperda annual economic losses are estimated at 

US$2.5-6.3 billion in maize producing African countries (Day et al., 2017). The S. frugiperda has 

host range of over 100 plant species in 27 families globally (CABI, 2018), but in Africa its main 

hosts include maize, sugarcane, sorghum and 23 horticultural crops like tomato, potato, soybean, 

peanut and millet (Makgoba et al., 2021). It threatens the food and nutritional security of millions 

of farming families in Africa (Nagoshi et al., 2019; Naganna et al., 2020). 

1.5 Problem statement and objectives 
 

 

Invasive species are a major threat both to natural and agricultural ecosystems (Amusan & 

Olawuyi, 2018; Machekano et al., 2018) leading to food insecurity and poor human well-being. In 

recent years, Africa has witnessed severe FAW invasion leading to devastating yield and economic 

losses (Overton et al., 2021; Tambo et al., 2021; . This polyphagous insect is native to the tropics 

and subtropical regions of America (Rukundo et al., 2020). In Africa alone, if left uncontrolled has 

a potential to cause maize yield losses estimated between US$2.5 to US$6.2 billion per annum 

(CABI, 2018). The spread of the FAW throughout several central and southern African countries 

now includes Togo, Zambia, Zimbabwe, South Africa, Mozambique, Malawi, Namibia, Kenya, 

Rwanda, Tanzania and Ghana (Goergen et al., 2016). In South Africa, S. frugiperda has been 

reported in several provinces, including Limpopo, North West, Free State, Gauteng, Mpumalanga, 

KwaZulu-Natal, Western Cape, Northern Cape and Eastern Cape (Rukundo et al., 2020). Some 
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information that is urgently needed for this species  is how climate influences the physiology 

and population dynamics of this pest. Previous reports have suggested that invasive species are 

more tolerant to high temperatures than natives (Zerebecki & Sorte, 2001) i.e. invasive species 

may have enhanced eurythermality, the ability to live in diverse environments, compared to 

native species occupying the same environment (Zerebecki & Sorte, 2011). This implies that 

mechanisms such as phenotypic plasticity provide invasive species with a wider physiological 

tolerance, enabling them to establish successfully under various potential abiotic stressors, 

such as temperature and desiccation, by adapting through physiological changes (Kelly, 2014). 

These abiotic factors serve as key ‘ecological filters’ to invasion. For ectotherms, 

understanding how an invasive organism may respond to environmental variation may bring 

about insights regarding patterns of invasion. From the foregoing, the overall goal of this study 

was to investigate the evolutionary, physiological and phenological responses of S. frugiperda 

to climate change. Specifically, the objectives of this study are. 

 

1. To evaluate the impact of short exposure to high temperatures on survival and fecundity 

of S. frugiperda. It was hypothesized that short term exposure to high temperatures will impact 

survival and female fecundity.  

 

2. To evaluate basal and plastic responses to thermal variability in S. frugiperda. It was 

hypothesized that adult heat shock stress may have an impact on the physiological and 

ecological functioning of fall armyworm adults. 

 

3. To investigate the role of life-stage in the thermal tolerance of S. frugiperda. It was 

hypothesized that heat tolerance will decreased with age.  
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4. To evaluate the effects of sex, age and mating status on thermal tolerance of S. 

frugiperda after heat shock. It was hypothesised that thermal tolerance of S. frugiperda varies 

across age, sex and mating status following heat shock. 

5. To investigate Repeatability of critical thermal minima (CTmin) and chill coma 

recovery time (CCRT), body water content (BWC) and body lipid content (BLC) in S. 

frugiperda. It was also hypothesized that CTmin and CCRT are repeatable traits and may 

change over time because of cold hardening and body water content and body lipid content 

will influence cold hardening. 

1.6 Study organism 
 

 

Spodoptera frugiperda (J.E. Smith), commonly known as the fall armyworm (FAW) is a significant 

economic pest of members of Poacecae plants, feeding on over 80 crops including strategic crops 

for food security such as maize, sorghum and rice. This polyphagous insect is native to the tropics 

and subtropical regions of the Americas (Rukundo et al., 2020). It is incapable of diapause with 

limited capacity to survive freezing winter conditions (Kumela et al., 2019; Nagoshi et al., 2019). 

Spodoptera frugiperda has high dispersal capacity, which contributes to the quick long range 

spread (Nagoshi et al., 2019). The adult female FAW has brownish-grey forewings that are uniform 

in color (Fig.1.2.1) while males have shaded grey and brown forewings with triangular white 

spots on the tip of the wing (Fig. 1.2.2). 
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Figure 1. 2.1 Adult female Spodoptera frugiperda 

                            

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1. 3.3 Adult male Spodoptera Frugiperda 
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Females oviposit as early as the same night of mating in batches of 50 to 200 eggs (Fig. 1.3). 

The females may lay between 1500 to 2000 eggs in total. It usually has 6 instars, The life cycle 

usually includes six instars. The first and second instars feed on one side of the leaf, whilst the 

final instars feed on most plant parts, damaging them in the process  (Kumela et al., 2019). The 

larval stage takes about 14 days in summer and 30 days in cool temperatures (Nagoshi et al., 

2019). The last instar drops to the ground and pupates in the soil. It takes about 8 to 9 days in 

summer and 20-30 days in winter for adult eclosion (Kumela et al., 2019; Du Plessis et al., 

2020). 

 

 

 
 

Figure 1. 4 Life cycle of Spodoptera frugiperda 

 

The adult females oviposit eggs in large numbers on the foliage, which are then dispersed 

throughout the crop. In summer, the eggs hatch within 3 days and as soon as they hatch, the larvae 

begin feeding on the tissues (Cruz et al., 2014). The first and second instar larvae usually eat the 

green tissue from the side of the leaf leading to the loss of photosynthetic parts of the plant 

(Chimweta et al., 2020; Suby et al., 2020). The first instar larvae usually start with the most delicate 

plant parts (Cruz et al., 2010) (Fig. 1.4). From the third instar on, the larvae congregate in the whorl 

and begin to feed, leaving a pattern of holes in the unfolding leaves. As they grow, their feeding 
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rate and damage increases (Chuang et al., 2014; Cruz et al., 2010). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. 5 Spodoptera frugiperda damage to maize (Visser, 2017). 
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2.1. Introduction 
 

 

Ectotherms’ body temperatures are always closely related to prevailing ambient conditions 

(Angiletta, 2009). Given the role of temperature in organismal activity, function, and biochemical 

processes (Chown & Nicolson, 2004), it thus plays a key role in determining overall animal fitness 

(Bale et al., 2002; Mutamiswa, 2017). Insects are highly responsive to temperature because they 

are ectotherms. Consequently, climate change-associated heat waves are expected to affect their 

performance. For example, climate stress may negatively affect native species and benefit invasive 

alien species (Nyamukondiwa et al., 2022), and coupled with failed natural pest suppression under 

climate change (Mironidis & Savopoulou-Soultani, 2010; Chidawanyika et al., 2019), continuous 

bouts of heat waves may thus favor invasive pest proliferation. However, species’ responses to 

thermal variation at both organismal and population level are dynamic and may be mediated by 

several basal, plastic, and genetically determined factors that are environmentally dependent 

(Angilletta, 2009; Sgro et al., 2016). 

 
Organisms have evolved various adaptive mechanisms to buffer against stressful 

environments (Hoffmann et al., 2013). This adaptation can be in two forms: (1) phenotypic 

plasticity (occurring at individual level or within generation), and (2) genetic changes through 

natural selection (evolution of stress traits that may favor the fittest) (Angilletta, 2009). Phenotypic 

plasticity involves changes in an organism’s behavior, morphology, and/or physiology in response 

to changes in environmental conditions (Chown & Nicolson, 2004). Phenotypic plasticity takes 

two forms, i.e., hardening in the short term and acclimation on longer timescales (Sgro et al., 2016). 

Both forms allow individuals to respond rapidly to stress outside their thermal limits 

(Chidawanyika & Terblanche, 2011; Sgro et al., 2016). Phenotypic plasticity of a genotype plays 

a critical role in many evolutionary processes such as selection within and among species (Salamin 

et al., 2010) and the establishment of barriers of reproduction between and within populations. 

Although the phenomenon is nearly ubiquitous 
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in insects and is mainly adaptive (Chown & Nicolson, 2004; Angiletta 2009), phenotypic 

plasticity can also be maladaptive. Maladaptive plasticity occurs when a population encounters 

an environment that induces the production of phenotypes away from the local optimum, 

resulting in a negative relationship between the direction of plasticity and that of adaptive 

evolution (Ghalambor et al., 2015). For example, Svensson et al. (2020) showed that 

phenotypic plasticity is maladaptive to both Calopteryx splendens (Harris) and Calopteryx 

virgo (L.). 

 
Heat stress may also have fitness costs and benefits for insects (Segaiso et al., 2022). 

However, these costs and benefits are dependent on the level of stress. Although many studies have 

suggested that a single heat wave may negatively affect insect life-history traits – e.g., through 

reduced fecundity, egg hatchability, and prolonged development (Liang et al., 2014; Zheng et al., 

2017) – considerable studies have also shown the contrary, that sub-lethal acute heat stress may 

increase fitness, e.g., through increased longevity, reproduction, and heat tolerance (Roux et al., 

2010; Sarup et al., 2016). Thus, taxonomic differences in the costs and benefits of heat stress on 

life-history traits warrant a more thorough investigation. At organismal level, sustained exposure 

to heat stress has fitness consequences due to injuries at cellular level mediated by protein 

denaturation (Chown & Nicolson, 2004). Injuries sustained can manifest acutely within the same 

organisms or, in some cases, may appear in subsequent developmental stages and/or generations 

(Lu et al., 2014; Su et al., 2021). For example, exposure of larval Drosophila melanogaster Meigen 

to sub-lethal heat stress resulted in both mutations and pupation failure (Cui et al., 2008). 

Furthermore, parental sub-lethal heat shock decreased egg hatchability in Mononychellus 

mcgregori (Flechtmann & Baker) (Lu et al., 2014) and Plutella xylostella (L.) (Zhang et al., 2013). 

Similarly, in Ephestia cautella (Walker), sub-lethal heat shock reduced overall fecundity 

(Silbermann & Tatar, 2000), consistent with results on Helicoverpa armigera (Hübner) (Mironidis 

& Savopoulou-Soultani, 2010) and Tribolium castaneum (Herbst) (Sales et al., 2021). Such 

reduction in fecundity following heat shock stress has been associated with injury to the oocytes 

and ovaries (Mironidis & Savopoulou-Soultani, 2010). Similarly, in males, heat stress may reduce 
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fertility through direct injury to the testes and sperm (Rinehart et al., 2000; Sales et al., 2021) and 

may reduce mating success in other insect species (Jerbi-Elayed et al., 2015). Heat shock may also 

reduce female longevity among adults (Chen et al., 2015; Zhang et al., 2016) thereby minimizing 

their full reproduction potential. Subjection to heat stress is known to induce the production of heat 

shock proteins that prevent protein denaturation and repair damaged proteins (Nyamukondiwa et 

al., 2010; Chidawanyika & Terblanche, 2011; Mutamiswa et al., 2017). Thus, heat stress may be a 

significant determinant of survival and potentially mediate insect population dynamics in nature. 

As such, an understanding of its effects on ecological and physiological responses is critical in 

elucidating invasive insect population dynamics, establishment, and spread under changing 

environments (Chen et al., 2019; Tarusikirwa et al., 2022). 

 
The fall armyworm (FAW), Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae), 

native to South America, is a highly invasive insect pest that threatens food security (Kenis et al., 

2023). Given that FAW adults may occupy thermally divergent habitats, coupled with increasing 

acute temperature stress, no studies have investigated the effects of previous thermally stressful 

environments on the eco-physiology of FAW.  As stated in previously, under optimum temperature 

conditions of  28 °C, an adult female usually deposits eggs for 4–5 days, in batches of 0– 200 each 

day – so, total fecundity is up to 1000 eggs (Kumela et al., 2019).  

        Fall armyworm larvae have 5–10 instars (six optimally) (Ali et al., 1990; reviewed in 

Kenis et al., 2023). First and second instars feed on one side of the leaf skeletonizing it in the 

process, whereas the later instars feed on most plant parts damaging them in the process 

(Kumela et al., 2019). The larval stage may last up to 14 days in summer and up to 30 days in 

winter, highly suggestive of temperature-dependent development (Nagoshi et al., 2019). 

Cognizant of its economic importance and the adult migratory nature, the effects of thermal 

environments on FAW fitness thus warrant investigation. I assessed the effects of sub-lethal 

heat shock on eco-physiological performance of this invasive insect pest. Specifically, I 

determined whether sub-lethal heat shock may influence (1) cold tolerance (critical thermal 

minima, CTmin) and heat tolerance (critical thermal maxima, CTmax), (2) reproductive capacity 
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(fecundity and hatching success), and (3) longevity. Phenology, which refers to the timing of 

seasonal activities such as development, since phenological responses may be altered by 

temperature regimes (Gill et al., 2015) and the ecological impact of climate change such as 

extreme weather events and drought, which are associated with insect outbreaks.  I 

hypothesized that adult heat shock stress may influence physiological and ecological 

performance of FAW adults. 

2.2 Materials and methods 

2.2.1 Plant and insect culture 

Maize plants, Zea mays L. (Poaceae), were grown individually in plastic pots (20 cm diameter) with 

loamy soil mixed with potting mix (Gromor, Cato Ridge, KwaZulu-Natal province, South Africa) 

as it is the preferred host of S. frugiperda (Assefa, 2018). The plants were watered daily and 

fertilized weekly with 30 g of fertilizer to maintain the same levels of fertilizer (Lawn & Leaf 7:1:3; 

Wonder, Isando, South Africa) for 4 weeks before FAW inoculation.  

       The initial Spodoptera frugiperda larval culture (maize strain) was obtained from the 

Agricultural Research Council 

 
– Plant Health Protection (ARC-PHP) in Pretoria, South Africa, and maintained in the insectary 

under optimum conditions at 28 ± 2 °C (Ali et al., 1990; Du Plessis et al., 2020), 65 ± 5% relative 

humidity (RH) and L12:D12 photoperiod. They were allowed to grow into adults and newly laid 

(F1 generation) eggs were incubated until larval emergence in cages with 2-week-old fresh maize 

plants. Thereafter, third larvae were individually transferred into vials containing artificial diet 

to prevent cannibalism until they pupated. Pupae were then sexed using differences in genitalia, 

where the genital slit in females is located on the anterior edge of the fourth abdominal segment 

posterior to the wing covers and is located on the posterior edge of the same segment in males 

(Tuncer & Aker, 2018).These were transferred into 1-L plastic tubs containing moist soil until 

adult eclosion. 
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2.2.2 Adult sub-lethal heat shock treatments 
 

 

Newly emerged adults of S. frugiperda (24- to 48 -h old) were individually heat-shocked in 

propylene vials at 32, 35, or 38 °C for 2 h in a programmable water bath (model Tx150; Grant 

Instruments, Shepreth, UK) using the plunge protocol (e.g., Chidawanyika & Terblanche, 

2011). These non-lethal high temperature–time combinations for heat shock were chosen based 

on preliminary trials in which survival was assessed under similar static thermal regimes. In 

addition, microclimatic conditions experienced in one of the maize-growing areas in South 

Africa range from –13.7 to 45.6 °C (see Results). A piece of moist cotton wool was placed at 

the bottom of each vial to prevent desiccation-related mortality. Controls were maintained 

under optimum conditions (28 ± 2 °C, 65 ± 5% R.H., L12:D12) in cages in the insectarium 

before measuring life-history traits. All metrics were measured just after heat shock, i.e., 0 h 

post heat shock treatment and using 24- to 48-h-old moths. 

2.2.3 Effects of heat shock on low and high temperature tolerance 

 

 

Critical thermal limits (CTLs; CTmin and CTmax) were assessed following Nyamukondiwa & 

Terblanche (2010). Ten adult FAW from heat shock treatment and controls were individually 

placed into a double jacketed ‘organ pipe’ chamber comprising 11 separate 200-mm tubes, 

connected to a programmable Grant Tx150 water bath filled with a 1:1 mixture of water and 

propylene glycol and subjected to constant heating and/or cooling. In the ‘organ pipe’, insects were 

given 10 min first to equilibrate at 28 °C (optimum developmental temperature) before ramping 

temperature up (CTmax) or down (CTmin) at a rate of 0.25 °C per min. This was repeated to yield n 

= 20 per treatment (20 replications). A thermocouple (type K 36 SWG) (Fluke Corporation, Everett, 

WA, USA) connected to a digital thermometer (53/54IIB; Fluke Corporation, Everett, WA, USA) 

was inserted into the control chamber to monitor the chamber temperatures. Critical thermal minima 

(CTmin) and maxima (CTmax) were defined as the lower and upper temperatures, respectively, at 

which the adults lost muscle coordination, which was regarded as a lack of response to mild 

prodding (e.g., Nyamukondiwa & Terblanche, 2010). 
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2.2.4 Effects of heat shock on female fecundity and hatching success 

 

Following heat shock, virgin individual adult females and males were paired as follows: treated 

female × untreated male, treated female × treated male, and untreated female × treated male 

(20 pairs each). Each pair was transferred into a rearing cage with potted fresh 4-week-old 

maize plants and a cotton wad soaked in 25% sugar water for oviposition and food provision, 

respectively. Untreated adults (male and female) were maintained at 28 °C as controls. The 

plants were monitored daily and leaves with newly deposited eggs were cut from the plant and 

transferred into Petri dishes and incubated under optimum conditions. Eggs were counted under 

a Nikon SMZ 645 dissecting microscope in order to determine fecundity. The process was 

repeated until no newly deposited eggs were observed (up to day 15). Fecundity was defined 

as the total number of eggs per pair during 15 days. 

 
Hatchlings were counted and removed daily until no more larvae were observed. 

Hatching success was defined as the total number of larvae that hatched vs. the total number of 

eggs from each pair. 

2.2.5 Effects of heat shock on longevity 

 

Twenty replicates of heat-shocked virgin male and female adults were placed individually in 

propylene vials with screw cap lids (20 males and 20 females). A moist cotton wick dipped in 

10% sugar solution was placed in each vial for provision of food and water. Thereafter, the 

vials were maintained in the insectary under optimum conditions (28 °C, 65 ± 5% r.h., 

L12:D12). Controls (virgin males and females) were maintained individually in cages as 

treatments under optimum conditions before measuring longevity. Mortality was recorded once 

per day until all the adults were dead. 

2.2.6 Microclimate data recording 

 

Microclimatic data were recorded using model DS1920 Thermocron iButtons (five iButtons were 

used) (0.5 °C accuracy, 0.5 h sampling frequency; Dallas Semiconductors, Dallas, TX, USA) in 

Clifton, Bloemfontein, Free State province, South Africa (29.1128°S, 26.2312°E) during the period 
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March 2019 to March 2020 to determine the environmental conditions experienced by S. frugiperda 

in the field. Most S. frugiperda host plants are grown in this area at subsistence and commercial 

level. The iButtons were placed under a tree canopy (shaded environment), 1 m above the ground. 

2.3 Data analysis 

Data were analyzed in STATISTICA v.13.5.0 (TIBCO, Palo Alto, CA, USA) and R v.4.1.2 (R Core 

Team, 2021). Data were first checked for normality and equality of variances using the Shapiro-

Wilk and Hartley-Bartlett tests, respectively. For CTLs, linear model assumptions of constant 

variance and normal errors were met, whereas longevity, fecundity, and hatching success data did 

not conform to assumptions of ANOVA. Therefore, CTLs results were analyzed using full-factorial 

ANOVA with sex and treatment as categorical factors, and CTmin   and CTmax as dependent 

variables. Longevity, fecundity, and hatching success data were considered as count data and 

were analyzed using a generalized linear model (GLM) assuming a Poisson distribution and a 

log link function in R. A quadratic term was added to the temperature term, to improve model 

fit based on the Akaike Information Criterion. Tukey-Kramer post-hoc tests were used to 

separate means. 

2.4 Results 

2.4.1 Effects of sub-lethal heat shock stress on low and high temperature tolerance 

 
Sub-lethal heat shock significantly influenced low-temperature tolerance (CTmin) in both adult 

females and males (Table 2.1). The interaction effects between sex and treatment were highly 

significant for CTmin (Table 2.1). Sub-lethal heat shock stress at the highest treatment temperature 

(38 °C) significantly increased CTmin (reduced cold tolerance) for both males (6.43 

 
± 0.09 °C) and females (7.0 

± 2 ± 0.06 °C) (Figure 2.1A). Control treatment showed a significant difference in low-

temperature tolerance between females and males with females recording higher CTmin than 

males (Figure 2.1A). 
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Figure 2. 1 : Effects of prior sub-lethal heat shock treatment (2h) and sex on critical thermal 

minimum (A) and critical thermal maximum (B) for Spodoptera frugiperda. Error bars 

represent 95% confidence limits (N = 20) and means with the same letter are not significantly 

different from each other. 
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Table 2. 1: Effects of prior sub-lethal heat shock treatment (2h) on Spodoptera frugiperda 

critical thermal limits (CTmin, CTmax). Full factorial ANOVA of the effects of sub-lethal 2-h 

heat shock treatment at four temperatures on critical thermal minimum (CTmin) and maximum 

(CTmax) of Spodoptera frugiperda males and females 

 

 Trait Effect SS d.f. MS F P 

        

 CTmin Intercept 1114.61 1 1114.61 2590.63 ˂0.001 

  Sex 3.22 1 3.22 7.49 ˂0.01 

  Temperature 894.02 3 298.01 692.64 ˂0.001 

  Sex*temperature 7.51 3 2.50 5.82 ˂0.001 

  Error 65.40 152 0.43   

 CTmax Intercept 345820.5 1 345820.5 77318.17 ˂0.001 

  Sex 51.4 1 51.4 11.50 ˂0.001 

  Temperature 251.3 3 83.8 18.73 ˂0.001 

  Sex*tTemperature 48.8 3 16.3 3.63 0.014 

  Error 679.8 152 4.5   

        
 

 

 

Similarly, heat shock significantly influenced high-temperature tolerance (CTmax) in both adult 

females and males (Table 2.1). It improved CTmax in both sexes at 32 °C heat shock treatment 

with females recording 49.69 ± 0.059 °C and males 46.82 ± 0.191 °C, showing plasticity 

towards heat stress tolerance (Figure 2.1B). The interaction between treatments was 

significantly different for high temperature tolerance (Table 2.1). Control treatment had no 

significant response for CTmax for both sexes (Fig. 2.1B). 

2.4.2 Effects of heat shock on female fecundity and hatching success 

Fecundity and hatching success varied significantly across pairs following heat shock treatments 
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(Table 2.2, Figure 2.2). There was a significant interaction effect between temperature and pair for 

both fecundity and hatching success (Table 2.2). Fecundity and hatching success decreased with 

increase in heat shock temperature across all pairs (Figure 2.2). Following heat shock treatments at 

32 to 38 °C, fecundity ranged from 409 to 144 (treated male × untreated female), from 369 to 132 

(treated female × untreated male), and from 342 to 81 eggs (treated male × treated female) (Figure 

2.2A). Likewise, following the same heat shock treatment conditions, hatching success ranged from 

332 to 103 (treated male × untreated 

  
female), from 287 to 99 (treated female × untreated male), and from 301 to 81 eggs (treated 

male × treated female) (Figure 2.2B). Fecundity and hatching success at 35 °C differed 

significantly between both sexes treated vs. treated male × untreated female (Figure 2). At 38 

°C, a significant difference in fecundity was recorded between the same pairs, but not in 

hatching success (Figure 2.2). The treated male × treated female pair recorded the lowest 

fecundity and hatching success at 35 and 38 °C (Figure 2.2). 
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Figure 2. 2 Effects of prior sub-lethal heat shock treatment (2h) and sex on Spodoptera 

frugiperda fecundity (A) and hatching success (B) (N=20 pairs). Error bars represent 95% 

confidence limits. Means with the same letter are not significantly different from each other  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

.  

 

Fecundity was defined as the number of eggs per pair following adult oviposition for 15 days 

duration. Hatching success was defined as the number of larvae that hatched versus total 

number of eggs from each pair after not seeing new hatchlings. 
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Table 2. 2: Effects of prior sub-lethal heat shock treatment (2h) on Spodoptera frugiperda 

fecundity and hatching success. Factorial analysis using generalized linear model (GLM) of the 

effects of sub-lethal 2-h heat shock treatment at three temperatures on fecundity and hatching 

success of Spodoptera frugiperda males and females. Pair = male × female. 

 

 Trait Effect d.f. χ
2 

P 
      

 Fecundity Temperature 2 1496754 <0.001 

  Pair 3 5289052 <0.001 

  Temperature*pair 6 550537 <0.001 

 Hatching success Temperature 2 1144322 <0.001 

  Pair 3 5094727 <0.001 

  Temperature*pair 6 428048 <0.001 

      
 

 

2.4.3 Effects of heat shock on longevity 

 

Overall, longevity was marginally higher in males (z = 2.496, P = 0.013) and initially increased 

and later decreased with increasing heat shock (z = 3.821, P < 0.001), as was the case with 

females (Figure 2.3). However, there were no significant sex*temperature effects across 

treatments (z = 1.789, P = 0.074) (Figure 2.3). 
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Figure 2. 3 Effects of prior sub-lethal heat shock treatment (2h) and sex on the longevity of 

Spodoptera frugiperda (N=20 pairs). Nodes represent raw data 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.4.4 Microclimate data recordings 

 

Temperature between March 2019 and March 2020 in Clifton, Bloemfontein, South Africa, 

one of the areas where maize is grown, ranged from –13.7 to 45.6 °C (Figure 2.4A). Analysis 

of the temperature severity showed that acute heat stress episodes are common under natural 

conditions (Figure 2.4B). Temperature stress conditions of 30–45 °C were experienced at least 

1000×, whereas temperatures of 45–50 °C were experienced 250× in a calendar year (Figure 

2.4B). 
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Figure 2. 4 : (A) Microhabitat temperature (denoted by line curve) recorded using 

Thermocron iButtons at 0.5-h sampling frequency under a tree canopy, 1 m above the 

ground at Clifton, Free State Province, South Africa, from March 2019 to March 2020. 

(B) Temperature frequency distribution during the same period. Arrows indicate the heat 

shock temperatures that were used in laboratory experiments. 
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2.5 Discussion 

 

In nature, insects experience adverse abiotic stress, and the ability to survive these stressors 

may determine success (Nyamukondiwa et al., 2022). The current study showed contrasting 

physiological and ecological responses of S. frugiperda following sub-lethal heat shock stress. 

I found that sub-lethal heat shock treatment compromised cold tolerance (CTmin) whereas it 

improved heat tolerance (CTmax) across all treatments. Furthermore, similar to CTmin results, I 

also found that acute sub-lethal heat stress during development may come at the cost of adult 

survival and fitness, manifested as reduced longevity and reproductive success (lower fecundity 

and egg hatching success). 

 
Sub-lethal heat stress significantly reduced cold tolerance in this study, showing 

evidence of cross-susceptibility between heat and cold stress (Tarusikirwa et al., 2022). 

Although previous studies demonstrated the importance of cross-tolerance in response to heat 

and cold (Chidawanyika & Terblanche, 2011; Sinclair et al., 2012, 2015), this study showed 

no evidence for this relationship. This may mean that heat stress can exert cumulative effects 

leading to poor thermal tolerance, perhaps due to cumulative tissue injuries. These results are 

also in agreement with Mutamiswa et al. (2018) and Tarusikirwa et al. (2020) who reported 

reduced cold tolerance (CTmin) following heat stress in the lepidopteran species Busseola fusca 

(Fuller) and Tuta absoluta (Meyrick). 

 
There was improved heat tolerance (CTmax) following sub-lethal heat shock treatments in 

both sexes indicating the ability to shift CTmax phenotypes, otherwise termed phenotypic plasticity. 

The increase in CTmax following heat shock treatment is not surprising as several studies reported 

significantly higher expression of heat shock proteins (HSP90 and HSP70) in heat shocked relative 

to untreated individuals, suggesting their role in heat tolerance (reviewed in Feder & Hofmann, 

1999; King & McRae, 2015). Upregulation of heat shock proteins, which act as molecular 

chaperones against protein denaturation following heat stress, may explain the current results 

(Lopez-Martinez & Denlinger, 2008; Al-Ghzawi et al., 2022; Xing & Zhao, 2022). As heat 
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shock protein levels were not measured in the current study, this warrants further investigation 

to fully elucidate mechanisms eliciting these plastic responses. Females had higher heat 

tolerance (CTmax) and plasticity thereof than males, conferring them a survival advantage over 

males in natural heat stress environments. This is consistent with sex-related differences in heat 

tolerance reported by Nyamukondiwa & Terblanche (2009). Females often have higher lipid 

content, owing to higher reproductive investment. Lipids play a key role in thermal tolerance 

(see Chown & Nicolson, 2004); thus, lipids may explain differences in basal and plastic 

differences observed here. However, sex-related lipid content differences and their role in the 

CTmax variation should be investigated further to test this hypothesis. For invasive pests in the 

tropical regions, counter-adaptive physiological adjustments against heat stress sustain 

dispersal propensity through preservation of key life-history traits such as mating and 

locomotion (Bujan et al., 2021; Ma & Ma, 2022; Nyamukondiwa et al., 2022). Here, FAW 

showed capacity for rapid CTmax adjustment under heat stress, suggesting plasticity. This 

plasticity may likely aid its invasiveness, consistent with reports on related species (e.g., 

Nyamukondiwa et al., 2010; Tarusikirwa et al., 2022). 

 
Fecundity and hatching success decreased with increase in sub-lethal heat shock 

temperature underlying the cumulative effects of tissue damage (Chown & Nicholson, 2004). Thus, 

acute heat waves may reduce the severity of FAW invasions and the damage larvae cause to crops 

in the short term due to poor FAW reproductive success. However, the net invasiveness of FAW 

will depend on how FAW compensate for heat stress-associated costs of reproduction. The 

mechanisms behind reduced fecundity and hatching success are not clear. Heat stress is known to 

elicit dehydration and denaturalization of proteins including enzymes resulting in reduced survival, 

fecundity, or offspring viability (Somero, 1995). Furthermore, the female reproductive system is 

known to be sensitive to thermal stress due to disturbance of the 
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neurohormonal regulation of reproduction (Munoz-Valencia et al., 2013). Studies have reported 

that heat shock can elicit injury to oocytes and ovarian development leading to a decrease in egg 

production, whereas in males, heat shock can reduce mating success by directly injuring testes and 

sperms, resulting in reduced fertility (Krebs & Loeschke, 1994; Rinehart et al., 2000; Cui et al., 

2008; Sales et al., 2021). In addition, spermatozoa are generally sensitive to even negligible 

variation in temperature such that heat-exposed sperm incurs DNA breakage and chromatin 

decondensation leading to blastocyst and embryo failures (Burfening et al., 1970; Sales et al., 

2021). Given that the present study treated both males and females, heat shock may have influenced 

oogenesis, spermatogenesis, and embryogenesis, which culminated in reduced fecundity and 

hatching success. As this study did not explore reproductive system responses to heat stress (e.g., 

sperm and egg counts and viability), nor assess whether the reduction in fecundity was a result of 

damage to the reproductive system of both sexes or only one sex, this warrants further investigation. 

Furthermore, given repeated episodes of acute heat stress with climate change (e.g., Stillman, 

2019), future studies should also look into the ‘chronic’ effects of repeated heat stress exposure on 

the physiology and ecology of insects. 

 
The results showed that the mean longevity increased with increased heat shock 

treatments for both sexes, but significantly decreased beyond 32 °C treatments, suggesting 

temperature-related effects on S. frugiperda longevity. This result is in agreement with Zhou 

et al. (2011) who reported a drastic decline in Ophraella communa LeSage adult longevity 

following exposure (for 2 h) to temperatures above 35 °C. Males lived longer than females 

indicating a higher cost of acute heat stress treatment in females. Such differential sex responses 

to heat stress may reduce the full reproduction potential of this invasive pest. 

 
Microclimate data revealed that heat shock conditions that were employed in this study 

are regularly experienced in nature, and that even more severe heat stress conditions are 

common. Heat stress may thus realistically influence FAW physiological and ecological 
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success (reproduction and longevity), which may manifest through, e.g., changes in population 

phenology and dynamics. Further work is necessary to fully test the capabilities of different 

life-stages to mount plastic responses to diverse stressful environments. 

 
In conclusion, this study shows contrasting effects of acute sub-lethal heat stress on 

FAW physiological and ecological traits. Cold tolerance was reduced following heat treatment 

whereas heat tolerance was improved, suggesting cross-susceptibility between heat and cold 

stress. Sex-related differences in physiological and ecological responses were shown following 

acute heat stress treatment; for example, females had higher CTmax whereas males had higher 

longevity. This sex-related fitness and survival advantage may partly enhance population 

persistence under changing environment. I also show that acute heat stress during development 

may manifest as reduced adult fecundity, hatching success, and longevity. Reduced 

reproduction and survival following heat stress will have implications for FAW population 

persistence amidst increased heat waves with climate change. Future investigations are 

necessary to elucidate the physiological mechanisms that underlie the variations elicited by 

heat stress on the fitness and life-history traits of S. frugiperda. In addition, transgenerational 

plasticity studies are also recommended, as well as studies of the effects of more chronic and 

repeated episodes of heat stress. This information is significant in pest risk assessment and in 

the development of S. frugiperda management options for sustainable crop production under 

changing climate. 
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3.1. Introduction 
 

 

Repeatability or reproducibility experiments are profound tools that were originally developed 

for independent testing of the precision of experimental protocols. In biological research, the 

repeatability of observational data can be used to track organismal plastic and genetic 

responses to stress factors at individual or population level at various temporal scales 

(Avargues-Weber et al., 2015; Niemelä & Dingemanse, 2017; Näslund, 2021). Given the 

escalated attention on climate change in recent years, repeatability studies (though 

controversial) can be pivotal in investigating basal thermal tolerance  and plasticity thereof 

(Morgan et al., 2018; O’Donnell et al., 2020; O’Neill et al., 2021) where both environmental 

and genetic phenotypic variation effects can be used to determine within-individual trait 

variability (Grinder et al., 2020). In this study repeatability was used as a measure of 

physiological trait (cold tolerance) to evaluate the ability of S. frugiperda to tolerate repeatable 

exposure to cold temperature conditions. If the thermal tolerance of a tested organism is 

consistent over time, denoting high repeatability, it indicates that the adaptive potential of the 

trait is high, whilst the converse is true for low repeatability (Morgan et al., 2018). 

 
     For insects, body temperature depends on ambient conditions mediating biochemical and 

physiological processes therein (Chown & Nicolson, 2004; Sinclair et al., 2015). Subsequently, 

such organismal responses mediate development and can cascade to population level through 

factors such as seasonality, geographic distribution and voltinism (Du Plessis et al., 2020; Phophi 

et al., 2020; Tarusikirwa et al., 2020; Nyamukondiwa et al., 2022). Of interest is how the magnitude 

and frequency of thermal extremes in the form of heat waves and cold snaps wrought by the 

changing climates influence pest physiology, survival and key life-history traits (Tollefson, 2014) 

as it has direct implications on their population dynamics (Chidawanyika et al., 2012, 2020) and 

ultimately food security (Gregory et al., 2009). Thus, apart from magnitude of thermal exposure, 

insects experience different levels  of thermal fluctuations (e.g. acute vs chronic, rapid vs slow 

fluctuations and/ or repeated exposures) typical of diel and seasonal changes (Colinet et al., 2015). 



59 

 

Such extremes, and not average temperatures, drive several organismal responses, including 

evolutionary adaptations within and across generations (Cox et al., 2010; Travis et al., 2014; 

Buckley et al., 2016) and define geographic ranges via various demographic tipping points 

(Lynch et al., 2014). 

 

    Indeed, insects have evolved diverse morphological, physiological, and behavioural 

adaptations to withstand and colonize otherwise lethal novel environments (Bale et al., 2002; 

Neal et al., 2021). For example, overwintering insects are known to survive stressful low 

temperatures through employing cold tolerance strategies such as rapid cold hardening (RCH), 

freeze tolerance and freeze avoidance (Sinclair et al., 2015; Feng et al., 2018). Freeze tolerant 

insects survive intracellular ice formation through use of cryoprotectants, removal of ice 

nucleators and anti-freeze heat shock proteins synthesis (Elnitsky et al., 2008; Storey & Storey, 

2012; Toxopeus et al., 2019). On the contrary, freeze intolerant/avoidant insects cannot 

withstand internal ice formation but survive through keeping their body fluids in a supercooled 

condition (Sinclair et al., 2015; Andreadis & Athanasiou, 2017). Rapid cold hardening, a form 

of phenotypic plasticity, confers survival advantages at low lethal temperature after brief pre-

treatment to a prior sub-lethal temperature shock (Lee et al., 1987; Teets et al., 2013). Over 

longer time scales such prior exposure to sub-lethal temperatures also confer advantages to 

identical future  thermal stress in what is referred to as beneficial acclimation (Leroi et al., 

1994). 

 

    In nature, insects may thus face multiple stressors including repeated cold stress during diel 

and seasonal thermal fluctuations (Marshall & Sinclair, 2010) where the above-mentioned 

plastic responses play a role. Mimicking such repeated thermal exposure in manipulative 

experiments allows investigation of the relationship between repeatability and adaptive 

responses (Boake, 1989; Morgan et al., 2018; Grinder et al., 2020). In this study, I used 

common measures of cold tolerance in critical thermal minimum (CTmin) and chill coma 
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recovery time (CCRT) as proxies for cold hardiness (Andersen et al., 2015; Mutamiswa et al., 2018; Izadi 

et al., 2019). 

 
     Critical thermal minimum is an organism’s lower thermal tolerance limit where an insect is incapacitated 

due to compromised neuromuscular activity (Sinclair et al., 2015; Izadi et al., 2019). If low temperature 

conditions persist, CTmin is followed by chill coma where paralysis due to complete loss of neuromuscular 

function occurs (Hazell et al., 2011; O’Neill et al., 2021). The time that an insect requires to regain 

neuromuscular function following chill coma is what is then regarded as CCRT (Sinclair et al., 2015). Given 

their ubiquitous occurrence in nature and capacity to define limits for organismal activity, these key indices 

provide valuable ecologically relevant measures of insect cold tolerance. Thus, understanding the 

evolutionary capacity following repeated exposure provides important information on their adaptive 

capacity and potential geographic range expansion in invasive insects such as S. frugiperda. This will help 

can inform pest management strategies and contribute to a broader understanding of insect responses to 

changing environments. 

     Spodoptera frugiperda is a highly invasive insect pest native to the tropics and sub-tropics of America 

(Goergen et al., 2016). The larvae of this polyphagous insect cause significant economic losses in several 

important crops but inflict the most damage in the Poaceae family (Lu & Adang, 1996; Nboyine et al., 2020).  

Spodoptera frugiperda does not diapause, instead it is known to migrate to environments with favorable 

conditions for survival (Du Plessis et al., 2020; Vetanpast & Park, 2022). It has been reported to survive in 

Africa all year-round due to conducive biophysical environment (Du Plessis et al., 2018; Early et al., 2018; 

Keosentse et al., 2021).  

    The upregulation of glycerol-3-phosphate dehydrogenase (GPDH) and glycerol kinase (GK) genes for 

increased synthesis of the cryoprotectant glycerol has been attributed as the key physiological response to 

withstand cold environments in S. frugiperda (Vatanparast & Park, 2022). However, survival has been 

reported to be limited in some cases in Asia where harsh winters decimate seasonal populations while annual 

reinvasions provide new propagules (Vatanparast & Park, 2022). Nevertheless, little is known about the role 

of acquired/induced cold tolerance in the fitness of S. frugiperda following prior exposure. Yet, induced 
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cold tolerance can play a key role in preserving and improving key life-history activities at acute temporal 

scales. 

 

Here, I examined the consequences of repeated cold exposure on low thermal tolerance (CTmin and CCRT) 

of S. frugiperda life stages across 72 hours. I hypothesize that the values of CTmin and CCRT will remain consistent 

over repeated cold exposures due to cold hardening. Since body water and lipid content is associated with basal 

and induced cold tolerance in insects (or lack thereof), I subsequently assessed the two parameters following 

thermal exposure to draw inferences on the performance of S. frugiperda and subsequent management. 

3.2. Materials and methods 

3.2.1 Insect culture and maintenance 
 

 

The initial colony of S. frugiperda was obtained as larvae from the Agricultural Research Council, Plant Health 

Protection (ARC-PHP) Pretoria, South Africa. Thereafter, the insects were maintained on artificial diet in the 

insectary under optimum conditions of 28
o
 C (Ali et al., 1990; Du Plessis et al., 2020), 65±5% relative humidity 

(RH) and 12L: 12D photoperiod. Since cannibalism is reportedly predominant among late larval instars 

(Chapman et al., 1999), each third instar larva was individually placed in a separate 100 ml plastic vial with 

perforated screw-cap lid and soybean wheat germ artificial diet (Southland Products Inc., Lake Village, Arkansas, 

USA) until pupation to prevent cannibalism. Pupae were maintained in open Petri dishes (30 × 30 × 30 cm) in 

collapsible rearing cages made of mesh cloth until adult eclosion. Adults were provided with 25% sugar-water 

from a moistened cotton wool placed in a petri dish. At least two maize plants (3-4 weeks old) were placed in 

each rearing cage as oviposition substrate for gravid females. After hatching, the 1
st

 instar larvae were transferred 

to artificial diet for subsequent rearing. For all the experiments F1 generation of 4
th

, 5
th

, 6
th

 instar larvae and 24-

48 -h old virgin adults were used. 
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3.2.2 Critical thermal minimum (CTmin) and repeated cold exposure assays 
 

 

To evaluate the relationship between CTmin and repeated cold exposure, larvae and adults (males and 

females) of S. frugiperda underwent repeated cold tolerance (CTmin) assays at 0 (control), 24, 48 and 72 -h 

intervals. Critical thermal minima were assayed using standardised dynamic and ecologically relevant 

protocols (Chidawanyika & Terblanche, 2011b). Ten replicate larvae and adults were individually placed 

randomly in a series of 200 mm glass tubes (‘organ pipes’) connected to an insulated double-jacketed 

chamber linked to a programmable water bath (Grant model Tx150; Grant Instruments, UK) filled with 1:1 

water: propylene glycol. In the ‘organ pipes’, insects were allowed to equilibrate for 10 minutes at 28 ˚C 

(optimum temperature) before decreasing the temperature at a rate of 0.25 ˚C/min until their CTmin were 

recorded. This was repeated twice for each life stage to yield sample sizes of n=20 per treatment. To record 

chamber temperature, a thermocouple (type K 36 SWG) connected to a digital thermometer (53/54IIB, Fluke 

Cooperation, USA) was inserted into a control (centre) glass tube of the organ pipes. After each assay, 

insects were given time to recover before repeating the same assay across 24, 48, and 72 -h intervals using 

the same batch of insects. Critical thermal minimum was considered as the temperature at which insects did 

not respond to gentle prodding (e.g., Nyamukondiwa & Terblanche 2010). 

3.2.3 Influence of repeated cold exposure on chill coma recovery time (CCRT) 

 

Chill coma recovery time was assessed following Mutamiswa et al., 2018. A total of 10 replicate larvae and 

adults were placed individually in 7 ml screw-cap glass vials with 1 mm dimeter holes pierced through cap 

for ventilation. The vials were then placed into a large zip-lock bag, which was subsequently submerged 

into a water bath (Grant LTC40 model TX150) filled with 1:1 water: propylene glycol mixture and set at 0 

°C for 1 hour. After 1 hour at chill-coma temperature, the tubes were removed from the water bath and 

transferred to a Memmert climate chamber (HPP 260, Memmert GmbH + Co.KG, Germany) set at 28°C, 

65% RH for recovery. The chamber was connected to a camera (HD Covert Network Camera, DS-

2CD6412FWD-20, Hikvision Digital Technology Co., Ltd, China) that was linked to a computer where 

observations were recorded. This was repeated twice for each life stage to yield sample sizes of n = 20 per 
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treatment. After each assay, insects were exposed to the same treatment and CCRT measured across 24, 48 

and 72 -h intervals using the same batch of insects. Chill coma recovery time was defined as the time (in 

minutes) required for an adult to stand upright on its legs (Milton & Partridge, 2008). 

3.2.4. Determination of body water content 

After 72 h interval following CTmin and repeated cold exposure assays, body water content of the insects were 

determined. Larvae (4
th

, 5
th

 and 6
th

 instar) and adults were individually placed in a pre-weighed 50 ml Eppendorf 

tubes and the initial mass of each insect before oven drying was measured (to 0.0001g) on a Scout Pro (DHAUS) 

microbalance (model: Scout Pro SPU 123, USA). Thereafter, insects were placed in a Memmert drying oven 

(UL50, Memmert, Germany) set at 60 °C for 72 h. Insects were allowed to cool under laboratory temperature 

conditions of 28°C for 30 minutes thereafter, dry mass was measured (to 0.0001) on a 

 
microbalance. To determine BWC, dry mass was subtracted from the initial mass following (Bazinet et al., 

2010; Weldon et al., 2018). 

3.2.5 Determination of body lipid content 

Following BWC assays, the tested insects were further oven dried for another 72 h at 60°C. Thereafter, the 

insects were individually washed in 1,5ml diethyl ether and then gently agitated at 250 rmp for 24 -h at 37°C 

using ST 5 CAT orbital shaker (model: Zipperer GmbH, D 79219 Staufen, Germany) following the methods 

of Mitchell et al. (2017). The diethyl ether was then removed from the tubes and insects were oven dried 

again at 60 °C for 24 -h, before reweighing. The lipid content for each individual was calculated by 

subtracting the lipid free dry mass from the initial dry mass. Controls were exposed to the same conditions 

before measuring their lipid content. 

3.2.6 Data analysis 

 
Data analyses were carried out in STATISTICA, 13.5.0 version (Statsoft Inc.2021 and R version 4.1.2 (R 

development Core Team, 2021). Normality and equality of variances were first checked using the Shapiro-

Wilk and Hartley-Bartlett tests respectively. Data for CCRT was linear and met the conditions for normality 

and equality of variances (W = 0.83, p = 0.12) and were analyzed using generalized linear models (GLZ) 

assuming a Gaussian distribution in R. The CTmin data also met the linear model assumptions and were 
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Figure 3. 1 Critical thermal minimum in adult (virgin male and female) and larval stages 

of Spodoptera frugiperda following repeated cold exposure. Data points represent means 

of n = 20 whilst error bars denote 95% confidence limits for each sex and life-stage. 

Different letters above error bars denote significant differences. 

 

 

 
 

 

   

 
  

 

   

analyzed using repeated measures (time intervals) ANOVA. Tukey-Kramer’s post-hoc tests were used to 

separate statistically heterogeneous means. The relationship between CTmin and body water content and 

body lipid content were examined using linear regression in STATISTICA. 

3.3  Results 

   3.3.1 CTmin and repeated cold exposure assays 

Critical thermal minima significantly varied across life stages following repeated cold exposure (F16, 282 

= 134.59, P < 0.001) (Table 3.1 and Fig. 3.1). In 5th instar and virgin adults, cold tolerance (CTmin) 

improved with repeated cold exposure (Fig. 3.1). However, 6th instar larvae showed compromised cold 

tolerance with CTmin increasing with repeated exposure (Fig 3.1). Virgin females recorded the lowest 

CTmin across all assays relative to other life stages (Fig. 3.1). 
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Table 3. 1: Full factorial ANOVA of the effects of sub-lethal 2-h heat shock treatment at four temperatures 

on critical thermal minimum (CTmin) and maximum (CTmax) of Spodoptera frugiperda males and females 

 

Trait Effect SS d.f. MS F P 

CTmin Intercept 1114.61 1 1114.61 2590.63 ˂0.001 

 Sex 3.22 1 3.22 7.49 ˂0.01 

 Temperature 894.02 3 298.01 692.64 ˂0.001 

 Sex*temperature 7.51 3 2.50 5.82 ˂0.001 

 Error 65.40 152 0.43   

CTmax Intercept 345820.5 1 345820.5 77318.17 ˂0.001 

 Sex 51.4 1 51.4 11.50 ˂0.001 

 Temperature 251.3 3 83.8 18.73 ˂0.001 

 Sex*Temperature 48.8 3 16.3 3.63 0.014 

 Error 679.8 152 4.5   

 

 

               3.3.2 CCRT and repeated cold exposure assays 

 

As in CTmin assays, CCRT varied significantly across life stages with repeated cold exposure 

(F16, 282 = 4.06, P < 0.001) (Fig. 3.2). Chill coma recovery times of tested instars (4th , 5th 

and 6th instar,) decreased with repeated cold exposure (Fig. 3.2). In adults (virgin males and 

females), CCRT improved following repeated exposure at 24 h interval and was compromised 

after 48 and 72 h intervals (Fig. 3.2). 



66 
 

2.2 

 

 

2.0 

 

 

1.8 

 

 

1.6 

 

 

1.4 

 

 

1.2 

 

 

1.0  

0 24 48 72 

Time (hours) 

 

 

 

 

 

 

 

 

3.3.3 Body water and lipid content 

 

Body water content did not vary significantly among life stages (F4,95 = 2.01, P = 0.98) (Fig. 

3.3A). There was no significant difference in BWC between all tested life stages (Fig.3.3A). 

Nevertheless, BWC was not significantly correlated with low temperature tolerance (measured 

as CTmin) (Fig. 3.3B). 
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Figure 3. 2 Chill coma recovery time in adult (virgin male and female) and larval stages of Spodoptera 

frugiperda following repeated cold exposure. Data points represent means of n = 20 whilst error bars 

denote 95% confidence limits for each sex and life-stage. Different letters above error bars denote 

significant differences.  

 

Figure 4. 1 Effects of heat shock on adult thermal tolerance of virgin and mated of Spodoptera 

frugiperda.Figure 3. 3 Chill coma recovery time in adult (virgin male and female) and larval stages of 

Spodoptera frugiperda following repeated cold exposure. Data points represent means of n = 20 whilst 

error bars denote 95% confidence limits for each sex and life-stage. Different letters above error bars 

denote significant differences.  



67 

 

 
 

 

Figure 3. 4 Body water content (g) across different life stages (A) and relationship between body water 

content and critical thermal minima (CTmin) in Spodoptera frugiperda (B). 
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Similar to BWC, BLC did not significantly vary among life stages (F4,95 = 2.94, P = 0.24) 

(Fig. 3.4A). As in BWC, BLC was not significantly correlated with low temperature tolerance 

such that CTmin decreased with BLC (Fig. 3.4B).
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Figure 3. 5 Body lipid content (g) across different life stages (A) and the relationship between body lipid 

content and critical thermal minima (CTmin) in Spodoptera frugiperda (B). 
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3.4 Discussion 

 

Insect physiological and behavioral adaptations are very important for determining survival 

and population dynamics in both transient and seasonal cold spells (Chown & Nicolson, 2004; 

Terblanche et al., 2011; Andrew & Camp, 2016). As expected, our results showed that repeated 

cold exposure influences the fitness of S. frugiperda (determined as CTmin and CCRT). While 

insects may face multiple temperature variabilities in winter season, the repeated cold 

exposures can trigger responses that may set the insect on a different physiological path relative 

to a single exposure (Marshall & Sinclair, 2010, 2012). In the current study, CTmin improved 

with repeated exposure in 5th instar larvae, virgin males and females in agreement with Renault 

et al. (2004) who reported improved survival in beetles that were exposed to repeated cold 

exposure. A Similar trend was reported in D. melanogaster, with low temperature tolerance 

improving following repeated cold exposure in tested insects (Le Bourg, 2007). However, 

compromised and fluctuating CTmin were recorded in 6th instar and 4th instar larvae 

respectively. Given this variation across life stages, it therefore indicates that repeated thermal 

exposure impacts on CTmin are life-stage dependent. While 5th instar larvae, virgin males and 

females showed enhanced CTmin across subsequent exposures, virgin females recorded the 

lowest CTmin across treatment intervals indicating that they were the most thermally tolerant. 

This gives them a fitness and survival advantage when they encounter extreme cold conditions 

in nature. 

In the present study, repeated thermal exposure improved CCRT in 4th, 5th and 6th instar larvae 

and this in consonance with Anderson et al. (2017) who reported improved chill-coma recovery, 

cellular survival, and cold tolerance in Locusta migratoria following brief cold exposure 

periods. However, compromised CCRTs were recorded in adults (males and females) in keeping 

with van Dooremalen et al. (2011) who reported CCRT decrease in Orchesella cincta following 

repeated cold exposure. The variations in the current study underlie that CCRT responses are life-
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stage dependent. Although CCRT and CTmin are measures of cold tolerance, surprisingly, 6th 

instar larvae recorded compromised CTmin and enhanced CCRT indicating that responses also 

vary across traits, thus can be trait dependent. 

The changes in cold tolerance across consecutive measurements provide insight into potential 

benefits of short-term acclimation to extreme cold events through cold hardening. This study 

showed evidence of cold hardening in S. frugiperda as indicated by improved cold tolerance in 

some of the life stages. This suggests significant adaptive potential for cold tolerance in this 

invasive insect species and that individuals may also respond directly to low temperature 

extremes through phenotypic plasticity. While S. frugiperda has been reported to overwinter 

and survive all year round in Africa (Prasana et al., 2018; Kebede & Shimalis, 2019; Keosentse 

et al., 2021), the results indicate its potential to adapt to variable thermal extremes in winter 

and this may give it fitness and survival advantage in the face of climate change. Insects 

reportedly enhance their cold tolerance through carbohydrate cryoprotectants accumulation, 

antifreezes synthesis, lipid membranes reordering and either removal (freeze avoiding) or 

retaining (freeze tolerant) of ice nucleators (Lee, 2010). Therefore, differential life stage 

responses shown in this study following repeated exposure assays may be a result of variation 

in these physiological components of cold hardiness. However, this warrants further 

investigation to fully elucidate the responses. 

Cold tolerance is dependent on the water content remaining unfrozen in many cold hardened 

insects by allowing basal metabolism to continue at low temperature levels (Collinet et al., 

2006; Alfaro-Tapia et al., 2021). Reports have shown that reduction in body water content and 

subsequent increase in solute concentration may increase cold tolerance in insects (Worland, 

1996). In the current study there was no relationship between cold tolerance and body water 

content. This may be because insects in our assays did not experience repeated cold conditions 

that trigger any water loss and subsequent solute concentration increase. While Keosentse et 

al. (2022) reported that BWC increased with larval stage in S. frugiperda, these results report 
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otherwise on CTmin following repeated exposure. This may be because this present study 

measured BWC following plastic responses while Keosentse et al. (2022) measured basal 

BWC. Given these responses, it indicates that S. frugiperda may trade-off basal BWC for 

plasticity of thermal tolerance. 

Lipid content plays a vital role in cold tolerance as they can serve as anti-freezers in the insect 

haemolymph (Sinclair et al., 2018; Trenti et al., 2022). In winter, most insects do not feed and 

may face the unreplaced energy consumption, water loss and low temperatures (Sinclair et al., 

2013; Williams et al., 2015). Low temperature is one of the stressors which affect neutral lipid 

fluidity and mobilization and energy drain, since lipids are the primary overwintering source 

of fuel (Sinclair & Marshall, 2018). As such, most overwintering insects end winter with fewer 

lipid stores than at the beginning (Sinclair, 2015). For example, in laboratory reared colonies 

of D. melanogaster, glycogen levels decreased following repeated cold exposure (Marshall & 

Sinclair, 2010). In addition, there was a positive correlation between body lipid content and 

cold tolerance in Drosophila spp. (Hoffmann et al., 2001; Kaczmarek & Bogus, 2021). 

However, in the current study, these results showed no significant correlation between BLC and 

cold tolerance in S. frugiperda. A recent study attributed glycerol as the key cryoprotectant 

used by S. frugiperda (Vatanparast & Park, 2022). This therefore suggests that the influence of 

BLC on cold tolerance may be species dependent and glycerol may be more important in this     

species.    

        In conclusion, the current study documents life stage-related variation in cold tolerance 

for S. frugiperda following repeated thermal exposure. This study suggests that repeated cold 

exposure differentially influences the fitness of S. frugiperda in nature where vulnerability is 

life-stage and trait dependent. In addition, the study provides evidence that cold hardening may 

be an important mechanism for S. frugiperda to cope with repeated cold exposure over the 

short-term. These cold tolerance responses may provide temporal fitness benefits following 
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repeated cold conditions in nature hence population persistence under changing environments. 

The results also have direct implications on the geographic distribution of the pest under 

climate change scenarios where warming winter seasons will lead to even further spatial 

expansion and multivoltinism due to favourable conditions. For a polyphagous pest such as S. 

frugiperda, this will be critical as alternative hosts will support multiple generations enough to 

exert pest pressure on the main crop in the subsequent season (Vatanparast & Park, 2022). In 

such cases, management practices should consider area-wide monitoring of the pest 

populations even during off-season for early integrated pest management practices. This may 

include improved phytosanitary measures and reduction of alternative hosts on-farm. The use 

of parasitoids to suppress the pest populations to reduce the pressure in the main crop in 

impending season. While the current study investigated repeatability of cold tolerance, Chill 

Coma Recovery Time and plasticity for laboratory reared S. frugipreda, future studies should 

consider using wild populations for the same traits to determine survival, fecundity and 

longevity under climate change. Future studies should determine the intensity of parasitoid levels 

to maintain pest pressure well below economic injury levels. 
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4.1 Introduction 

 

Invasive insect pests are a major threat to global agricultural crop production (Machekano et al., 2018). With 

warming climates due to climate change, the scourge of such pests is projected to increase (LastuVka et al., 

2009; Skendzic et al., 2021). This leads to increased costs of crop production due to investment in pest 

management strategies and outright food insecurity in the cases where crop damage goes unabated (Shrestha, 

2019; Skendžić et al., 2021; Tonnang et al., 2022. Extreme weather events associated with climate change 

are increasing and these may influence not only insect biogeography but individual physiological 

performance and their population dynamics at various temporal scales (Chidawanyika et al., 2012). For 

example, heatwaves which are usually acute in nature, may disrupt biological functions of organisms with 

cascading effects to populations through limited activity and survival (Sales et al., 2021). Such rapid extreme 

climatic events may even have profound impact on insects than gradual temperature changes (Chidawanyika 

& Terblanche, 2011a; Soroye et al., 2020; Sales et al., 2021).  

The physiological adjustments that are employed by insects to buffer against thermal stress improve fitness 

through rapid and pliable non-heritable phenotypically plastic responses (Chown & Terblanche, 2006; Sgro 

et al., 2016). This ability to buffer extreme temperatures is important for invasion success and is reportedly 

prevalent in pests with high dispersal propensity (Xue & Ma, 2020; Nyamukondiwa et al., 2022).  Indeed, 

plasticity is very beneficial to insects as it increases their thermal safety margins, thereby enabling activity 

in otherwise unfavorable environments (Angilletta, 2009; Kristensen et al., 2008; Nyamukondiwa et al., 

2010; Chidawanyika & Terblanche 2011a, b; Xue & Ma, 2020). Understanding of heat tolerance and its 

plasticity is of great importance in the prediction of invasion risk and success under climate change.  

      The extent to which phenotypic plasticity buffer climate change-associated effects is a subject for 

debate and its effects on the maintenance of ecosystem function is still not clear (Munday et al., 2013; 

Sorensen et al., 2016) but ontogeny is known as the major factor that influences the magnitude of 

phenotypic plasticity responses to abiotic stressors (Lockwood et al., 2018; Mutamiswa et al., 2019) 

where the less mobile life-stages exhibit most plasticity (Chown & Terblanche, 2006). Thermal 

tolerance varies between populations, among species, individuals and within individuals (Bowler & 
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Terblanche, 2008; Blanckenhorn et al., 2014). Among other factors that affect insect biochemical and 

physiological process, including thermal tolerance are the age, sex, mating status, body size, feeding or 

nutritious status (Bowler & Terblanche, 2008; Chidawanyika & Terblanche 2011b; Chidawanyika et 

al., 2017; Li et al., 2022). Ontogeny, age and sex specific variations within individuals received 

relatively little attention even though they are important in understanding thermal adaptations of 

organisms (Bowler &Terblanche, 2008). Thermal tolerance varies and is not expected to be constant 

throughout an individual’s lifetime especially for organisms such as insects whose life cycles are 

complex and different life stages inhabit different microhabitats (Krebs & Loeschcke, 1995; Klock & 

Chown, 2001; Mutamiswa et al., 2019). The extent to which species cope with extreme temperature 

conditions at different life stages and how exposure of juvenile stages to such extremes may affect 

survival and reproduction at a later stage (Bowler & Terblanche, 2008; Blanckenhorn et al., 2014). For 

example, in Drosophila, short term exposure to extreme temperatures at larval and pupal stages 

influenced development and hatching success and resistance to extreme temperatures was uncoupled 

across developmental stages (Krebs & Loeschcke, 1995). This shows that different physiological 

pathways are used during ontogeny and these may or not be mediated by the production of heat shock 

proteins (HSPs) (Hoffmann et al., 2003; Bowler & Terblanche 2008). Acclimation at larval stage 

improved physiological response to thermal tolerance in Chilo partellus (Swinhoe) (Lepidoptera: 

Crambidae), which were carried over to each stage of development until adult stage (Mutamiswa et al., 

2019). This suggests that plastic physiological responses acquired during development may give adult 

fitness and survival at a later stage (Chidawanyika & Terblanche, 2011b).   

        The reproductive function of organisms is known to be sensitive to heat (e.g. Zizzari & Ellers, 2011; 

Xue & Ma, 2020) especially that of males (Sales et al. 2018; Malawey et al., 2021). Sexes may differ in 

various ways in their sensitivity to heat stress, with females being less sensitive than males (Roux et al., 2010; 

Zhang et al., 2015a). Sperm and egg production are both affected by temperatures. Exposure to extreme 

conditions (low or high) may not only reduce temperature sensitive performance but may cause irreversible 

damage to fertility such as deformed sperm and sterility (permanent such as egg or sperm mortality or 
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temporal) (Sales et al., 2018; 2021). Heat shock may  also reduce male reproductive success by reducing 

sexual attractiveness to females (Krebs & Thompson, 2005). In Drosophila mojavensis (Diptera: 

Drosophilidae), heat stress caused males to be less attractive to females due to change in the epicuticular 

hydrocarbons production (Markow & Toolson, 1990). From the    foregoing, it is apparent that temperature 

plays a key role in mediating the population dynamics of ectotherms through life-stage and sex-linked carry 

over effects.  

        Spodoptera frugiperda is multivoltine and adults have high dispersal propensity, flying up to 100 

km per night (Westbrook et al., 2016; Midega et al., 2018; Fieldmann et al., 2019; Garcia et al., 2019; 

Du Plessis et al., 2020; Zheng et al., 2022). Apart from these population level predisposing factors, 

thermal tolerance is likely to play a key role in the invasion ecology of the S. frugiperda. It is therefore 

important to understand the role of climate, and  specifically extreme  hot conditions on the population 

dynamics and distribution of S. frugiperda given that global temperatures are projected to increase due 

to global warming (Skendžić et al., 2021). To date studies on thermal tolerance of S. frugiperda, 

investigating CCRT, CTmin and SCP were conducted on field populations (Keosentse et al., 2021; 

Segaiso et al., 2023).    This study aimed  to determine the role of heat shock at juvenile and adult stages 

on the thermal tolerance of S. frugiperda of variable age, sex and mating status. Specifically, I 

investigated the effects of adult and juvenile heat shock on heat tolerance measured as CTmax across 

age, sex and mating status. It was hypothesized that basal thermal tolerance of S. frugiperda varies 

across age, sex and mating status following heat shock. The results are significant in pest risk 

assessments and informing pest management options under shifting abiotic environments. 

4.1.1 Materials and methods 

4.1.2 Insect culture 

 

The initial colony of S. frugiperda was obtained as larvae and pupae from North West University, 

Potchefstroom, South Africa. Pupae were maintained in wide mouth plastic tubs (1 liter) containing moist soil 
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until adult eclosion. Larvae were maintained in  vials containing artificial diet from Southland product INC, 

USA. Insects were kept at an optimum temperature of 28 °C ((Ali et al., 1990; Du Plessis et al., 2020), 65± 

5 relative humidity and 12L: 12D photoperiod (Keosentse et al., 2022) in the insectarium at the University 

of the Free State, Bloemfontein, South Africa. Adults were sexed at pupal stage following 

Kalleshwaraswamy et al. (2018). This process involved observing the distance between genital opening and 

anal slot of pupa under the dissecting microscope (Leica 10445538, MZ8, Leica Corporation, Switzerland), 

with the females exhibiting longer distance than males. In addition, males have two pairs of rounded 

tubercles, one pair around the genital opening and the other around the anal opening while females have one 

pair around the anal opening only. Following eclosion, individual male and female adults were paired, and 

each pair released into a (40×40×60 cm) cage with potted maize plants (2 weeks old) for oviposition for 

gravid females. The plants were monitored daily for the presence of eggs. Adult moths were provided with 

10% sucrose solution soaked in moistened cotton wool placed in a Petri dish for feeding ad libitum 

(Keosentse et al., 2022). 

 4.1.3Effects of adult heat shock on age, sex, and mating status 

      To evaluate the effects of age, sex (female and male) and mating status on basal thermal tolerance 

of S. frugiperda, 3, 6 and 9 day old virgin and mated adults were heat shocked at 40°C for 2 hours in 

propylene vials with a small piece of moist cotton wool placed on the bottom of each vial to prevent 

desiccation related mortality (Fig. 4.1). Following heat shock, critical thermal maxima (CTmax) was 

measured following dynamic protocols outlined by Nyamukondiwa & Terblanche, (2009) and 

Chidawanyika & Terblanche (2011 a). Ten adult S. frugiperda from heat shock treatments were 

individually placed into a double jacketed “organ pipe” chamber comprising 11 separate 200 mm tubes, 

connected to a programmable water bath (Grant model Tx150; Grant Instruments, UK) filled with 1:1 

water: propylene glycol and was subjected to a constant heating. In the ‘organ pipe’, insects were given 

10 minutes first to equilibrate at 28 °C (which is their optimal developmental temperature) before 

ramping temperature up (CTmax) at a rate of 0.25 °C min-1. This was repeated twice to yield n=20 per 
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treatment (20 replications). A thermocouple (type K 36 SWG) connected to a digital thermometer 

(53/54IIB, Fluke Cooperation, USA) was inserted into the control chamber to monitor chamber 

temperatures. Critical thermal maximum was regarded as the upper temperature at which the adult lost 

coordinated movement or ability to self-right after mild proding with a soft hair camel brush.               

      

 

 

Figure 4. 2 Schematic representation of Spodoptera frugiperda heat shock assays. 
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 4.1.4 Effects of juvenile heat shock on adult thermal tolerance 

 

To determine the effects of age and developmental heat shock on S. frugiperda, 4th, and 6th 

instar larvae and 24 - 48 h old pupae were heat shocked at 40 °C for 2 hours (Fig. 4.1). 

Thereafter, they were returned to the insectarium where they were kept at 28℃, 65 ± 5 % 

relative humidity until adult eclosion and were grouped according to mated or virgin, age (3, 6 

and 9 days old) and sex (female and male). Following heat shock, CTmax was measured as 

specified in section 4.2.2. (Fig. 4.1). 

 4.1.5 Data analysis 

Data were first checked for normality and equality of variances using the Shapiro-Wilk and 

Hartley-Bartlett tests respectively. In all cases, linear model assumptions of analysis of variance 

(ANOVA) were met (Shapiro–Wilk and Hartley–Bartlett tests, p > 0.05). As a result, CTmax 

data were analysed in STATISTICA, version 13.0 (Statsoft Inc., Tulsa, Oklahoma) using full 

factorial ANOVA with life stage, age, sex and mating status being the categorical factors while 

CTmax was the dependent variable. Tukey-Kramer’s post-hoc tests were used to separate 

statistically heterogeneous groups. 

4.2  Results 

4.2.1 Adult heat shock 

 

Critical thermal maxima significantly varied across mating status, age and sex in tested insects 

following heat shock (P < 0.01) (Table 4.1). There was a significant interaction effect in CTmax 

between mating status and sex, age and sex as well as mating status, age and sex (P < 0.001) 

(Table 4.1). In virgin females, CTmax increased with age while fluctuating in males. However, 

in mated females CTmax decreased with age and fluctuated in males (Fig. 4.2). There was a 

significant difference in CTmax between virgin 6 day old females and males with females 
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recording higher heat tolerance (Mean ±SE) (46.8 ± 0.16℃) than males (Mean ±SE) (44 

±0.66℃) (Fig. 4.2). However, no significant difference in CTmax was recorded between virgin 

males and females aged 9 (Mean ±SE) (46.45± 1.22℃; 47.5± 0.5℃) days as well as 3, (48± 

0.5℃; 47.5± 0.33℃) 6 (45± 1.5℃; 46.5± 0.28℃) and 9 (46.5± 0.5℃; 46.7± 0.33℃) day mated 

males and females (Fig. 2). The 3 day old mated females recorded the highest heat tolerance 

(Mean ±SE) (46.5 ± 0.5℃) while the 6 day old virgin males recorded the lowest heat tolerance 

(Mean ±SE) (44 ±0.66℃) (Fig. 4.2).  Nevertheless, the interaction between mating status and 

sex was not significant (P = 0.69) (Table 4.1). 
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Figure 4. 3 Effects of heat shock on adult thermal tolerance of virgin and mated of 

Spodoptera frugiperda. 

 

Figure 4. 4 Effects of heat shock on adult thermal tolerance of virgin and mated of 

Spodoptera frugiperda. 
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Table 4. 1: Effects of adult heat shock on thermal tolerance of virgin and mated adult Spodoptera frugiperda. 

Summary statistical results from full factorial analysis of variance (ANOVA) showing effects of adult heat 

shock on thermal tolerance of virgin and mated adult Spodoptera frugiperda. 

 

Effect SS DF MS F P 

Intercept 256106.9 1 256106.9 136395.7 <0.001 

Mating status 12 1 12 6.4 <0.01 

Age 41 2 20.5 10.9 <0.001 

Sex 27.3 1 27.3 14.6 <0.001 

Mating status x Age 30.4 2 15.2 8.1 <0.001 

Mating status x Sex 0.3 1 0.3 0.2 0.69 

Age x Sex 66.5 2 33.3 17.7 <0.001 

Mating status x Age x Sex 41.6 2 20.8 11.1 <0.001 

Error 202.8 108 1.9 
  

 

 

 

 4.2.2 Developmental acclimated adults 

 

Critical thermal maxima significantly varied across life stages, sex and age of tested virgin insects (P<0.001) 

(Table 4.2; Fig. 4.3). The two-way interaction between life stage and age of virgin adults had a significant 

difference (P < 0.001). However, no significant differences were recorded in the two-way interaction 

between life stage and sex (P = 0.59), age and sex (P = 0.11) as well as three way interaction between life 

stage, age and sex of developmentally acclimated virgin adults (P = 0.12) (Table 4.2) showing no variation 

in thermal sensitivity between life stages. Virgin females recorded higher CTmax than males across all heat 

shocked developmental stages (Fig. 4.3). Critical thermal maxima of adult males and females decreased with 

age following developmental heat shock at 6th instar stage (Fig. 4.3). However, fluctuations in CTmax in both 

adult males and females were recorded following developmental shock at 4th instar and pupal stages.  
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Table 4. 2: Effects of juvenile heat shock on thermal tolerance of virgin Spodoptera frugiperda adults. 

Summary statistical results from full factorial analysis of variance (ANOVA) of juvenile heat shock on 

thermal tolerance of virgin Spodoptera frugiperda adults. 

 

Effect SS DF MS F P 

Intercept 378051.7 1 378051.7 257113.2 <0.001 

Life stage 154.9 2 77.5 52.7 <0.001 

Age 95.8 2 47.9 32.6 <0.001 

Sex 33. 1 33.8 23.0 <0.001 

Life stage x Age 125.6 4 31.4 21.4 <0.001 

Life stage x Sex 1.6 2 0.8 0.5 0.59 

Age x Sex 6.7 2 3.3 2.3 0.11 

Life stage x Age x Sex 10.9 4 2.7 1.9 0.12 

Error 238.2 162 1.5 
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Table 4. 3: Effects of juvenile heat shock on thermal tolerance of mated adult Spodoptera frugiperda. 

Summary statistical results from full factorial analysis of variance (ANOVA) of juvenile heat shock on 

thermal tolerance of mated adult Spodoptera frugiperda. 

 

Effect SS DF MS F P 

Life stage 1.6 2 0.8 0.44 0.64 

Age 312.6 2 156.3 88.02 <0.001 

Sex 47.2 1 47.2 26.6 <0.001 

Life stage x Age 60.4 4 15.1 8.51 <0.001 

Life stage x Sex 4.8 2 2.4 1.36 0.26 

Age x Sex 13.6 2 6.8 3.83 0.024 

Life stage x Age x Sex 7.5 4 1.9 1.06 0.38 

 

 

 

In mated insects, CTmax varied significantly across age and sex (P < 0.001) (Table 4.3; Fig. 4.4). There was 

a significant interaction effect between life stage and age (P < 0.001) (Table 4.3).  Like in virgin insects, 

mated females also recorded higher CTmax than males across all heat shocked developmental stages (Fig. 

4.4). Critical thermal maxima of adult males and females also decreased with age following developmental 

heat shock at 4th and 6th instar stages with fluctuations recorded following heat shock at pupal stage (Fig.  

4.4).  
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Figure 4. 5 Effects of juvenile heat shock (40oC for 2 hr) on basal heat tolerance (CTmax) of mated adult 

Spodoptera frugiperda (N=20). Error bars represents 95% confidence limits and means with the same 

letter are not significantly different. CTmax = critical thermal maxima. 
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4.3. Discussion 

 

   In the present study, heat tolerance of Spodoptera frugiperda was influenced by age, sex and mating 

status in agreement with other studies, which attributed the factors as key for mediating thermal tolerance 

(Li et al., 2022). Females recorded higher CTmax than males following adult heat shock. This indicates 

that females are more heat tolerant and exhibit higher level of plasticity than males which is consistent 

with Cui et al. (2008) who reported high temperature tolerance levels in Trialeurodes vaporariorum 

(Westwood) (Hemiptera: Aleyrodidae) and Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) 

biotype B females than males. Our results therefore suggest that S. frugiperda females have a fitness 

and possibly survival advantage when encountering transient heat stress in nature. An improvement in 

insect thermal tolerance can come at a negative cost of other physiological  parameters and can be 

dependent on somatic condition or age (Shen et al., 2014; Chen et al., 2018). In this study, heat tolerance 

in virgin females increased with age while decreasing with age in mated females suggesting a link 

between reproductive fitness and tolerance to heat stress, but mediated by age. While the reason is 

currently unknown, these results show some trade-off between thermal tolerance and reproduction. It is 

however plausible that variation in energy reserves and resource allocation after mating could have 

influenced the tolerance to heat (van Noordwijk & De Jong, 1986; Johnson & Stahlschmidt, 2020). This 

warrants further investigation to fully elucidate this variation. These results indicate that mating may 

significantly affect heat tolerance of adult S. frugiperda during aging. Males and females responded 

differently to high temperatures such that mated females had a high basal heat tolerance than virgin 

males. A similar result in different taxon has been reported, where mating in Drosophila suzukii 

Matsumura (Diptera: Drosophilidae) influenced thermal tolerance such that mated females had higher 

basal thermal tolerance (CTmax) than virgins (Xue & Ma, 2020). These results suggest that mated female 

adults may have evolved adaptive strategies to cope with high temperatures.   

     Previous studies have reported that heat stress experienced in juvenile life-stages may have variable 

effects on other later developmental stages (Olsen et al., 2006; Zhang et al., 2015a,b; Mutamiswa et al., 
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2022). In heat shocked juveniles (4th and 6th instars), CTmax of adult males and females decreased with age 

such that older adults recorded lower CTmax than  younger ones (Fig. 4.2 and 4.3). Such trends may be 

associated with developmental ‘carry-over’ effects (Bowler & Terblanche, 2008). According to evolutionary 

theories of ageing, strength of natural selection declines as organisms’ age, since reproduction occurs at 

young stages (Halle et al., 2015). In addition, as insects age, they often accumulate abnormal proteins over 

time which may become less functional resulting in increased susceptibility to heat stress (Niedzwiecki et 

al., 1991; Li et al., 2022). Conversely, Li et al. (2022) reported otherwise in older Hermetia illucens 

(Linnaeus) (Diptera: Stratiomyidae) adults recording higher CTmax than younger ones. This suggests that 

evolutionary responses to thermal tolerance are highly genetically conserved and species- specific. Further 

comparison of larval and pupal heat shocked insects in our study showed females from pupal heat shock 

recording higher CTmax than those from larval heat shock (Fig. 4.3). This supports the notion that immobile 

life-stages (eggs and pupae) are more phenotypically plastic in their thermal tolerance due to limited capacity 

to behaviorally thermoregulate (Chown & Terblanche, 2006; Enriquez & Colinet, 2017). As a result, the 

pupal fitness advantage was passed to the emerging adults through cross over effects. 

    In virgin and mated insects, females recorded higher heat tolerance than males following larval and 

pupal heat shock. However, Mutamiswa et al. (2022), recently reported otherwise in Bactrocera dorsalis 

(Hendel) (Diptera: Tephritidae) males and females following pupal heat stress. This indicates that 

thermal tolerance following juvenile stress maybe species dependent. In addition, it indicates that 

females are more heat resistant than males which also gives them a survival advantage and population 

perpetuation under changing climate. 

    Microclimatic field temperature data recorded in an agroecosystem where S. frugiperda inhabits indicate 

that hot days are regularly observed under field conditions (see Keosentse et al., 202; Mbande et al., 2023). 

These climatic conditions may be worsened by ongoing climate variabilities (Chen et al., 2018). However, 

the duration of these suboptimal temperature conditions is currently unknown. As a species with overlapping 

and short generations, S. frugiperda life stages may likely experience these stressful conditions in 

agroecosystems. Given the differential responses of S. frugiperda following juvenile and adult heat shock 
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and its capacity to tolerate high temperature conditions, it indicates that this invasive insect pest has a 

potential to spread and establish in most agroecosystems in sub Saharan Africa through population 

perpetuation under changing environments. As a result, this may negatively affect crop production and 

household food security. While this study focused on fixed heat shock temperature and duration of exposure, 

future studies should also focus on fluctuating temperatures and durations of exposure effects on 

physiological responses of this invasive insect pest.   

 

      In conclusion, this study shows that age, sex and mating status plays a crucial role in thermal tolerance 

and persistence of S. frugiperda under climate change. Juvenile heat shock demonstrated adult “carry over” 

e f f ec t s  with aged adults showing a decline in CTmax. Heat shock at pupal stage was advantageous in 

thermal tolerance at adult stage and females showed fitness and survival advantage when exposed to heat 

stress. Females fitness may show population persistence since females may continue to oviposit when males 

are long dead. This study suggests that plasticity of thermal tolerance may be an important mechanism for 

S. frugiperda population persistence in novel environments.



102 
 

4.4 References 

 

Ali, A., Luttrell, R.G. & Schneider, J.C. 1990. Effects of temperature and larval diet on development of the 

fall armyworm (Lepidoptera: Noctuidae). Annals of the Entomological Society of America, 83(4), 

725-733. 

  Cornelissen, T. 2011. Climate change and its effects on terrestrial insects and herbivory 

patterns. Neotropical entomology, 40,155-163. 

Day, R., Abrahams, P., Bateman, M., Beale, T., Clottey, V., Cock, M., Colmenarez, Y., Corniani, N., 

Early, R., Godwin, J. & Gomez, J. 2017. Fall armyworm: impacts and implications for Africa. 

Outlooks on Pest Management, 28(5), 196-201. 

Du Plessis, H., Schlemmer, M.L. & Van den Berg, J. 2020. The effect of temperature on the 

development of Spodoptera frugiperda (Lepidoptera: Noctuidae). Insects, 11(4), 228. 

Ekpa, O., Palacios-Rojas, N., Kruseman, G., Fogliano, V. & Linnemann, A.R. 2018. Sub-Saharan 

African maize-based foods: technological perspectives to increase the food and nutrition 

security impacts of maize breeding programmes. Global Food Security, 17, 48-56. 

Enriquez, T. & Colinet, H. 2017. Basal tolerance to heat & cold exposure of the spotted wing 

drosophila, Drosophila suzukii. Peer J, 5, e3112. 

Feldmann, F., Rieckmann, U. & Winter, S. 2019. The spread of the fall armyworm Spodoptera 

frugiperda in Africa—What should be done next? Journal of Plant Diseases & Protection, 

126(2), 97-101. 

Garcia, A.G., Ferreira, C.P., Godoy, W.A. & Meagher, R.L. 2019. A computational model to predict 

the population dynamics of Spodoptera frugiperda. Journal of Pest Science, 92(2), 429-441. 

Goergen, G., Kumar, P.L., Sankung, S.B., Togola, A. & Tamò, M. 2016. First report of outbreaks 

of the fall armyworm Spodoptera frugiperda (JE Smith) (Lepidoptera, Noctuidae), a new 

alien pest in West and Central Africa. Plos one, 11 (10), p.e0165632.  



103 
 

Halle, S., Nowizki, A. & Scharf, I. 2015. The consequences of parental age for development, body 

mass and resistance to stress in the red flour beetle. Biological Journal of the Linnean Society, 

115(2), 305-314. 

Hansen, P.J. 2009. Effects of heat stress on mammalian reproduction. Philosophical Transactions of 

the Royal Society B: Biological Sciences, 364(1534), 3341-3350. 

Hoffmann, A.A. 1990. Acclimation for desiccation resistance in Drosophila melanogaster and the 

association between acclimation responses & genetic variation. Journal of Insect Physiology, 

36, 885–891. 

Hoffmann, A.A., Sørensen, J.G. & Loeschcke, V. 2003. Adaptation of Drosophila to temperature 

extremes: bringing together quantitative and molecular approaches. Journal of Thermal 

Biology, 28(3), 175-216. 

Keosentse, O., Mutamiswa, R., Du Plessis, H. & Nyamukondiwa, C. 2021. Developmental stage 

variation in Spodoptera frugiperda (Lepidoptera: Noctuidae) low temperature tolerance: 

Implications for overwintering. Austral Entomology, 60(2), 400-410. 

Klok, C.J. & Chown, S.L. 2001. Critical thermal limits, temperature tolerance & water balance of 

a sub-Antarctic kelp fly, Paractora dreuxi (Diptera: Helcomyzidae). Journal of Insect 

Physiology, 47(1), 95-109. 

Krebs, R.A. & Loeschcke, V. 1995. Resistance to thermal stress in pre-adult Drosophila buzzatii: 

variation among populations and changes in relative resistance across life stages. Biological 

Journal of the Linnean Society, 56(4), 517-531. 

Krebs, R.A. & Thompson, K.A. 2005. A genetic analysis of variation for the ability to fly after 

exposure to thermal stress in Drosophila mojavensis. Journal of Thermal Biology, 30(4), 

335-342. 

Kristensen, T.N., Hoffmann, A.A., Overgaard, J., Sørensen, J.G., Hallas, R. & Loeschcke, V. 2008. 

Costs and benefits of cold acclimation in field-released Drosophila. Proceedings of the 

National Academy of Sciences, 105(1), 216-221. 



104 
 

Li, C., Addeo, N. F., Rusch, T. W., Dickerson, A. J., Tarone, A. M., Hu, W. & Tomberlin, J. K. 

2022.  Impact of age, sex, & size on the thermal tolerance of the adult black soldier fly 

(Diptera: Stratiomyidae). Journal of Insects as Food and Feed, 8(6), 681-691. 

Lockwood, B.L., Gupta, T. & Scavotto, R. 2018. Disparate patterns of thermal adaptation between 

life stages in temperate vs. tropical Drosophila melanogaster. Journal of Evolutionary 

Biology, 31(2), 323-331. 

M.J. 2018. Experimental evolution with an insect model reveals that male homosexual behaviour 

occurs due to inaccurate mate choice. Animal Behavior, 139, 51-59. 

Machekano, H., Mutamiswa, R. & Nyamukondiwa, C. 2018. Evidence of rapid spread and 

establishment of Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) in semi-arid 

Botswana. Agriculture and Food Security, 7(1), 1-12. 

Malawey, A.S., Zhang, H., McGuane, A.S., Walsh, E.M., Rusch, T.W., Hjelmen, C.E., Delclos, 

P.J., Rangel, J., Zheng, L., Cai, M. & Yu, Z. 2021. Interaction of age and temperature on 

heat shock protein expression, sperm count, and sperm viability of the adult black soldier 

fly (Diptera: Stratiomyidae). Journal of Insects as Food & Feed, 7(1), 21-33. 

Markow, T.A. & Toolson, E.C. 1990. Temperature effects on epicuticular hydrocarbons and sexual 

isolation in Drosophila mojavensis. In Ecological & evolutionary genetics of Drosophila 

Springer. Boston, MA. 315-331. 

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. 

Midega, C.A., Pittchar, J.O., Pickett, J.A., Hailu, G.W. & Khan, Z.R. 2018. A climate-adapted push- 

pull system effectively controls, Spodoptera frugiperda (JE Smith), in maize in East Africa. 

Crop Protection, 105, 10-15. 

Munday, P.L., Warner, R.R., Monro, K., P&olfi, J.M. & Marshall, D.J. 2013. Predicting 

evolutionary responses to climate change in the sea. Ecology Letters, 16(12), 1488-1500. 



105 
 

Mutamiswa, R., Chidawanyika, F. & Nyamukondiwa, C. 2018. Superior basal and plastic thermal 

responses to environmental heterogeneity in invasive exotic stemborer Chilo partellus 

Swinhoe over indigenous Busseola   fusca   (Fuller)   and   Sesamia   calamistis Hampson. 

Physiological Entomology, 43(2), 108-119. 

Mutamiswa, R., Machekano, H., Chidawanyika, F. & Nyamukondiwa, C. 2019. Life-stage related 

responses to combined effects of acclimation temperature and humidity on the thermal 

tolerance of Chilo partellus (Swinhoe) (Lepidoptera: Crambidae). Journal of Thermal 

Biology, 79, 85-94. 

Mutamiswa, R., Tarusikirwa, V.L., Nyamukondiwa, C., Cuthbert, R.N. & Chidawanyika, F. 2022. 

Thermal stress exposure of pupal oriental fruit fly has strong & trait‐specific consequences 

in adult flies. Physiological Entomology,48(1), 35-44. 

Niedzwiecki, A., Kongpachith, A.M. & Fleming, J.E. 1991. Aging affects expression of 70-kDa 

heat shock proteins in Drosophila. Journal of Biological Chemistry, 266(14), 9332-9338. 

Nyamukondiwa, C. & Terblanche, J.S. 2009. Thermal tolerance in adult Mediterranean and 

Natal fruit flies (Ceratitis capitata and Ceratitis rosa): effects of age, sex and feeding status. 

Journal of Thermal Biology, 34(8), 406-414. 

Nyamukondiwa, C., Kleynhans, E. & Terblanche, J.S. 2010. Phenotypic plasticity of thermal 

tolerance contributes to the invasion potential   of   Mediterranean   fruit   flies   (Ceratitis 

capitata). Ecological Entomology, 35(5), 565-575. 

Nyamukondiwa, C., Machekano, H., Chidawanyika, F., Mutamiswa, R., Ma, G. & Ma, C.S. 2022. 

Geographic dispersion of invasive crop pests: the role of basal, plastic climate stress 

tolerance & other complementary traits in the tropics. Current Opinion in Insect Science, 

100878. 

Olsen, A., Vantipalli, M.C. & Lithgow, G.J. 2006. Lifespan extension of Caenorhabditis elegans 

following repeated mild hormetic heat treatments. Biogerontology, 7, 221-230. 

Roux, O., Le Lann, C., Van Alphen, J.J.M. & van Baaren, J. 2010. How does heat shock affect the 



106 
 

life history traits of adults and progeny of the aphid parasitoid Aphidius avenae 

(Hymenoptera: Aphidiidae)? Bulletin of Entomological Research, 100(5), 543-549. 

Sales, K., Trent, T., Gardner, J., Lumley, A.J., Vasudeva, R., Michalczyk, Ł., Martin, O.Y. & Gage, 

M.J.  2018. Experimental evolution with an insect model reveals that male homosexual 

behaviour occurs due to inaccurate mate choice. Animal Behaviour, 139, 51-59. 

Sales, K., Vasudeva, R. & Gage, M.J. 2021. Fertility and mortality impacts of thermal stress from 

experimental heatwaves on different life stages and their recovery in a model insect. Royal 

Society Open Science, 8(3), 201717. 

Sgrò, C.M., Terblanche, J.S. & Hoffmann, A.A. 2016. What can plasticity contribute to insect 

responses to climate change. Annual Review of Entomology, 61(1), 433-451. 

Shen, Y., Gong, Y.J., Gu, J., Huang, L.H. & Feng, Q.L. 2014. Physiological effect of mild thermal 

stress and its induction of gene expression in the common cutworm, Spodoptera litura. 

Journal of Insect Physiology, 61, 34-41.  

Simberloff, D., 2000. Global climate change and introduced species in United States 

forests. Science of the total environment, 262(3), 253-261.Sørensen, J.G. Kristensen, T.N. 

& Overgaard, J. 2016. Evolutionary and ecological patterns of thermal acclimation capacity 

in Drosophila: is it important for keeping up with climate change? Current Opinion in Insect 

Science, 17, 98-104. 

Soroye, P. Newbold, T. & Kerr, J. 2020. Climate change contributes to widespread declines among 

bumble bees across continents. Science, 367(6478), 685-688. 

Sparks, A.N. 1979. A review of the biology of the fall armyworm. Florida Entomologist, 62(2), 82- 

87. 

Westbrook, J.K., Nagoshi, R.N., Meagher, R.L., Fleischer, S.J. & Jairam, S. 2016. Modeling 

seasonal migration of fall armyworm moths. International Journal of Biometeorology, 60(2), 

255- 267. 

Xue, Q. & Ma, C.S. 2020. Aged virgin adults respond to extreme heat events with phenotypic 



107 
 

plasticity in an invasive species, Drosophila suzukii. Journal of Insect Physiology. 121, 

104016. 

Zhang, W., Chang, X.Q., Hoffmann, A., Zhang, S. & Ma, C.S. 2015a. Impact of hot events at 

different developmental stages of a moth: the closer to adult stage, the less reproductive 

output. Scientific Reports, 5(1), 1-9. 

Zhang, W., Rudolf, V.H.W. & Ma, C.S. 2015b. Stage-specific heat effects: timing and duration of 

heat waves alter demographic rates of a global insect pest. Oecologia. 179, 947–957. 

Zheng, R., Cheng, L., Peng, J., Li, Q., Yang, F., Yang, D., Xia, Y. & Tang, Q. 2023. Comparative 

analysis of gut microbiota and immune genes linked with the immune system of wild and 

captive Spodoptera frugiperda (Lepidoptera: Noctuidae). Developmental & Comparative 

Immunology, 138, 104530. 

Zizzari, Z.V. & Ellers, J. 2011. Effects of exposure to short-term heat stress on male reproductive 

fitness in a soil arthropod. Journal of Insect Physiology. 57(3), 421-426. 



108 
 

Chapter 5 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusions and Recommendations 



109 
 

5.1 General conclusion and recommendations 

 

Extreme weather events will occur more frequently and abruptly due to climate change (Easterling et al., 

2000; Fischer & Knutti, 2015; Ma et al., 2015; Bailey & van de Pol, 2016; Kingsolver & Buckley, 2017). 

These extreme climatic events may impact organisms at an individual, population and community level 

(Bailey & van de Pol, 2016). Climate change effects on agro-ecosystems are becoming apparent with 

seasonal and long term variations influencing insect pest population dynamics, abundance and activities of 

natural enemies and efficacy of pest management (Easterling et al., 2000; Chidawanyika et al., 2012; Selvaraj 

et al.,   2013). Biological traits such as physiology and life history traits are influenced by extreme weather 

events and the gradual rise in average temperatures (Chown & Nicolson, 2004; Mutamiswa, 2017; Shumo 

et al., 2019). Understanding how invasive agricultural pests respond and how their thermal variability evolves 

is crucial under global climate change since these may have serious effects on human food security.  

     This study investigated various responses to thermal stress in Spodoptera frugiperda within and 

across generations. My results indicated that the longevity, fecundity, egg hatching success of S. 

frugiperda were significantly reduced by heat shock (Chapter 2). Acute temperature stress brought on by 

global climate change has become the new normal, and has impacted weather patterns such as extreme 

temperatures which influence organisms. This study showed contrasting physiological and ecological 

traits of S. frugiperda after exposure to sub lethal heat stress. Prior acute heat shock led to reduction in 

heat tolerance (CTmax) while impairing cold tolerance (CTmin) but CTmin at 38℃ increased (Chapter 

2). This shows how acute heat stress offsets important physiological characteristics and impacted 

reproduction. Females showed high CTmax and plasticity than males, showing a survival advantage 

over males in natural heat stress (Chapter 2, 3 and 4). This was consistent with Nyamukondiwa & 

Terblanche (2009) who showed sex- related differences in heat tolerance. The differences in basal and 

plastic differences observed in this study are likely explained by lipids which have been suggested to 

play a crucial role in thermal tolerance (Chown & Nicolson, 2004). The relationship between sex and 
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lipid content differences and their role in CTmax variation should be further investigated.  

        The present study detailed life stage related variation in S. frugiperda’s repeatability of cold tolerance 

and my findings show that cold tolerance traits are repeatable and important in predicting responses to future 

extreme cold conditions in natural environments (Chapter 3). Insects avoid extreme temperature by means 

of behavioral avoidance, migration, and diapause or in a highly altered physiological condition (Perkins, 

1979; Du Plessis et al., 2020). Spodoptera frugiperda does not diapause and, therefore, migrate to regions 

which have more favorable environmental conditions (Du Plessis et al., 2020). Spodoptera frugiperda larvae 

and pupae have been reported to be unable to survive temperatures below 13℃ at the overwintering sites 

(Perkins, 1979). Therefore, this study offers proof that cold hardening may be crucial defense mechanisms 

for S. frugiperda against repeated short-term exposure to cold conditions. In this study, Body Water Content 

and Body Lipid Content (BWC & BLC) did not correlate with cold tolerance, hence these adaptations may 

help species endure prolonged cold conditions in nature leading to population persistence under changing 

environmental conditions (Chapter 3). The ability of many cold-hardened insects to maintain basal 

metabolism at low temperatures depends on the water content remaining unfrozen (Block et al., 2003; Colinet 

et al., 2006; Alfaro-Tapia et al., 2021). Cold hardening may be an important mechanism to cope with 

repeated cold exposure over the short-term. These cold tolerance responses may help the species survive 

repeated cold conditions. Cold tolerance traits  are significant in determining responses when S. frugiperda 

face extreme conditions in nature. 

           Cold tolerance significantly decreased after heat shock while heat tolerance improved, showing that 

heat and cold tolerance were responsive to heat shock in S. frugiperda (Chapter 2). There were also sex 

variations in physiological and ecological responses to heat shock, following heat shock with females 

recording high CTmax than males, while males recorded higher longevity (Chapter 2 and Chapter 4). Both 

sexes showed phenotypic plasticity after short-term exposure to heat stress (Chapter 2). According to the 

beneficial hypothesis, acclimation to one stress may increase survival of acclimated individuals compared 

to unacclimated individuals (Wilson & Franklin, 2002). Several studies also found significant higher 

expression of heat shock proteins (HSP90 and HSP70) in heat shocked individuals compared to 
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unacclimated individuals showing the function of heat shock proteins in thermal tolerance (heat tolerance) 

(Zhang, 2005; Adams, 2023). Therefore, the increase in CTmax after heat shock is not surprising.  

            Juvenile life stages are the most sensitive and crucial life stages during development and are often 

influenced by temperature (Pottier et al., 2022). Early juvenile environmental experiences shape thermal 

tolerance such as developmental plasticity. Examining whether thermal tolerance is influenced\shaped by 

life stage or early thermal environments has a critical implications in ecophysiological modelling and 

experimental research. Ontogenetic variation in thermal sensitivity has been documented (Bowler & 

Terblanche, 2008).  Heat shock also influenced mating status, age and sex in S. frugiperda (Chapter 4). 

Juvenile exposure to heat stress positively impacted S. frugiperda      at adult stage and different life stages 

showed varying thermal sensitivity to heat stress (Chapter  4). Individual thermal tolerance is highly variable 

and is largely age-dependent, such that thermal tolerance reduce in later life stages (Bowler & Terblanche, 

2008). Variable responses to fluctuating temperature conditions across ontogeny exists.  In the natural 

environment, insects have an option to seek microclimatic relief from heat stress. Spodoptera frugiperda is 

known for its migratory behavior and this may be one of the   mechanisms that aided its spread. 

          The male reproductive system is known to be more sensitive to thermal stress than any other life 

histories traits (Nguyen et al., 2013). While in males, heat shock may reduce mating success and indirectly 

injure testes and sperms resulting in reduction in fertility (Krebs & Loeschke, 1994; Sales et al., 2021), the 

decrease in fecundity and hatching success with increasing heat shock temperatures may be due to the 

cumulative effects of damage to tissues (Chown & Nicholson, 2004). Although S. frugiperda showed 

capacity for rapid CTmax adjustment showing plasticity under heat stress, this study showed that this may 

come at a cost of reduced fecundity. Thus plasticity may aid activity in the short term but population level 

fitness maybe compromised through poor reproductive success. Thus my findings highlight the importance 

of tracking both individual and population level traits in investigating the impacts of climate variability on 

insects as short term benefits maybe off set by trade-offs in the long term. This study shows that FAW 

exhibits sufficient plasticity to potentially allow it to establish in most maize-growing areas of South Africa, 

even under an altered future climate, although appropriate forecasting distribution models would be needed 
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to be certain about this. Future studies should include area-wide & early warning systems for early seasonal 

detection and effective control strategies.   It is worthy to note that thermal tolerance limits are useful 

predictors and have been studies extensively, evidence shows that these matrices are not perfect predictors 

of climate change vulnerability (Crusella-Trullas et al., 2021). Phenotypes of an individuals are not fixed 

through time and this may be challenging for biologists in generating predictive models for organismal 

responses to climate change.  Therefore, there is a need to study thermal tolerance of FAW in the field based 

insects where temperatures fluctuate, since under climate change thermal stresses are likely to occur in 

combination with other environmental stressors. This study also contributes new theoretical knowledge to 

the field of insect thermal tolerance and variations between different life stages. 
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