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Abstract 
 
 
An individual’s early life can be influenced by both their mother and interactions with 
conspecifics. The impact of these extend to shaping development, phenotype and 
ultimately fitness. Maternal and social effects have been studied extensively in 
vertebrates but less so in insects, particularly live-bearing species. Further studies are 
important for showing the generality of such effects. Here, I studied the viviparous 
Pacific beetle cockroach (Diploptera punctata). Previous research in this system 
demonstrated that maternal effects and social interactions influence offspring, yet this 
is the first to investigate both in the same experiment whilst measuring the role of 
trade-offs.  
 
Firstly, I aimed to investigate maternal effects on offspring size at birth whilst 
considering maternal body size and brood size. As predicted, there was a significant 
interaction between maternal size and brood size impacting offspring size (p=0.024). 
A trade-off was evident in small and medium sized mothers as larger broods consisted 
of smaller individual offspring. However, no such trade-off was found in large mothers 
as size of offspring increased with brood size. 
 
Secondly, I aimed to explore how the early  social environment impacts developmental 
trajectory, body size and reproductive organ size. I hypothesised that males reared in 
groups would develop faster and become smaller at maturity than those in isolation 
but with relatively larger gonads due to higher perceived mating competition. There 
was a difference in time spent in stadium two between the social conditions (p=0.004) 
with grouped individuals spending more time in this stage of post-natal development. 
On average, group-reared males emerged as smaller adults (p=0.062) but with 
significantly larger reproductive organs to those reared in isolation (p=0.012). 
 
Building upon previous work and exploring novel hypotheses, this research 
demonstrates the effect of maternal traits and trade-offs on offspring phenotype and 
the impact of social effects on morphology and reproductive biology.  
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COVID-19 Statement 
 
The COVID-19 pandemic has created numerous challenges for everyone this year 
and the research undertaken for my Masters by Research was also inevitably affected. 
The key impact was the termination of my long-term experiment measuring 
development (set up in December/January 2020 and due to be finished by May/June 
2020), apart from a reduced sample, and I was therefore left with an incomplete 
dataset and much reduced sample size, as detailed below. I thus focused instead on 
the data I had linking maternal and offspring traits, and on the incomplete development 
data and the limited dataset for those with complete development measured.  
 
The original aim of my research was to investigate the effect of social environment on 
development, life history traits and later mating success in Diploptera punctata. This 
involved the rearing of cockroach nymphs in different social conditions from birth to 
maturity which can take over two months. Detailed methods are described in Chapters 
2 and 3, but in brief, by March 2020, I had set up a major experiment maintaining over 
250 Petri dishes containing a sample size of over 500 nymphs experiencing different 
social environments (individual, paired or groups of 5). This involved piloting the set-
up (October–December 2019), as this was the first such study in our lab, and daily 
checks of pregnant females and developing nymphs from January 2020.  
 
In light of the developing situation with COVID-19 the decision was made to terminate 
the experiments shortly before the nationwide lockdown occurred on the 23rd of March. 
As access was then limited to the laboratories and the large sample of nymphs could 
not be monitored, the nymphs were snap frozen in liquid nitrogen to allow for future 
molecular work on these samples. This meant that the original intention to collect 
complete development, morphological and behavioural data on individuals reared 
under different social conditions at maturity could not be achieved. However, a small 
sample of 31 Petri dishes were maintained during the lockdown period, through the 
invaluable help of the laboratory technician, James Chen. This meant that when the 
university reopened in the summer, I could carry out dissections of the remaining 
males that had reached maturity, having already practised these dissections before 
lockdown, but did not have sufficient time to develop the methodology for dissecting 
the female reproductive system. 
 
Overall, the events surrounding the COVID-19 pandemic resulted in changes being 
made and the parameters of my study being modified. Focus was turned to the data 
collected prior to lockdown to explore maternal effects on the cockroach nymphs. I 
also had partial developmental data for a larger dataset until the point of snap-freezing 
prior to lockdown; however, I was not able to identify the sex of these nymphs. As a 
small sample of nymphs reared in different social conditions could be measured and 
dissected at maturity, this allowed me to investigate the impact of social environment 
on adult size and reproductive investment, but the power for these analyses was much 
reduced. Despite the challenges faced, the research carried out still provides insight 
into how both maternal and social effects influence the development and life history 
traits of the Pacific beetle cockroach, and a basis for future work. 
 
 

 



 4 

Acknowledgements 
 
Firstly, I would like to express my sincere thanks to my supervisor Dr Sinead English 
and co-supervisor Dr Antoine Barreaux. I truly appreciate all of their invaluable words 
of advice as they guided me through the entire process whilst also encouraging my 
independence as a researcher.  
 
I would like to express my gratitude to James Chen, whose work throughout the 
COVID-19 lockdown was vital for the collection of data for chapter 3 and could not 
have been done without him. 
 
Thank you to Lauren Marchant for all of her help in the set up and data collection 
undertaken for this research. Many thanks to the rest of the Evolution and Vector 
Ecology Lab group members for all of their feedback and advice. 
 
Finally, I would also like to thank Sarah and Stuart Beastall and the rest of my family 
for their ever present and continued support.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 5 

 
Author’s Declaration 

 
 
 
 
 
 

I declare that the work in this dissertation was carried out in accordance 
with the requirements of the University's Regulations and Code of Practice 
for Research Degree Programmes and that it has not been submitted for 
any other academic award. Except where indicated by specific reference 
in the text, the work is the candidate's own work. Work done in 
collaboration with, or with the assistance of, others, is indicated as such. 
Any views expressed in the dissertation are those of the author.  

 

 

 

	

 

 

 

SIGNED: .....................................          DATE: ...................................  

 
 
 
 
 

 
 
 
 



 6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table of Contents 
 

Chapter 1: Introduction to Maternal and Social Effects in Early Life 
 
1.1 Mothers and Conspecifics Play a Role in Early Life……………………………………...10 

1.2 Maternal Effects………………………………………………………………………….......10 

1.2.1 Contributing Factors to Maternal Effects………………………………………...10  

1.2.2 Maternal effects in the context of allocation trade-offs………………………....11 

   1.2.3 Effects on Development and Life History Traits………………………….……..13  

1.3 Effects of Social Interactions………………………………………………………………...14  

1.3.1 Social Interactions During Early Life as a Result of Group-Living…………….14 

1.3.2 Effects on Development and Life History Traits…………………………………15  

1.3.3 Ultimate Explanations for Changing Developmental Trajectories……..….…..17  

1.4 Culmination of Factors Influencing Early Life……………………………………..…….…18 

1.5  Study Species – Pacific Beetle Cockroach (Diploptera punctata)……………..………..19 

1.5.1 General Information…………………………………………………..…………….19 

1.5.2 Selection as Study Species…………………………………………...…………...19 

1.5.3 Reproductive Biology of Diploptera punctata…………………………………….21 

1.5.4 Development………………………………………………………………………...24  

1.6  Aims…………………………………………………………………………………………....24  

 

Chapter 2: The Impact of Mother Size and Brood Size on Offspring Size at 
Birth in the Pacific Beetle Cockroach (Diploptera punctata) 
 
2.1 Introduction…………………………………………………………………………………….26 

2.2 Methods………………………………………………………………………………………..29 

2.2.1 Colony Maintenance………………………………………………………………..29 

2.2.2 Experimental Individuals………………………………………………………..….29 

2.2.3 Statistical Analysis………………………………………………………..…………30 

2.3 Results……………………………………………………………………………..…………...31 

2.4 Discussion………………………………………………………………………..…………….35 

2.5 Conclusion……………………………………………………………………..……………....37 

 



 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Chapter 3: The Effect of the Early Life Social Interactions on the 
Development and Life History Traits of the Pacific Beetle Cockroach 
(Diploptera punctata) 
 
3.1 Introduction……………………………………………………………………………………..39 

3.2 Methods…………………………………………………………………………………………43 

3.2.1 Colony Maintenance………………………………………………………………...43 

3.2.2 Experimental Set-up………………………………………………………….……..43 

3.2.3 COVID-19………………………………………………………………………….....43 

3.2.4 Measurements………………………………………………………………………..45   

3.2.5 Statistical Analysis…………………………………………………………………...47 

3.3 Results…………………………………………………………………………………………..49 

3.3.1 Effect of Rearing Environment on Development Timing…………………………49 

3.3.2 Effect of Rearing Environment on Mass at Maturity………………………………52 

           3.3.3 Effect of Rearing Environment on Reproductive Organ Mass………………......53 

3.4 Discussion……………………………………………………………………………………….56 

3.4.1 Effect of Social Interactions on Development…………………………………......56 

3.4.2 Effect of Social Interactions on Male mass at Maturity and Gonad Mass……...57 

3.5 Conclusion……………………………………………………………………………………….59 

 

Chapter 4: The Maternal and Social Effects on the Development and Life 
History Traits of D. punctata 
 
4.1 Summary………………………………………………………………………………………...60 

4.1.1 Maternal Effects………………………………………………………………………60 

4.1.2 Social Interactions……………………………………………………………………63 

4.1.3 Importance of Both Maternal and Social Effects………………………………….67 

4.2 Conclusion………………………………………………………………………………………68 

 
Reference List……………………………………………………………………………………...70 
 



 8 

List of Figures 
 
Figure 1. Visualisation of the factors and trade-offs that culminate as maternal 
effects…………………………………………………………………………………….…13 
 
Figure 2. Photograph of Diploptera punctata……………………………………….….19 

 

Figure 3. Description of body measurements collected from the experimental 

cockroach individuals……………………………………………………………………...30 

 

Figure 4. Correlations between head capsule width and other cockroach body size 

measurements…………………………………………………………………..………….32 

 

Figure 5. The relationship between brood size and offspring head capsule width at 

birth split across three categories of mother size………………………………………34 

 

Figure 6. The experimental design for the experiments surrounding social 

interactions and my original intentions for the study…………………………………...45 

 
Figure 7. The process for the dissection of the male reproductive organs……...………47 
 
Figure 8. Age at which nymph shed their exoskeleton and changed from one 

stadium to another……………………………………………………………………...….51 

 

Figure 9. Body mass of adult males reared in isolation and reared in groups……...53 

 

Figure 10. The combined mass of the accessory gland and testes from the adult 

males reared in varying levels of social interaction…………………………………….55 

 
 
 
 
 
 



 9 

List of Tables 
 

Table 1. The output from the mixed effect model exploring the relationship between 

mother size, brood size and offspring size at birth…………………………………………33 

 

Table 2. The output from the linear mixed effects model exploring the effect of social 

condition on the age at which nymphs changed from stadium one to two……………….49 

 

Table 3. The output from the mixed effect model exploring the effect of social condition 

on the age at which nymphs changed from stadium two to three………………………...50 

 

Table 4. The output from the mixed effect model exploring the relationship between 

social condition and size at maturity………………………………………………………….52 

 

Table 5. The mixed effect model output exploring the relationship between social 

condition, body mass and combined reproductive organ (testes and accessory gland) 

size at maturity………………………………………………………………………………….54 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 10 

Chapter 1: Introduction to Maternal and Social Effects in Early Life 
 
1.1 Mothers and Conspecifics Play a Role in Early Life 

 
Organisms are receptive to their environment and particularly sensitive to external 

factors during early life and development (English and Barreaux, 2020).  Early life 

accounts for both the prenatal and early postnatal environments and the factors that 

contribute to shaping an individual during this stage of life (Sloboda, Hickey and Hart, 

2011). Parents and conspecifics feature heavily in the early life of an individual, 

providing cues with implications for an offspring’s phenotype, behaviour and fitness 

(Burton and Metcalfe, 2014; Mitchell, Maciel and Janzen, 2015; Langenhof and 

Komdeur, 2018). While there is also extensive evidence that fathers contribute to 

offspring phenotype beyond transmitting DNA, mothers particularly play a role in  

influencing offspring due to the high levels of resource provisioning they provide for 

example into the egg (Diss et al., 1996; Qvarnström and Price, 2001). Maternal effects 

impact offspring phenotype as they are developing, and social interactions have 

significant, long-term influences on individuals if they are exposed during a sensitive 

period of early life (Wolf and Wade, 2009; Fischer et al., 2015).The factors that are 

present during the early life environment also have long-term effects for an individual’s 

survival and fitness. Furthering the understanding of the role that mothers and 

conspecifics have on shaping an individual’s life allows these processes and factors 

to be followed from their origin through to the consequences they have on the long-

term fitness of individuals (Mousseau and Dingle, 1991; Sloboda, Hickey and Hart, 

2011; Langenhof and Komdeur, 2018).  
 
1.2  Maternal Effects 
 
1.2.1 Contributing Factors to Maternal Effects  

Mothers significantly contribute to an offspring’s early life by influencing offspring 

phenotype through both non-genetic and genetic factors in a process known as 

maternal effects (Bernardo, 1996; Wolf and Wade, 2009). Variation in maternal traits 

can play a role in the generation of maternal effects. A broad range of traits can be 

involved in changes to the offspring phenotype and even survival, with maternal age 
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(Rasanen and Kruuk, 2007) and size (Rollinson & Rowe 2016) being the most 

prominent factors. In the seed beetle (Callosobruchus maculatus), for example, 

offspring survival is affected by maternal age with eggs produced by older mothers 

being less likely to hatch and those that did emerge from eggs had a reduced likelihood 

of reaching adulthood (Fox, Bush and Wallin, 2003). Increased mother age can also 

potentially be beneficial for her offspring. Older female daphnia (Daphnia galeata) 

gave birth to larger offspring that developed faster and were more likely to survive to 

reach maturity. The initial beneficial influence of this maternal effect declined as 

offspring got older, and other factors in their own environment began to have an impact 

(Hunter-Jones, 1958; Sakwińska, 2004).   

 

Body size is a particular important maternal trait involved in maternal effects, as it 

relates to resource availability for allocation into reproduction and in turn offspring. 

Large mothers tend to produce larger broods or bigger individual offspring than smaller 

mothers (Honěk, 1993; Rollinson and Rowe, 2016).  Body size of mothers may impact 

their ability to acquire resources and place constraints on body cavity space available 

for eggs and embryos (Preziosi et al., 1996).  

 

1.2.2 Maternal Effects in the Context of Allocation Trade-Offs 

Limitations to resources and energy lead to life history trade-offs with individuals 

attempting to balance resource allocation across competing requirements, ultimately 

leading to the maternal effects seen in an offspring’s phenotype (Stearns, 1989; 

Harshman and Zera, 2007; Wolf and Wade, 2009).The most classically studied 

trade-off is between somatic maintenance versus reproduction. Natural selection 

favours the maternal allocation strategy which optimises fitness either through 

ensuring personal survival, the survival of offspring from the current reproductive 

event or through potential future reproductive events (Stearns, 1989; Berger, Walters 

and Gotthard, 2008; Santos and Nakagawa, 2012).  Limitation in resource availability 

as a result of the trade-off between somatic maintenance and reproduction creates 

another trade-off between allocating limited resources towards the production of a 

high number of smaller offspring or a low number of large offspring (Smith and 

Fretwell, 1974).  
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In the face of limited resources and physiological constraints, mothers employ different 

tactics to optimise offspring survival and fitness depending on environmental 

pressures. Producing lots of smaller offspring is considered a bet-hedging strategy in 

the face of environmental unpredictability such as stochastic weather conditions 

(Olofsson, Ripa and Jonzén, 2009). The production of fewer but larger offspring may 

also ensure survival in harsher environments, for example larger eggs of the butterfly 

(Bicyclus anynana) had high hatching success in lower temperatures (Fischer, 

Brakefield and Zwaan, 2003).  

 

Viviparity – or live-bearing – particularly highlights the allocation trade-off between 

producing lots of smaller offspring, or fewer, larger offspring. In viviparous organisms, 

the constraints associated with abdomen size and metabolic rate are heightened as 

embryos develop, grow and are nourished internally throughout the gestation period 

(Trexler and DeAngelis, 2003; Gilbert and Manica, 2010). Mothers face increased 

metabolic demands when providing for themselves as well as provisioning their 

offspring during the gestation period and this is intensified as the body size of mothers 

increases, in turn constraining the size and number of offspring produced. As a result 

there can be significant effects for resource allocation. The limited resources allocated 

to reproduction are distributed across a brood or clutch of offspring varying in numbers 

and size (Gilbert and Manica, 2010). Depending on whether a mother is producing a 

brood consisting of a high quantity of small individuals or a brood with a low quantity 

of large individuals, each individual offspring receives a different level of provisioning. 

This variation in the level of provisioning each offspring receives then creates variation 

in offspring size and other fitness traits, and is one of the key mechanisms by which 

maternal traits can influence the offspring’s phenotype (Figure 1) (Mousseau and 

Dingle, 1991; Wolf and Wade, 2009; Steiger, 2013). 
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1.2.3 Effects on Development and Life History Traits  

When considering the culmination of maternal traits, trade-offs and level of 

provisioning into maternal effects on offspring, it is important to explore the initial 

impacts during early life as well as the long-term implications for offspring (Mousseau 

and Dingle, 1991). Larger mothers can produce larger offspring that grow at a faster 

rate than small offspring. Even in cross-fostering experiments using the redbacked 

salamander (Plethodon cinereus) the body size of foster mothers correlates with 

hatchlings body length displaying the importance of maternal traits (Crespi and Lessig, 

2004).  For the Mojave Desert tortoise (Gopherus agassizii), offspring with a large 

body size had increased survival even a year after hatching (Nafus et al., 2015). 

Maternal size can influence both rate of development and offspring size at birth which 

may influence the offspring’s long-term fitness (Nafus et al., 2015).  

 

Adaptive maternal effects are often induced by the environment experienced by the 

mother who then attempt to equip offspring for similar conditions and may take 

precedence over the effects of mother traits such as size (Hunter-Jones, 1958; 

Marshall and Uller, 2007). For example mothers that experience low food 

environments can sometimes produce of a ‘thrifty phenotype’ that is prepared for life 

in a likely similar environment (Uller, Nakagawa and English, 2013). This phenotype 

can be adaptive particularly during early life, with offspring able to compensate for sub-

optimal environmental conditions by being smaller and developing faster. This 

adaptive response can lead to offspring incurring costs in the long term, however, such 

Figure 1. A) Visualisation of the factors and trade-offs that culminate as maternal effects. B) Graph 

displaying the trade-off between brood size and offspring size  
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as increased disease risk (Wells, 2007). Adaptive maternal effects are also shown by 

the desert locust (Schistocerca gregaria), where crowded mothers produce nymphs 

with darker colouration to nymphs from isolated mothers (Hunter-Jones, 1958). The 

dark colour allows locusts to find conspecifics and swarm together whilst also acting 

as a warning to potential predators whilst the lighter colours of the nymphs from 

isolated mothers provide camouflage (Yang et al., 2018).   

 

Maternal effects from mothers that experience difficult conditions can also culminate 

as detrimental changes in the offspring’s phenotype simply as a result of limited 

resources.  These negative carry-over effects can reduce offspring performance and 

fitness in both the long and short term (Uller, Nakagawa and English, 2013; Auer and 

Martin, 2017). Tsetse flies (Glossina species) that experienced limited food availability 

produced smaller offspring that in turn did not survival as well under nutritional stress 

(Lord et al., 2020). Maternal effects stemming from maternal traits and from the 

maternal environment can both be beneficial and disadvantageous for her offspring 

for short and long-term fitness.  

 

1.3  Effects of Social Interactions  
 

1.3.1 Social Interactions During Early Life as a Result of Group-Living  

While parents play an important component of the early-life environment, another key 

form of experience during early life comes in the form of the more extended social 

environment, including interactions with or isolation from conspecifics, particularly in 

gregarious species. There are a wide range of groupings formed by species, from 

groups of unrelated individuals through to complex societies, and there are also 

varying benefits associated with forming groups with conspecifics (Cocroft, 2001). 

Living in a group can facilitate social learning: for example, zebra finches (Taeniopygia 

guttata) observe conspecifics’ foraging decisions to inform their own choices (Riebel 

et al., 2012). In many insect species, benefits of aggregation include reduced 

predation through the ‘dilution effect’ (lower individual chance of being predated) 

(Delm, 1990; Cocroft, 2001), or providing a more effective warning signal, by 

combining chemical defence strategies (Aldrich and Blum, 1978; Cocroft, 2001). 

Eusocial insects benefit from division of labour that can occur as a result of living in a 

colony allowing castes of specialised workers (Korb, 2009).  
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However, there are also costs of living in large groups. For example, group-living can 

lead to a lack of individual choice on foraging decisions (Shrader et al., 2007). Due to 

higher food competition in large groups of some primate species, individuals have to 

cover a longer daily distance to forage, and this in turn places an upper limit on group 

size (Janson and Goldsmith, 1995). Reproductive competition may also be increased 

in gregarious species, with conflict and reproductive skew arising with only certain 

individuals within the group monopolising the mating opportunities (Schradin, König 

and Pillay, 2010). Parasite transmission can also be increased as individuals have 

close and regular contact with other members of the group. In Gidgee skinks (Egernia 

stokesii), for example, individuals have higher risk of parasite transmission with 

greater social contact (Godfrey et al., 2009). However, studies of other species have 

shown that overall immunity is benefited by group-living. Leaf cutter ants (Acromyrmex 

echinatior) with parasites experienced significantly less mortality than infected isolated 

individuals likely to the result of increased grooming (Hughes, Eilenberg and 

Boomsma, 2002). Some species also employ counter strategies in response to the 

costs of group-living. In another ant species (Lasius niger), individuals modify their 

behaviour when exposed to pathogens, with potentially infected individuals increasing 

their distance from the rest of the colony (Stroeymeyt et al., 2018). Ultimately, either 

the benefits must outweigh the costs or species must be able to compensate for 

potential costs in order for group-living to be adaptive (Buss, 1981). 

 

1.3.2 Effects on Development and Life History Traits  

Being surrounded by a high density of conspecifics can have implications for the 

behaviour, development and life history of group members (Kishida et al., 2015; 

Langenhof and Komdeur, 2018). Social interactions during development can enable 

individuals to respond appropriately to their environment and to others. Mice (Mus 

musculus) reared in large communal nests showed less anxiety-like behaviour when 

exposed to a novel environmental and females were more submissive in the presence 

of unknown males (Branchi, 2009; Curley et al., 2009; Langenhof and Komdeur, 

2018).  

 

The presence of conspecifics also influences development and life history traits, such 

as growth rate and size at maturity. In salamanders (Hynobius retardatus), interactions 
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with other hatchlings resulted in individuals experiencing a faster rate of growth and 

becoming larger than isolated individuals, in order to avoid cannibalism and predation 

(Kishida et al., 2015). Social interactions during development can also influence traits 

associated with reproduction. Male deer mice (Peromyscus maniculatus) experience 

high levels of post-copulatory sexual competition which makes sperm production 

important. Investment into testes was increased when the mice were reared with 

brothers, resulting in larger testes which are linked to increased fertility (Fisher et al., 

2018). Female cockroaches (Blattella germanica) reared in groups reach sexual 

maturity before isolated females, and hormone production is stimulated in cockroach 

males exposed to conspecifics, which results in increased production of seminal 

secretions (Uzsák and Schal, 2013). These consequences of social interaction with 

conspecifics particularly in the early-life environment demonstrate that the implications 

range from behaviour to life history traits in turn impacting individual’s fitness. 

 

A range of naturally gregarious species exhibit forms of social isolation syndromes 

and express context-inappropriate or anti-social behaviour later in life as a result of 

isolation during early life (Lihoreau, Brepson and Rivault, 2009). Isolation can cause 

stress and impact the physiology and behaviour of an individual (Kanitz et al., 2004). 

A physiological effect of isolation can be reduced immune function, for example 

socially deprived prairie voles (Microtus ochrogaster) had lower bacteria-killing ability 

than those experiencing interactions (Scotti et al., 2015). Behaviour can also be 

significantly influenced by isolation with the stress associated with lack of social 

interactions. Young veiled chameleons (Chamaelo calyptratus), who were isolated 

during early life (when they typically form groups), were less successful in foraging 

tasks (Ballen, Shine and Olsson, 2014). Deprivation of sociality during development 

can result in mice (Mus musculus) displaying depressive-like states (Ieraci, Mallei and 

Popoli, 2016), mites (Phytoseiulus perimilis) being unable to determine mate quality 

(Schausberger, Gratzer and Strodl, 2017) and cockroaches (Blattella germanica) to 

be less inclined to socialise after isolation (Lihoreau, Brepson and Rivault, 2009).  

Social isolation during development has even been suggested to contribute to 

aggression and anti-social behaviour in humans, which demonstrates the widespread 

implications caused by lack of interactions with conspecifics (Haller et al., 2014).  
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Although the impacts of isolation on behaviour are likely to have negative outcomes, 

socially induced changes to developmental trajectories may not just be a side-effect 

of stress. To ascertain whether developmental plasticity, whereby traits differ 

depending on the social environment is adaptive, it is important to measure the longer 

term fitness-related traits (e.g. survival and reproductive success) of early exposures 

such as isolation (Beldade, Mateus and Keller, 2011). For example, the length of 

development in a species of cockroach (Diploptera puncata) is impacted by isolation, 

with males undertaking more developmental moulting steps and taking longer to reach 

maturity but as a result becoming larger adults in comparison to socialised 

conspecifics (Woodhead and Paulson, 1983). This may be a result of reduced 

competition for resources that is sometimes found in large groups (Sheppard et al., 

2018). Despite experiencing isolation or disruption to social hierarchies, some 

individuals may express some level of resilience to this and do not display any 

negative behavioural or physiological consequences (Buwalda et al., 2011). 

Adaptation to the social environment may mitigate some of the potential costs of social 

deprivation and increase resilience. For example humans, especially adolescents who 

are more likely to be negatively affected by social deprivation, have utilised 

technological means to keep some level of interaction with others, during the social 

distancing measures taken during the COVID-19 pandemic (Orben, Tomova and 

Blakemore, 2020). 

 

1.3.3 Ultimate Explanations for Changing Developmental Trajectories  

Previous research on a range of taxa, as described above, has found evidence of 

developmental trajectories being influenced by social interactions with conspecifics in 

the early postnatal environment. Developmental trajectories determined by the level 

of social interaction could ultimately vary as a result different environments and mating 

systems, and depending on which trajectory produces the highest fitness outcome 

(Holbrook and Schal, 2004; Beldade, Mateus and Keller, 2011). Advantages in 

regards of reproduction gleaned from changing development have been suggested as 

the driver of different responses to the social environment. Males that mature faster 

when surrounded by direct competitors may have an advantage when finding and 

mating with a female before other males have developed (Holbrook and Schal, 2004). 

It might also allow males to mate as soon as females reach maturity, which is 

especially important in species where females only mate once (Zonneveld, 1996; 



 18 

Morbey and Ydenberg, 2001). Males reaching sexual maturity or a breeding site 

before females is fairly widespread across a range of taxa depending on the breeding 

system. This is particularly the case in species that experience high levels of sperm 

competition and where the advantages of mating with a virgin female places a strong 

selection pressure on emerging early in order to be the first male to mate (Simmons 

et al., 1994; Morbey and Ydenberg, 2001). Male butterflies commonly emerge from 

pupae before females and gain a reproductive advantage either by mating with virgin 

females or being able to mate multiple times in comparison to slower developing males 

(Wiklund and Fagerstrom, 1977). However, when females mate multiple times, it can 

be beneficial to develop into a larger male as it can provide advantages for pre-

copulatory competition for access to mates and the retention of territories (Zonneveld, 

1996). The social environment can affect many traits in numerous ways but studying 

these effects in the context of their adaptiveness helps further understanding of why 

individuals respond to early-life interactions and how these social effects themselves 

evolve.  

 

1.4  Culmination of Factors Influencing Early Life 
 

As explained above, mothers and conspecifics are major components in an offspring’s 

early life environment and both maternal effects and social interactions can 

significantly shape the development, phenotype and life history of an individual 

(Mousseau and Dingle, 1991; Sloboda, Hickey and Hart, 2011; Kishida et al., 2015; 

Langenhof and Komdeur, 2018). Limits on resource acquisition, in part determined by 

maternal traits such as size, can generate life-history trade-offs and the level of 

provisioning mothers allocate to reproduction, ultimately leading to maternal effects on 

their offspring (Berger, Walters and Gotthard, 2008). Although these maternal effects 

originate from early life, they can have long-term consequences often throughout the 

entire lifespan (Mousseau and Dingle, 1991). Social interactions also have short and 

long-term implications as being surrounded by a high density of conspecifics or being 

reared in isolation can have implications for the behaviour, development and life 

history of group members (Kishida et al., 2015; Langenhof and Komdeur, 2018) in 

ways that may be adaptive to those individuals depending on the later environment. 
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1.5  Study Species – Pacific Beetle Cockroach (Diploptera punctata) 
 

1.5.1 General Information 

Cockroaches are among the oldest known winged insects, dating back approximately 

four hundred million years. Around four thousand species have been scientifically 

described belonging to the order Dictyoptera and suborder Blattaria (Kambhampati, 

1995). Here, I focus on Diploptera punctata, as seen below in Figure 2, a tropical 

species of cockroach in the family Blaberidae that is found across Southeast Asia and 

the Pacific Islands (Roth and Willis, 1960; Kambhampati, 1995). Their habitat consists 

mainly of cracks in wood or in the leaf litter, and fruit and bark make up a large 

proportion of their diet. They live in groups with individuals from all developmental 

stages aggregating together (Roth and Willis, 1960). Group living is may provide D. 

punctata with benefits such as reduced predation risk and increased foraging 

efficiency which have been demonstrated in other cockroach species (Lihoreau and 

Rivault, 2008).  

 

 

1.5.2 Selection as Study Species  

D. punctata were selected as a study species for this research due to their 

reproductive ecology. They are unique amongst cockroaches in being the only species 

which is truly viviparous: females give birth to broods of 6–13 individuals after about 

Figure 2. Photograph of Diploptera punctata. A) Nymph in first stage of post-natal development,  

B) Adult male and C) Adult female 
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two months gestation, during which they provision offspring with a milk-like substance 

(Engelmann, 1959; Roth and Hahn, 1964; Stay and Coop, 1974; Bell, Roth and 

Nalepa, 2007). Viviparity is described as the retention of embryos within the 

reproductive tract and the nourishment of offspring until live young are born (Hagan, 

1948; Kalinka, 2015). In D. punctata, the embryos develop within the brood sac for 

approximately sixty days and are then born as relatively more developed larvae than 

from oviparous species (Marchal et al., 2013). Offspring are also nourished within the 

brood sac with milk-like secretions derived from the mother’s diet containing 

carbohydrates and lipocalin like proteins that are released from the brood sac 

epithelium (Stay and Coop, 1974; Marchal et al., 2013). This is unusual as in most 

insects that give birth to live young, there is no continued nutritional provisioning of the 

embryo and this is known as oviviparity (Stay and Coop, 1974). However, D. punctata 

mothers provide provisioning within the brood sac for eighty percent of gestation time 

(Williford, Stay and Bhattacharya, 2004). This allows the nymphs to be more 

developmentally advanced after parturition as other species in the suborder Blattatia 

go through approximately two to three times more stages of post-natal development 

to reach maturity than D. punctata  (Roth and Willis, 1955; Willis, Riser and Roth, 

1958). 

 

Previous research on maternal effects in D. punctata have found an effect of brood 

size on offspring size at birth but did not consider the implications of maternal traits 

and limited resources on this trade-off (Holbrook and Schal, 1998, 2004). Using this 

species allows not only the consideration of this trade-off but also how mother body 

size can contribute to variation in offspring size at birth and provides insight into the 

implications of maternal effects, not only for viviparous insects but also for other taxa 

that employ similar reproductive strategies (Holbrook and Schal, 2004).Taking into 

account how variation in maternal traits can constrain resource allocation and 

contribute to trade-offs broaden the view of maternal effects and their implications on 

offspring. Employing a viviparous species highlights the implications of maternal traits 

as brood size and offspring size are constrained by the available space within the 

abdomen (Steiger, 2013). 

 

Using D. punctata as the study species also provides the opportunity to explore the 

implications of social interactions during early life on development and life history traits 
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as they form aggregations allowing the impact of group-living to be explored (Roth and 

Willis, 1960). Post-embryonic developmental plasticity in different social environments 

has been shown to occur in D. punctata, with adult size being affected by varying 

levels of socialisation during early life (Woodhead and Paulson, 1983). More recent 

studies found that males reared in the presence of conspecifics went through fewer 

developmental stages to reach maturity and as a result become smaller adults 

demonstrating the impact of group effects (Holbrook and Schal, 1998, 2004). Being 

exposed to varying social environments even for short periods of time was shown to 

significantly affect development and life history traits such as adult size (Holbrook and 

Schal, 1998, 2004). It was hypothesised that the effect on males in response to the 

social environment was a mechanism to allow faster developing males a reproductive 

advantage by enabling earlier access to mates in the face of direct competition 

(Holbrook and Schal, 1998, 2004). Further research is now required to establish 

whether this is indeed an adaptive strategy and how males who mature early may 

compensate for their smaller size, for example by investing more into reproductive 

organs. 

 

Below, I give more detail on the courtship behaviour and development of this species, 

to give context for my research on maternal traits and social interactions on trade-offs 

and development.  

 

1.5.3 Reproductive Biology of Diploptera punctata 

Courtship and mating occur once D. punctata reach maturity. Females can mate 

before their exoskeleton has hardened after ecdysis from the final developmental 

stage but it takes males in the region of a week after final ecdysis before they can 

successfully mate (Marchal et al., 2013; Greven et al., 2014).  Courtship takes the 

form of male underwing fluttering to attract females and males that start courtship 

immediately when encountering a female are more successful at gaining mates 

(Woodhead, 1986; Greven et al., 2014) . Females may choose males based on the  

quality of their courtship displays which are influenced by the size, age and strength 

of the males (Woodhead, 1986). Younger males copulate for longer than older males 

(Roth and Stay, 1961), as older males have accumulated larger quantities of sperm 

and other ejaculate components (Woodhead, 1986). Younger males and males that 

have previously mated have higher risk of limited sperm and spermatophore 
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production. This has been suggested as a reason why females from another species 

of cockroach, Nauphoeta cinerea, avoid some males during courtship (Harris and 

Moore, 2005).  

 

The limiting factor in insect sperm transfer appears to be male accessory gland size 

rather than testes size. Accessory glands are involved in the production and storage 

of the ejaculate (Harris and Moore, 2005). In Drosophila, larger accessory glands lead 

to higher mating frequency due to increased resources but variation in testis size did 

not affect reproductive success (Bangham, Chapman and Partridge, 2002). This 

suggests that accessory gland size is a more important factor in cockroach 

reproduction and copulation duration. Another explanation for long duration of 

copulation is that it acts as a form of mate guarding. Prolonged genital contact after 

insemination has occurred and preventing access by other males leads to higher 

reproductive success (Harari, Ben-Yakir and Rosen, 2000). 

 

Females tend to only mate once and store sperm for any consequent broods 

(Woodhead, 1985). The transfer of a spermatophore, containing sperm and secretions 

from the accessory gland, from a male stimulates stretch receptors in the female’s 

bursa copulatrix. This inhibits female mating receptivity which is maintained during 

gestation (Woodhead, 1985; Harris and Moore, 2005). The mating system in which 

female D. punctata only mate once, suggests there would be significant pre-copulatory 

competition between males, particularly as access to virgin females is key to ensuring 

paternity and reproductive success (Woodhead, 1985).  

 

Pre-copulatory competition gives rise to males competing to monopolise access to 

mates through investment in weaponry or ability to mate guard (Parker, Lessells and 

Simmons, 2013). Unlike the Madagascan hissing cockroach (Gromphadorhina 

portentosa), D. punctata do not have any obvious weaponry (Durrant et al., 2016). 

However, mate guarding is displayed by D. punctata and this might suggest that 

males invest in their ability to prevent interference of other males during copulation 

(Harari, Ben-Yakir and Rosen, 2000). Males have complex genitalia with structures 

for holding a female in position during copulation. These elongated hooks suggest 

two types of sexual conflict or competition. They prevent other males for interfering 

or preventing copulation, demonstrating high levels of male-male competition but 
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they also limit the risk of female movement interrupting copulation and therefore 

suggests some level of male-female sexual conflict (Roth, 1973; Bell, Roth and 

Nalepa, 2007). In other species, such as katydids, prolonged copulation not only 

protects the ejaculate from being removed by other males but it is also a tactic for 

preventing or delaying cryptic female choice (McLain, 1980; Vahed et al., 2014). 

Although there are very few studies into pre and post-copulatory female choice in 

cockroaches, prolonged duration of copulation in D. punctata may also stop sperm 

being displaced by females (Woodhead, 1985). There is also evidence of female 

manipulation by the males as larger spermatophores stretch the bursa copulatrix and 

trigger oocyte development, in turn preventing other males from mating (Roth and 

Stay, 1961; Harris and Moore, 2005).  

 

On rare occasions, females can re-mate after the birth of their first brood when sperm 

depletion has occurred. The male that mates with females after the birth of her first 

brood, go on to father approximately two thirds of the next brood (Woodhead, 1985). 

This indicates that male D. punctata will also experience post-copulatory pressure in 

the form of sperm competition (Durrant et al., 2016).  

 

In order to enhance reproductive success in the face of sperm competition, it is 

expected for males to invest in larger testes, longer sperm and ejaculate composition. 

In the species Nauphoeta cinerea, there is significant within-species variation in sperm 

size and the first ejaculate a male produces contains longer sperm (Harris, Moore and 

Moore, 2007). A separate study found no effect of exposure to competitors on testes 

size in males (Harris and Moore, 2005). This is potentially due to sperm number not 

being a limiting factor in reproductive success, and instead the non-sperm 

components of the ejaculate being more important. Therefore, focusing on structures 

such as the accessory glands could demonstrate the effects of sperm competition 

more clearly (Harris and Moore, 2005). The implications and trade-offs between pre- 

and post-copulatory competition in D. punctata have yet to be fully explored especially 

when also taking into consideration the effect social conditions and rearing with 

competitors might also have on investment into reproduction.  
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1.5.4 Development  

This species undergoes incremental stages of postnatal development known as stadia 

that nymphs progress through via ecdysis, or moulting. Females have four nymphal 

stages before reaching maturity and appear to undergo one more developmental 

stage than most males. The number of stadia males experience seems dependent on 

environmental conditions (Marchal et al., 2013). Males reared in the presence of 

conspecifics went through fewer stadia to reach maturity and as a result became 

smaller adults (Holbrook and Schal, 1998). This acceleration of development may 

allow males to gain earlier access to mates when experiencing high levels of 

competition but being smaller at maturity may also have significant implications for the 

species reproductive success (Holbrook and Schal, 1998, 2004). The first two stages 

of post-natal development appear to be the sensitive time window in which social 

interactions impact development, as those exposed to conspecifics during this time 

period underwent overall fewer stadia to maturity (Holbrook and Schal, 1998). Size of 

males at birth also determines the number of stadia and rate of development as 

nymphs born larger than conspecifics reach maturity faster in fewer stadia but become 

smaller adults as a result (Holbrook and Schal, 2004).  

 

1.6 Aims  
 
The overall aim of this thesis was to explore the impact of the early-life environment, 

with a particular focus on the effect of mothers and other conspecifics on the 

development and life history traits of D. punctata.  

 
The first part of this research aimed to investigate how the maternal body size 

interacted with the potential trade-off between brood size and offspring size to 

influence offspring phenotype at birth.  To achieve this, measurements of pregnant 

females along with size of the brood and offspring she produces were taken. It was 

predicted that mother size and brood size would affect offspring size at birth. The 

trade-off between offspring size and brood size was expected to be present in all 

mothers, with large broods containing small individuals and small broods consisting of 

large offspring. 
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Secondly, the impact of social interactions during early life on the development and 

life history traits of D. punctata were examined. Individuals were reared under different 

experimental treatments (alone, in pairs, or in small groups) to assess how social 

interaction during development impacts the timing of maturity, adult body size and 

investment in reproductive organs. It was hypothesised that males reared in groups 

would spend less time within each stadium, mature faster but be smaller at adulthood 

in comparison to the males in isolation. Despite being smaller, it was predicted that 

the males exposed to conspecifics would invest more in reproductive organs in the 

face of potentially high mating competition.  
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Chapter 2: The Impact of Mother Size and Brood Size on Offspring 
Size at Birth in the Pacific Beetle Cockroach (Diploptera punctata) 

 
2.1 Introduction 
 
A mother’s phenotype is heavily influenced by not only her genotype but also 

environmental variation, and this in turn has consequences for her offspring both in 

early life and throughout the rest of the life cycle (Mousseau and Dingle, 1991; Wolf 

and Wade, 2009). The influence both maternal non-genetic and genetic factors can 

have on an offspring’s phenotype is described as maternal effects (Wolf and Wade, 

2009). Numerous female traits can contribute to the generation of maternal effects, in 

particular female body size can lead to significant variation in an offspring’s phenotype 

(Wilson and Nussey, 2010; Steiger, 2013; Rollinson and Rowe, 2016). In most insects, 

maternal body size is a reliable predictor of fecundity, often with larger mothers 

producing more eggs or larvae (Honěk, 1993). Females with wider abdomens can 

experience increased fecundity due to the capability of holding more eggs or embryos. 

Increased fecundity may also be a result of larger mothers being more successful at 

acquiring resources. Female body size tends to positively correlate with egg size, 

which in turn leads to improved offspring survival (Preziosi et al., 1996).  

 

The link between maternal size and offspring fitness is, in many cases, due to larger 

mothers acquiring resources and in turn allocating these to their offspring (Mousseau 

and Dingle, 1991; Parichy and Kaplan, 1992). By allocating resources to the offspring, 

mothers are providing offspring with the opportunity to have the best possible start in 

life (Hussey et al., 2010). However, in order for mothers to optimise their own fitness, 

resource allocation needs to be distributed across the competing demands of survival, 

maintenance, and future reproductive efforts as well as allocation to the current set of 

offspring. The life history trade-off, faced by mothers, between somatic maintenance 

and reproduction influences the level provisioning mothers can give to their offspring 

in the face of limited resources (Tallamy and Denno, 1982). The optimal allocation into 
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reproduction for mothers may differ from that which is optimal for offspring, who benefit 

most from receiving the maximum provisioning possible, creating a parental-offspring 

conflict (Uller, 2008; Boggs, 2009).   

The mechanism of reproduction, for example the production of eggs or live young can 

be an important context when considering maternal resource allocation and trade-offs 

(Warne and Charnov, 2008; Lim, Senior and Nakagawa, 2014). An interesting 

example is that of matrotrophic viviparity which is where mothers provide internally 

held embryos with nourishment. This is highly energetically demanding, and leads to 

trade-offs not only between survival of the mother and reproduction but also on 

number and size of offspring produced (Trexler and DeAngelis, 2003). As viviparity is 

costly and is subject to abdominal space constraints, it leads to another trade off 

commonly faced by mothers between allocating resources to increase brood size or 

offspring size at birth. Mothers can either provide high levels of provisioning to a small 

quantity of larger offspring or allocate resources to a large quantity of smaller offspring 

(Glazier, 2000; Lips, 2001). Increasing clutch size may result in more descendants 

reaching adulthood while provisioning fewer, larger offspring could lead to the 

production of individuals with a competitive advantage (Koch and Meunier, 2014). 

There are physiological and energetic limitations on various allocation strategies, with 

mothers either increasing or decreasing the level of investment into each individual 

offspring by manipulating the number of offspring she produces (Olsson and Shine, 

1997; Holbrook and Schal, 2004). 

 

The brood size versus offspring size trade-off that occurs as a result of limited resource 

allocation can also be determined in part by the maternal phenotype. The negative 

correlation often associated with this trade-off is particularly evident when considering 

maternal body size with offspring being more affected by brood size when produced 

by smaller mothers. Mothers with reduced abdominal space and resource availability 

for reproduction are less likely to be flexible in their manipulation of brood size and 

offspring size (Glazier, 2000). This, in turn, has consequences for offspring phenotype 

at birth. Size at birth is a crucial life history trait that can contribute to an offspring’s 

initial response to its environment. It can equip young for development and adulthood 

with large post-natal size often associated with increased resistance to starvation and 

to the avoidance of predation (Tessier and Consolatti, 1989; Keller and Ribi, 1993; 

Uller and Olsson, 2010; Pettersen, White and Marshall, 2015). Maternal effects on 
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offspring size at birth may thus have significant long-term implications for offspring 

fitness (Mousseau and Dingle, 1991). 

 

The Pacific beetle cockroach, Diploptera punctata, is a viviparous species found 

across the Pacific Islands aggregating in the leaf litter (Baldwin, Dusenbery and 

Eisner, 1990; Bell, Roth and Nalepa, 2007). Embryos are maintained within the 

female’s brood sac and provisioned with nutrients for the duration of the two-month 

gestation period before a live birth occurs (Williford, Stay and Bhattacharya, 2004; 

Youngsteadt, E., Fan, Y., Stay, B. and Schal, 2005). Between six and thirteen nymphs 

are produced in each brood (Roth and Hahn, 1964). As D. punctata employ 

matrotrophic viviparity in which the embryos are nourished in utero with a protein-rich, 

milk-like substance, this results in classical maternal trade-offs for females. For 

example, the milk-like substance is derived from the maternal diet rather than stored 

nutrients (Stay and Coop, 1974; Ingram, Stay and Cain, 1977; Jennings et al., 2020). 

When D. punctata mothers are starved, they are unable to produce offspring 

illustrating that there is a limiting trade-off between reproduction and avoiding death 

from starvation (Stay and Coop, 1973).  Matrotrophic viviparity and resources required 

for offspring provisioning also give rise to the trade-off between offspring size versus 

number (Trexler and DeAngelis, 2003). For D. punctata, there is significant pre-natal 

maternal investment into provisioning a few more developed offspring than if a female  

had laid a large quantity of eggs (Hagan, 1948; Willis, Riser and Roth, 1958). This 

highlights the significant implications that resource allocation trade-offs and levels of 

provisioning can have on maternal effects and in turn offspring. Using D. punctata 

provides the opportunity to delve further, both into the factors that generate maternal 

effects and the effects themselves on the offspring of viviparous mothers (Stay and 

Coop, 1973; Trexler and DeAngelis, 2003).  

 

There has been limited work previously using D. punctata to investigate the 

implications of maternal resource allocation on offspring phenotype, beyond the 

findings described above that females who are starved do not have sufficient nutrients 

to produce offspring (Stay and Coop, 1973). More recent studies have shown that 

nymphs from smaller broods were larger at birth, likely as a result of greater nutritional 

provisioning to individual young (Holbrook and Schal, 2004). This maternal effect on 

offspring also impacts other life history traits, as large offspring then undergo fewer 
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stages of post-natal development to reach maturity (Holbrook and Schal, 2004). 

However, this variation in brood size was achieved through invasively removing an 

ovary from the females (Holbrook and Schal, 2004). Natural variation in maternal traits 

and how this effects the brood size versus offspring size trade-off should also be 

explored in this viviparous species.  

 

In contrast to previous studies, this research used the natural variation in size within 

in a laboratory population of females to explore the trade-off between brood size and 

offspring size at birth whilst taking into consideration the effect of maternal body size. 

By using D.punctata, this research could compare findings with previous studies whilst 

also exploring the effect of maternal size on offspring size at birth in a viviparous 

species. I aimed to question the extent to which maternal phenotype would influence 

offspring and whether the trade-off between brood size and offspring size is more or 

less evident in differently sized mothers. Based on the wealth of studies across 

species showing that larger mothers produce larger offspring (Rollinson & Rowe 

2016), I predicted a positive overall association between mother size and offspring 

size at birth. I also expected a trade-off between offspring size and number, such that 

mothers who produce more offspring produce individually smaller young (Roth and 

Hahn, 1964). 

 

2.2 Methods 

 
2.2.1 Colony Maintenance  

A breeding colony of D. punctata was maintained in a climate-controlled environment 

at approximately 27±2°C, 50-80 % humidity and with a 12:12 hour light and dark 

photoperiod. The insects were provided with water and fed with dog biscuits (Bakers, 

Meaty Meals, Small Dog Food- Beef) ad libitum and the food was supplemented with 

sweet potato on a weekly basis. 
 
2.2.2 Experimental Individuals 

Pregnant females from the colony were identified by the size of their abdomens and 

separated pre-partum into separate 90x16mm Triple Vented Petri dishes. Dishes were 

checked daily to see if the female had given birth and once the nymphs were 
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produced, the brood size was recorded. Within 72 hours of birth, females were 

weighed to the nearest 0.001 g using an Acculab Atilon top-loading balance, and 

mothers and nymphs were photographed using a digital camera (90% of mothers and 

100% of the nymphs with a Canon EOS 1100D camera). Nymphs were not weighed 

because they were too mobile and likely to escape. From the photographs, a series of 

body measurements were taken using ImageJ to calculate maternal body size and 

offspring size at birth (Schneider, Rasband and Eliceiri, 2012). For nymphs, 

measurements of overall length and head capsule width, which had been employed 

previously as a proxy of body size, were taken (Woodhead and Paulson, 1983). For 

mothers, measurements were also taken of the head capsule width and overall length 

of the body (Figure 3). In total, measurements were made of 479 nymphs and 42 

females, with only one brood per female (i.e., 42 broods containing between 8 and 15 

nymphs). 

 

 

2.2.3 Statistical Analysis 
Data were analysed using R (version 4.02) (R Core Team, 2020). A series of 

Pearson’s correlations were used to assess the relationship among the different body 

Figure 3. Body measurements collected from the experimental individuals.  
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size measurements and to establish which was the best proxy of overall body size. 

Head capsule width was used as a proxy for body size based on the correlations as it 

was positively correlated with the other measurements and it was also a more reliable 

body part to photograph as it is less likely to be distorted by cockroach movement in 

comparison to the abdomen length. 

 
To explore the effect of mother size and brood size on offspring size, linear mixed 

models with a normal distribution were conducted using the lme4 package (version 

1.1.23) (Bates et al., 2015). Nymph head capsule width at birth was incorporated as 

the dependent variable. In the first model, the fixed effects included mother head 

capsule width and brood size. The second model also included the interaction between 

these variables as a fixed effect. In both models, mother identity was included as a 

random effect to account for repeated measures of nymphs from the same mother. A 

likelihood ratio test was carried out using an ANOVA to determine which the model 

was the best fit to the data. Model residuals were plotted to assess normality. 

 

2.3 Results 
First, head capsule width is significantly and positively correlated with the other body 

measurements recorded. For mothers, both overall length (Figure 4.A, r =0.575, t40= 

4.446, p <0.001) and mass (Figure 4.A, r =0.579, t40= 4.489, p <0.001) are significantly 

correlated with head capsule width. For nymphs, overall length is also significantly 

correlated with head capsule width (Figure 4.B, r =0.568, t477= 15.051, p <0.001).  As 

a result, head capsule width was used as a proxy of body size throughout the following 

analysis and results.  
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The model including fixed effects of mother size, brood size and an interaction 

between these two variables was the best fit (𝜒2(1)=5.09, p=0.024). The interaction 

between mother size and brood size had a statistically significant effect on offspring 

size at birth (Table 1, Estimate=0.11, SE=0.05, t=2.33, p=0.024). Hence, we could not 

examine the independent effects of mother size or brood size on offspring size.  

 

 

 

 

 

 

 

 

Figure 4. Correlations between head capsule width and other cockroach body size 

measurements. A) shows the correlation between mother head capsule width, on both of the x 

axis, and overall mother length from head to abdomen as well as mother mass on the y axis. B) 

also displays the overall nymph length from head to abdomen is correlated with nymph head 

capsule width.  
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The implications of the interaction are demonstrated further by Figure 5 which shows 

that the effect of brood size on offspring size at birth differs with mother size. For small 

and medium mothers there is a negative relationship: as brood size increases, 

offspring head capsule width at birth decreases. In contrast, for larger mothers there 

is a positive relationship, with offspring size at birth increasing as brood size increases.  

 

Table 1. The output from the mixed effect model exploring the relationship 

between mother size, brood size and offspring size at birth.  
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The mean female head capsule width was 3.6 mm, with a standard error of 0.04 mm, 

and the mean head capsule width of their offspring was 1.7 mm, with a standard error 

of 0.01 mm. Brood size ranged from 8 to 15 nymphs with an average of 11.5 offspring 

in each brood and a standard error of 0.2. When taking into consideration mother size, 

small mothers produced broods ranging from 8 to 15 nymphs, medium mothers 

produced broods of between 9 and 14 individuals and large mothers produced broods 

ranging from 8 to 14 nymphs.  
 
Of the small mothers, 4 produced broods of under 11 offspring,  which on average, 

had a head capsule width of 1.72cm. 7 mothers produced broods of between 11 and 

12 individuals comprising on offspring with 1.61cm wide head capsules. 2 mothers 

Figure 5. The relationship between brood size and offspring head capsule width at birth split across three 

categories of mother size. Each size category was equally split with 14 mothers in each. The small category 

contains mothers with head capsule widths of up to 3.5 mm, medium with heads between 3.51 mm and 3.7 

mm and large with heads greater than 3.71 mm. The lines display a regression between the two variables 

and the grey shaded bands show the 95% confidence intervals. The points show each of the nymphs born. 
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gave birth to between 13 and 15 individuals that had head capsules that were, on 

average, 1.53cm wide.  

 

Of the medium sized mothers, 3 produced broods of under 11 individuals with an 

average head capsule width of 1.8cm. 8 mothers gave birth to between 11 and 12 

offspring that were, on average, 1.72cm and 3 mothers produced between 13 and 14 

young that had 1.59cm wide head capsules.  

 

Of the large mothers, 2 produced broods of under 11 individuals that had, on average, 

1.53cm wide head capsules. 9 mothers had between 11 and 12 offspring with 1.65cm 

wide heads and 3 gave birth to between 13 and 14 young that had head capsule widths 

of 1.73cm on average.  

 
2.4 Discussion  
 

The aim of this research was to explore the impacts of maternal effects on size at birth 

of D. punctata. When considering the maternal traits and potential trade-offs that were 

influencing maternal effects, I found that there was a significant effect of an interaction 

between mother size and brood size on offspring size at birth.  The distribution of 

brood sizes were similar across the differently sized mothers with small, medium and 

large mothers producing broods with a small number and a large number of offspring. 

However, the size of offspring across different brood sizes varies with mother size. For 

small and medium sized mothers, individual offspring were born smaller as brood size 

increased. This contrasts with large mothers, where there was a positive correlation 

between brood size and offspring size, and offspring born in large broods were 

themselves larger.  

 

The constraints and limitations faced by females gives rise to a trade-off between 

provisioning a large number of smaller offspring or a low quantity of larger offspring. 

Similar studies have also found this relationship between brood size and offspring size 

in D. punctata. In previous studies, when viviparity was first described in D. punctata, 

and the consequences of this reproductive strategy were explored, smaller broods 

were found to contain larger individuals than those produced as part of a large brood 
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(Roth and Hahn, 1964). This was suggested to be a result of the nymphs from small 

brood sizes benefitting from having access to more nutrient provisioning and space 

(Roth and Hahn, 1964). This appears to be the case for the small and medium mothers 

in the current study. Although they can fall anywhere in the trade-off spectrum, as they 

do not exclusively produce a few large or several small offspring, the trade-off between 

lots of small versus a few large offspring is evident as they  produced larger nymphs 

in small broods. In contrast, despite producing both small and large broods, large 

mothers produced offspring of increasing size as brood size increased. This suggests 

that large females are less constrained by the trade-off and are capable of giving birth 

to large brood comprised of large offspring. Very few other cockroach studies have 

focused on this mother size interaction with brood size and offspring size, however the 

findings of this research contrasts to the predictions that the trade-off would be 

heightened in large mothers as a result of increased resource demand. As large 

mothers have to face elevated demands associated with larger body sizes as well as 

the demands of offspring, it is expected that these combined demands outweigh the 

provisioning capability of the mothers. Therefore intensifying the trade-off between 

offspring size and number. It has previously been found that larger mothers tend to 

produce smaller broods consisting of large individuals but this appears not to be the 

case with our findings(Gilbert and Manica, 2010). Whilst it has been suggested 

previously that the space within the abdomen, especially in viviparous species, is 

limited and that large mothers may have more space available for reproduction, it is 

unclear in this case what may be driving the relationship seen in this study (Roth and 

Hahn, 1964; Sakai and Harada, 2001; Steiger, 2013). Further studies are required to 

corroborate that large mothers can produce both large brood and large offspring 

simultaneously and to attempt to determine the factors that allow this viviparous 

species to be less affected by the trade-off as mother body size increases.   

 

One potential explanation and maternal factor that could be influencing brood size and 

offspring size is mother age. Maternal age may play a role in explaining why some 

large mother were producing broods consisting of a fewer and smaller offspring than 

other large mothers. Some species employ terminal investment in which they provide 

the most resources to offspring during their final reproductive events suggesting that 

these large mothers that produce both small broods and small offspring maybe 

younger than the others (Clutton-Brock, 1984). However, in butterflies both brood size 
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and offspring size could decrease with mother age (Begon and Parker, 1986). 

Although it is known that D. punctata typically produce three broods in their lifetime, it 

is unclear how age impacts the number of individuals they produce (Woodhead, 1985). 

As female D. punctata can store sperm for the production of subsequent broods, the 

use of stored sperm from previous reproductive events to fertilise the embryos might 

impact brood and offspring size. As the mothers used in this study were randomly 

selected from the colony, I did not have information on their age or reproductive 

history. Future studies should track individual females of known age over multiple 

bouts of reproduction to establish whether how maternal age and reproductive history 

affect offspring size and potential trade-offs with offspring number.  

 

Although there is no evidence from previous work that sexes differ in size at birth, 

whether the interaction between mother size and brood size impacts the size of male 

and female nymphs at birth differently is yet to be explored (Teder, 2014). Moreover, 

mothers may adjust the sex ratio of their clutch based on maternal traits and trade-

offs (Magrath et al., 2004). As the sex of nymphs was unknown in this study, future 

research could explore maternal effects on brood sex ratios as well as the long-term 

impacts of offspring size at birth.  

 

2.5 Conclusion 
In summary, this research shows the effect of mother body size and brood size on 

offspring size at birth. Beginning to interpret and disentangle the relationships between 

maternal factors, especially of a viviparous species, allows further understanding of 

maternal effects. Unlike other studies, there was a particular focus on the maternal 

trait of body size and the use of the natural variation in the population of D. punctata 

goes some way to take into account the impact of individual variation and differing 

resource statuses on the different outcomes for trade-offs (Sakai and Harada, 2001). 

I found evidence of the occurrence of the brood size versus offspring size trade-off 

with mothers of all sizes either producing a few larger or several smaller nymphs. 

Large mothers appeared to face fewer constraints and were capable of producing 

broods containing high quantities of large offspring. Ultimately this research has 

explored the process of maternal effects from the phenotypes of the mothers through 

to the consequences for offspring size. Offspring size is clearly an important life history 
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trait for development and survival. Maternal traits and limited resources contribute to 

a series of trade-offs surrounding reproduction. In turn, these trade-offs determine the 

level of provisioning each individual offspring receives, and such variation in resource 

allocation is the proximate mechanism by which maternal effects then impact an 

offspring’s phenotype (Steiger, 2013; Koch and Meunier, 2014).  
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Chapter 3: The Effect of Early Life Social Interactions on 
Development and Life History Traits of the Pacific Beetle 

Cockroach (Diploptera punctata) 
 

3.1 Introduction 
 
Social interaction, in this study, is defined as the affinity of gregarious individuals to 

aggregate in groups and exhibit social behaviour such as antennal contact (Jeanson 

et al., 2005; Stanley, Mettke-Hofmann and Preziosi, 2017; Stanley, Liddiard Williams 

and Preziosi, 2018). Social isolation or, conversely, high levels of interaction during 

early life can slow development. For example Caenorhabditis elegans that were 

deprived of stimulation from conspecifics experienced slow rates of development that 

resulted in significantly smaller individuals than those reared in a colony (Rose et al., 

2005; Sokolowski, 2010). In comparison, American cockroaches that lacked social 

interaction experienced an increased body size at maturity (Wharton, Lola and 

Wharton, 1967). This suggests that sometimes being exposed to reduced levels of 

social interactions can be beneficial as it reduces the competition for resources 

(Sheppard et al., 2018).  Being reared in groups can also enhance growth as seen 

with the larvae of the mealworm beetle (Tenebrio molitor) (Weaver and McFarlane, 

1990). Larvae surrounded by a high density of conspecifics consumed more food and 

experienced accelerated growth (Weaver and McFarlane, 1990; Lihoreau and Rivault, 

2008). Other species respond differently to the social environment: for example, 

female crickets (Teleogryllus commodus), when exposed to calls from conspecifics, 

took longer to develop but became larger as a result, allocating more resources to 

overall body size at maturity rather than speed of development (Kasumovic, Chen and 

Wilkins, 2016).  

 

As aforementioned, life history and morphological traits of an individual are also 

impacted by socially induced changes. Variation in the rate of development can have 

consequences for body size and reproduction contributing significantly to long-term 

fitness and survival (Lihoreau and Rivault, 2008). Higher levels of social interactions 

can increase the pace of development but often at the expense of body size 

(Applebaum and Heifetz, 1999). This is significant as body size is a trait that plays a 
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role in determining an individual’s fitness and survival. In insects, female size is 

associated with fecundity with large females capable of producing high quantities of 

eggs (Tammaru et al., 1996). Male body size is also important: for example, female 

seed beetles (Stator limbatus), when given the choice, mate with large males over 

smaller males (Savalli and Fox, 1998). Aside from the implications of body size on 

reproduction, body size has consequences for an individual’s survival. For example, 

large body size enables individuals to hold more resources and in turn maintain a 

higher level of starvation resistance (Gergs and Jager, 2014).  

 

Social interactions during early life can also shape the reproductive success of an 

individual. Female crickets (Acheta domesticus) in groups invested more into their 

reproductive organs compared to isolated females (Bradley, 1985). Social interaction 

also impacts male reproduction, through learning courtship behaviour from 

competitors, through the selection of different male morphs or through investment into 

reproductive organs (Oliveira, Ros and Gonçalves, 2005; Sokolowski, 2010). The 

accessory gland found in males, which enables the transfer of sperm and the 

production of spermatophores, can be impacted by exposure to conspecifics. Male 

cockroaches (Blattella germanica) that were exposed to high levels of social 

interactions during development experienced high levels of protein accumulation in 

the accessory gland (Raikhel, Brown and Belles, 2005).  
 

Variation in development and life history such as body size and reproductive organs 

experienced as a result of the social environment raises questions surrounding the 

drivers of this plasticity and the benefits it may present for the long-term fitness of the 

individual (Savalli and Fox, 1998; Uzsák and Schal, 2013). Plasticity allows individuals 

to adapt to their environment, however this can be a costly process as increasing rate 

of development may impact body size which in turn impacts survival, reproduction and 

fecundity (DeWitt, 1998; Applebaum and Heifetz, 1999; Lafuente and Beldade, 2019). 

Therefore, there must be factors driving and benefits associated with the changes in 

development and life history traits (Snell-Rood, 2012). One suggestion is that 

changing development and life history traits in response to socialisation provides 

individuals with a reproductive advantage at maturity. In some cases, developing 

faster in the presence of conspecifics may allow individuals to reach sexual maturity 

before the potential competitors they are surrounded by, giving them early access to 
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mates (Wiklund and Fagerstrom, 1977; Holbrook and Schal, 2004). Particularly for 

males, high levels of social interactions during development may also contribute to 

increased investment into reproductive organs such as the accessory gland (Uzsák 

and Schal, 2013). Reproductive success and in turn fitness could be increased by 

investing in larger accessory glands, as males with larger glands can increase their 

mating frequency and have higher success during sperm competition (Bangham, 

Chapman and Partridge, 2002). Testes size is also important in some species as it 

can correlate with the production and transfer of sperm influencing fertilisation success 

(Pitnick, 1996). For females, studies have found the opposite effect of socialisation, 

as high densities of female conspecifics result in delayed and reduced investment into 

egg production and development (Bradley, 1985; Uzsák and Schal, 2012). The effect 

of social interaction with conspecifics is expected to vary between the sexes, with 

males experiencing an increased and females experiencing a decreased level of 

investment in reproduction (Bradley, 1985; Uzsák and Schal, 2013)    

 

In order to further consider the implications of isolation or socialisation during 

development, the Pacific beetle cockroach, Diploptera punctata, was chosen as the 

study species. This species is known to be gregarious and recent studies have 

suggested that they form social networks in which individuals stay in close proximity 

to conspecifics and frequently approach and associate with other members of the 

group (Bell, Roth and Nalepa, 2007; Stanley, Mettke-Hofmann and Preziosi, 2017).  

Previous work on this species demonstrated that the social environment during early 

life impacts growth and size at maturity (Woodhead and Paulson, 1983). Male D. 

punctata nymphs are particularly affected, with males reared in isolation taking longer 

to reach maturity and in turn becoming larger adults (Woodhead and Paulson, 1983; 

Holbrook and Schal, 1998). Males in isolation were more likely to pass through four 

developmental stadia before reaching adulthood in comparison to males in groups 

who were more likely to reach maturity after only three stadia. The social environment 

did not significantly affect female nymphs (Holbrook and Schal, 1998). The level of 

social interaction impacted growth with isolated males gaining weight less rapidly than 

their counterparts in pairings and having increased stadium duration (Holbrook and 

Schal, 1998).  It was suggested that it was beneficial for males who are surrounded 

by conspecifics in the post-embryonic environment to reach adulthood faster, despite 

maturing at a smaller size, in order to have the opportunity to mate before their 
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competitors (Holbrook and Schal, 2004).  This may especially be the case for D. 

punctata as females tend to take longer than males to reach maturity, as they all pass 

through four stadia. Females also tend to mate once immediately after they moult to 

reach adulthood and this places a high fitness premium on gaining access to virgin 

females (Woodhead, 1985; Holbrook and Schal, 1998; Kasumovic and Andrade, 

2009).  For isolated males, it may instead be beneficial to invest more into adult size 

in order to provide an advantage during courtship and gain mates (Woodhead, 1986; 

Holbrook and Schal, 2004).   

 

The fitness advantages and potential trade-offs for male D. punctata maturing faster 

when reared in a social environment are as yet untested (Holbrook and Schal, 2004). 

Males may choose between being the first to mate or having a courtship advantage 

depending on their social environment (Woodhead, 1986; Holbrook and Schal, 2004). 

Furthermore, as adult body size is affected by level of social interactions this can also 

have consequences for the size of reproductive organs, there is often a positive 

correlation between the two, and reproductive organ size can have implications for 

overall reproductive success (Wickman and Karlsson, 1989; Pitnick, 1996).  The 

relationship between body size and reproductive organ size in individuals raised in 

different social conditions has yet to be fully explored. This species provides the 

opportunity to look at both the implications for development that the social environment 

during early life has and the potential effect on fitness through the long-term life history 

traits such as size and investment into reproductive organs (Holbrook and Schal, 

2004). 

 

This research aimed to investigate how the early social environment affects 

development and life history traits of Diploptera punctata. In order to do this, nymphs 

were reared in isolation, pairs and groups. Based on previous findings, males from 

groups would spend less time in each stage of nymphal development and undergo 

fewer stadia to reach maturity but become smaller adults than those reared in isolation. 

I also predicted that these smaller males would invest relatively more in reproductive 

organs, to compensate for their size and as a result of the early social environment 

indicating the possibility of higher mating competition at maturity. 

 
 



 43 

3.2 Methods 

 
3.2.1 Colony Maintenance  

The colony of D. punctata was kept within a climate-controlled environment at 27  

±2°C, 50-80 % humidity and with a 12:12 hour light and dark photoperiod. The 

cockroaches had access to food (Bakers, Meaty Meals, Small Dog Food Biscuits- 

Beef) and water ad libitum, supplemented with sweet potato. 

 

3.2.2 Experimental Set-up  

Pregnant females were identified due to their distended abdomens, separated from 

the colony pre-partum and placed into 90x16mm triple vented Petri dishes with food 

and water ad libitum. This allowed broods to be tracked and data from the mothers to 

be collected (Chapter 2). Once nymphs had been produced, the offspring were 

separated and put into the experimental social conditions within 24 hours of birth. The 

experimental conditions included being reared in isolation, in pairs, and in groups of 

five individuals in 90x16mm triple vented Petri dishes. Only broods with a minimum of 

eight individuals were used for the experimental rearing conditions, to ensure there 

was sufficient numbers across all of the treatments. The sex of nymphs could not be 

determined until they reached adulthood and therefore the sex ratio of the nymphs 

within the Petri dishes could not be manipulated. This is a necessary consideration for 

any future studies. Offspring from one brood were allocated into one of the three 

experimental conditions with one nymph being placed into isolation, two being put into 

the paired condition and five forming the group condition. The nymphs were randomly 

assigned to each social condition. Any remaining individuals from the same brood 

were used as within-brood replicates and were assigned to a social condition 

depending on the number of nymphs. Little is known about the group size of naturally 

occurring aggregations of D. punctata (Stanley, Mettke-Hofmann and Preziosi, 2017). 

However, the choice to use 5 nymphs as the group category in this experiment was 

based on previous work by Holbrook and Schal who also employed 5 nymphs as their 

grouped condition and found differences in the rate of development across the social 

treatments (Holbrook and Schal, 1998). The Petri dishes were then placed in trays in 

the climate controlled room. The trays were rotated weekly to control for any variation 
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in light exposure the dishes experienced. Nymphs were provided with food and water 

ad libitum.  

 

3.2.2 COVID-19 

The above methods (Figure 6) were originally intended to be carried out with a large 

sample size of over 400 nymphs across the different social conditions. As a result of 

the restrictions caused by the COVID-19 pandemic and the termination of the 

experiments (see COVID-19 Statement for more detail) initial plans had to be 

changed. It takes over two months for the nymphs to complete development 

(Woodhead and Paulson, 1983) , so following the full trajectory of individuals was no 

longer possible in the circumstances of the pandemic. The determination of the sex of 

the nymphs was also dependent on examination at adulthood, which was also deemed 

impossible due to COVID-19, as the nymphs did not reach maturity before lockdown. 

Despite this, there were still measurements taken during the rearing in different social 

conditions, particularly the age at each moulting event, up to the third stadium. A small 

sample of 31 Petri dishes containing 75 nymphs were also still reared in isolation and 

in groups throughout lockdown until maturity, and males from this sample were then 

focused on to measure traits at maturity.  
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3.2.4 Measurements   

The nymphs were checked daily to record the age at which they had moulted and any 

mortality events. Photographs were taken three times a week. A change in the current 

stadium was defined as having occurred when a nymph had significantly increased in 

size, changed shape and there were the remnants of the shed exoskeleton left in the 

Petri dish. If it was unclear if a nymph had moulted, the photographs could be referred 

to establish whether and when they had progressed to the next stage of development.  

 

Figure 6. The experimental design for the experiments surrounding social interactions and my original 

intentions for the study. Nymphs were allocated into different rearing conditions soon after birth and the 

original intention was to allow them to grow until they had reached maturity. That was the point at which 

the majority of data had been planned to be collected. However, the experiments had to be terminated 

as a result of the COVID-19 pandemic, so instead I focused on the incomplete developmental data and 

measuring morphological traits at maturity in a subset of individuals (see COVID-19 Impact Statement). 
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The original data set included recordings of age at each moult from a sample size of 

158 nymphs changing from stadium one to two and 126 nymphs changing from 

stadium two to three across the same 67 Petri dishes. However, five of these dishes 

experienced mortality leaving groups with less than five individuals and more 

importantly leaving the originally paired nymphs in isolation. These dishes were 

excluded from the data set, leaving 62 dishes for the change to stadium two (147 

nymphs: 25 in isolation, 42 in pairs and 80 in groups). For the change to stadium three, 

the same 62 dishes had 117 nymphs (25 in isolation, 36 in pairs and 56 in groups). 

The nymphs used were produced by 20 mothers. 

 

Once nymphs from the isolated and grouped conditions reached maturity, the sex of 

the adults was determined due to the differences in size, with females being larger 

than the males (Ayayee et al., 2017;  Stanley, Mettke-Hofmann and Preziosi, 2017). I 

focused on males due to previous research showing that males and not females 

responded to social conditions of rearing (Holbrook and Schal, 1998), and the impact 

of COVID-19 constrained the time I had to analyse data on males. A sample of 44 

males were euthanised by placing and stored in a -80oC freezer, their body mass was 

recorded and then dissected to locate and remove the reproductive organs. In order 

to do this, the males were placed ventral side up on the microscope slide beneath a 

Leica EZ4W microscope and, using micro dissecting scissors, incisions were made 

down either side of the abdomen cutting through the sclerites. The sclerites were then 

peeled back and a drop of isotonic HEPES buffered saline solution was added to the 

open body cavity. The digestive system was pulled to one side and the male 

reproductive organs were then isolated from the surrounding body fat (Figure 7). The 

testes and accessory glands were removed and placed onto a new slide with drop of 

buffer solution. The wet mass of the testes and accessory gland was recorded after 

removing as much of the buffer solution as possible, using an Ohaus Explorer EX124 

precision balance. As much buffer solution was removed as possible, however it is 

important to consider that potentially solution remained on the slide. This should be 

addressed in future studies by calculating the dry mass as this was not possible in this 

study as a result of the disruption caused by Covid-19. The balances used had a 

0.0001 g degree of accuracy and could not detect any smaller differences. Therefore 

the mass of both of these organs were combined and then termed ‘combined gonad 

mass’ for the analysis. This provided a preliminary and general picture of how the 
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mass of the gonads were impacted by social condition. However, in future studies it 

would be interesting to measure these organs separately to disentangle whether, for 

example, it is sperm production in the testes or the production of the spermatophore 

in the accessory gland which is influenced by the presence of competitors (Pitnick, 

1996; Bangham, Chapman and Partridge, 2002). The organs of two males were 

damaged during the dissection process and were not included in the analysis of the 

effect of social condition on the reproductive organs, leaving a sample of 42 males 

that were produced by 14 different mothers. 

 

3.2.5 Statistical Analysis 

The data collected during this experiment was visualised and analysed using R 

(version 4.02) (R Core Team, 2020). Linear mixed models were conducted throughout 

the analysis using the lme4 package (version 1.1.23) (Bates et al., 2015) and if 

necessary a likelihood ratio test using an ANOVA was employed to assess which 

model was the best fit.  

 

To investigate the effect of varying levels of social interactions during development on 

the age at which nymphs change from stadium one to two and from stadium two to 

three, linear mixed models were employed with age (in days) at the time of the 

moulting event as the response variable. Social condition was included as a fixed 

effect and the mother identity and tray the Petri dish was placed as random effects. 

The mother identity was included to account for any variation that carried over from 

the mother, and the tray was included in case the position of Petri dish within the 

Figure 7. The process for the dissection of the male reproductive organs. A) The exoskeleton has been 

cut along the sides of the abdomen. B) The exoskeleton has been removed exposing the body cavity. 

C) Once the digestive system has been removed, the reproductive organs could be isolated. The two 

translucent circular organs are the testes and the feathery white organ is the accessory gland. 
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climate-controlled room made a difference to the age of individuals at the moulting 

event. The model residuals were plotted to check for normality. Using the lmerTest 

package (version 3.1.3) (Kuznetsova, Brockhoff and Christensen, 2017), the fixed 

effects for the model were then analysed further through the restricted maximum 

likelihood method using an ANOVA.  To determine the significance of the social 

condition on age at stadium change, F tests were performed with the Kenward-Roger 

approximation (Luke, 2017; Barreaux et al., 2018; Law et al., 2019). 

 

The two linear mixed models, on age at change to stadium  two and at change to 

stadium three, were first conducted on the main data set with the dishes that had 

experienced mortality being removed, and then repeated with the data including these 

dishes. This was done to ensure using a smaller sample size did not influence the 

overall findings. Dishes that experienced mortality were removed so that only dishes 

that had a consistent number of nymphs within them throughout development were 

assessed 

 

To explore the impact of the social conditions on life history traits, linear mixed models 

were conducted to look at both adult mass and also the combined mass of the testes 

and accessory gland. The model to assess adult mass used data from the 44 male 

individuals and the models to assess the reproductive organs used data from 42 males 

from the Petri dishes that were reared throughout lockdown. In this part of the 

experiment, all of the Petri dishes that the nymphs were reared in were placed into the 

same one tray, therefore this term was not included as a random effect in these 

models. 

 

For the first model, male mass at adulthood was included as the dependent variable 

and social condition was used as the fixed effect. Mother identity was included as the 

random effect. F tests were performed using the Kenward-Roger approximation in 

order to assess the significance of the social condition on male mass at maturity.  

 

For the second model, the combined gonad mass was used as the dependent 

variable. The fixed effects included social condition and also mass at maturity and 

mother identity was included as a random effect. This model was then compared to a 

model which also incorporated an interaction between social condition and mass.  
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3.3 Results 
 

3.3.1 Effect of Rearing Environment on Developmental Timing 

The age at which individuals change from stadium one to two was not significantly 

affected by the social condition they were being reared in (F2,138.73=0.954, p=0.39). 

With both the age of paired individuals (on average 17.6 days ± 0.3 standard error) 

(Table 2, Estimate= -0.27, SE=0.675, t= -0.386, p=0.7) and grouped individuals (18.3 

days ± 0.4 SE) (Table 2, Estimate=0.44, SE=0.594, t=0.712, p=0.478) not being 

significantly different to the age of isolated nymphs when they changed to stadium two 

(17.7 ± 0.5 SE).   

 

 

The age at which nymphs changed from stadium two to three was, however, 

significantly impacted by social condition (F2,104.73=5.881, p=0.004). Grouped nymphs 

were significantly older (on average 39.4 days ± 0.9 SE) than isolated individuals (on 

average 36.8 days ± 0.9 SE) when they changed to stadium three (Table 3, Estimate= 

2.78, SE=1.07, t= 2.591, p=0.01), however there was no difference between 

individuals in paired conditions and those reared individually (Table 3, Estimate=-0.09, 

SE = 1.17, t=-0.079, p=0.937) (Figure 8).   

 

 

 

 

 

 

Table 2. The output from the linear mixed effects model exploring the effect of social 

condition on the age at which nymphs changed from stadium one to two.  
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Table 3. The output from the mixed effect model exploring the effect of social 

condition on the age at which nymphs changed from stadium two to three. 
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This was repeated for the dataset including the dishes with mortality and it was also 

found that there was no effect of social condition on the age at change from stadium 

one to two (F2,146.33=1.734, p=0.180) but there was a significant effect of social 

condition at the change from stadium two to three (F2,111.13=6.15, p=0.003). This 

demonstrates that these results were not driven by the smaller sample size used when 

the Petri dishes with mortality events were removed from the data set.  

 

 

 

Figure 8. Age at which nymph shed their exoskeleton and changed from one stadium to another, 

depending on the social conditions in which they were reared (isolated, paired or grouped). A. Age at 

stadium change from one to two. For isolated individuals median= 7 days  and interquartile range=3, 

for paired nymphs, median=17 days and IQR=2.75 and for grouped individuals, median=18 days and 

IQR=4. B. Age at change from stadium two to three. For isolated individuals median= 36 days  and 

interquartile range=4, for paired nymphs, median =37 days and IQR= 5.25 and for grouped individuals, 

median=38 days and IQR=8.5.The points display the raw data.  

 

A) B) 
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3.3.2 Effect of Rearing Environment on Mass at Maturity 

There was no significant effect of social condition on male mass at maturity (F2, 

39.001=3.695, p=0.062). Males reared in groups were not significantly smaller (on 

average of 0.130 g ± 0.004 g SE) than males reared in isolation (on average 0.142 g  

± 0.005 g SE), but there was a trend that males in groups were smaller (Table 4, 

Estimate= -0.01, SE=0.006, t= -1.96, p=0.058) (Figure 9).  

 

 

 

 

 

 

 

 

 

 

 

Table 4. The output from the mixed effect model exploring the relationship 

between social condition and size at maturity.  
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3.3.3 Effect of Rearing Environment on Reproductive Organ Mass 

Both the social environment of rearing and male body mass had interactive effects on 

combined gonad mass. The model including the fixed effects of adult body mass and 

social condition as well as an interaction between the two explanatory variables was 

determined to be the best fit for the data (𝜒2(1)=5.32, p=0.01). The interaction between 

the social conditions (isolation or groups) and male body mass at maturity had a 

statistically significant effect on combined gonad mass. (Table 5, Estimate= -0.043, 

SE=0.016, t = -2.61, p=0.012). The thirteen males reared in isolation had smaller 

Figure 9. Body mass (in g) of adult males reared in isolation and reared in groups. For isolated males, 

the box plot gives a median of 0.143g and an IQR of 0.022g. For the grouped males, there is a median 

of 0.1243g and an IQR of 0.022. The points display the raw data.   
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gonads (on average of 0.0022 g ± 0.0003 g SE) than the twenty-nine males reared in 

groups (on average of 0.0032 g ± 0.0002 g SE).  

 

For smaller males gonad mass is higher when reared in group conditions than in 

isolation. Whereas, for larger males, the size of the reproductive organs does not 

depend on the social condition during development (Figure 10). Overall, the level of 

social exposure interacts with adult body mass to have differing effects on the male’s 

reproductive organs with males reared in groups possessing larger reproductive 

organs than their isolated conspecifics.  

 

 

 

 

 

 

 

 

 

 
 
 

Table 5. The mixed effect model output exploring the relationship between social 

condition, body mass and combined reproductive organ (testes and accessory gland) 

size at maturity. 
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Figure 10. The combined mass of the accessory gland and testes from the adult males 

reared in varying levels of social interaction. The social conditions the cockroaches were 

exposed to including isolation, pairs and groups is on the x axis and the combined gonad 

mass is on the y axis. The different coloured box plots are representing different categories 

of adult male size and each contains 14 males. The small contains males of a mass below 

0.123 g, medium contains males with a mass of between 0.123 g and 0.141 g, large males 

weighed more than 0.143 g. The raw data points are also included. 
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3.4 Discussion 
 

Here, I aimed to investigate whether varying levels of social interactions in the early 

life of D. punctata impacted developmental trajectories and later morphological and 

reproductive traits. I found that the age at which the nymphs changed from stadium 

two to three was significantly different between the social conditions but there was no 

significant effect of social condition during early stages of development. In a subset of 

individuals tracked to maturity, I found that the social environment of rearing had no 

effect on size at maturity – although there was a trend for individuals to be smaller 

when reared in groups. I also found an interactive effect of social condition during 

rearing and adult body mass on combined gonad mass in males: smaller males reared 

in groups had heavier testes and accessory glands compared to those reared in 

isolation, while there was no difference in combined gonad mass across social 

conditions in larger males.  

 

3.4.1 Effect of Social Interactions on Development 

Individuals reared in groups were older when they reached stadium three, suggesting 

that nymphs exposed to high levels of social interactions spent longer in stadium two 

than isolated individuals. This result is in contrast to our prediction, based on earlier 

work, that there would be a significant difference in the time spent in each stadium but 

with isolated males spending longer in each stadium and undergoing one more 

stadium to reach maturity than grouped individuals. Previous studies on D. punctata 

have found that isolated males can take up to fifteen percent longer to reach maturity 

than those reared in pairs and that the paired individuals experienced shorter stadia 

(Holbrook and Schal, 1998). This does not appear to be the case in this study as the 

individuals in groups were older than both the isolated and paired individuals when 

they reached stadium three.  

 

One potential cause of this could be the ratio of males and females within the petri 

dishes containing groups. Woodhead and Paulson suggested that female D. punctata 

take longer to reach maturity than males, even males that also undergo four stadia to 

reach maturity (Woodhead and Paulson, 1983). As nymphs were randomly allocated 

to the Petri dishes and the sex of the individuals could not be ascertained (see COVID-

19 Statement), there could have been a high proportion of females in the grouped 
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conditions and very few in isolation resulting in groups taking longer to reach stadium 

three. Another potential explanation is that males in groups spend more time 

developing in each stadium but overall time taken to maturity is still shorter than those 

in isolation as they undergo one less stadium (Woodhead, 1984). An additional 

limitation due to the early termination of the experiments was that nymphal 

development under different social conditions could not be followed from birth through 

to maturity in order to determine the total number of stadia and the overall time it took 

for the nymphs to mature. Moreover, in the paired and group treatment, it was not 

possible to track individuals (as any marking would be lost between moults), so I could 

not link at an individual level the time spent in each stadium.  

 

Although I found there to be no significant implications of social interactions at the end 

of stadium one, previous studies have shown that exposure to conspecifics for a 

limited time during this period can significantly affect the number of stages of post-

natal development that the nymphs undergo (Holbrook and Schal, 1998). This is the 

critical time period in which the nymphs are most affected by the social environment 

in development: males exposed to conspecifics during this stage alone experience an 

increased likelihood passing through fewer stadia to reach maturity. Therefore, stage 

one of post-natal development is still a significant period even though the responses 

to the environment experienced in this time frame are expressed later in the nymphs’ 

development (Holbrook and Schal, 1998).  

 

Overall, there does appear to be an effect of social interaction on the age at which 

nymphs change from stadium two to three although more data on whether individuals 

matured at stadium three or four, and the age at change from stadium three to four 

would help to contextualise and explain this result. This emphasises the importance 

of following D. punctata nymphs through their entire developmental period and being 

able to distinguish data on males and females. Despite this, this research suggests 

that developmental trajectories are changing based on level of social interaction and 

this requires further exploration.  

 

3.4.2   Effect of Social Interactions on Male Mass at Maturity and Gonad Mass 

The social environment induces changes to life history traits and morphology. 

Although male mass at maturity was not significantly different between individuals 
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reared in isolation or in groups, there was a tendency for a smaller body size when 

exposed to other conspecifics. This corroborates with other studies on D. punctata 

that have found males reared in groups to be significantly smaller at maturity in 

comparison to isolated males (Holbrook and Schal, 1998). It has been suggested that 

individuals in groups are smaller and experience reduced rates of growth as a result 

of crowding increasing competition for food (Buss, 1981). However, food competition 

was unlikely to explain our results as food was constantly replenished and never fully 

consumed by individuals before replenishment. Other studies found that males in 

groups experienced faster rate of development, reaching maturity in three rather than 

four stadia and that body size may be an associated cost of this accelerated rate of 

maturation (Woodhead and Paulson, 1983).  

 

It difficult to say whether the differences in life history traits between isolated 

individuals and nymphs reared in groups, such as being larger at maturity, were 

triggered in order to provide a reproductive advantage or whether they were just a 

side-effect of being deprived of social interactions (Lihoreau, Brepson and Rivault, 

2009). Despite this, being isolated compared to being exposed to conspecifics does 

induces changes to the rate of development and size at maturity, and therefore shows 

the effects that varying levels of social interactions in early life can have. 

 

Varying levels of social interaction during development significantly affect the 

reproductive organs of male D. punctata. I predicted that males from groups, despite 

being smaller at maturity, would invest more into their reproductive organs. I found 

that males in groups did indeed have larger combined reproductive organs than those 

reared in isolation, particularly in smaller males. Testes size can by influenced by the 

social environment during development with some species producing larger testes in 

the presences of conspecifics (Tan, Govedich and Burd, 2004; Harris and Moore, 

2005). Accessory glands are also affected by social interactions. Male German 

cockroaches (Blattella germanica) that were exposed to high levels of social 

interactions experienced accelerated sexual maturity and increased speed of the 

production of secretions from the accessory gland (Uzsák and Schal, 2013). It is 

therefore possible that changes in gonad mass of D. punctata would have implications 

for reproductive success, and this should be the subject for further study.  
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It is important to consider that the data gathered on the males reared in isolation or in 

groups that reached maturity was based on a sample size of only 42 males in total. 

The mass of males at maturity between the social conditions was marginally not 

significantly different (p=0.058) and if the experiment was repeated with a larger 

sample size, a clearer difference in body size may be seen. The data on body and 

reproductive organ size at maturity was collected from nymphs being reared 

throughout lockdown when access to the laboratory was limited and their development 

could not be tracked as closely. As a result, the total number of stadia and length of 

development to maturity was not recorded. While, the results of this study should be 

considered as preliminary, they support the findings of previous studies and provide a 

basis for future studies on the socially induced changes to the male reproductive 

organs.  

 

3.5 Conclusion  
 

In conclusion, I found that social interactions during early life have a significant effect 

on development and life history traits. Understanding the initial consequences, such 

as age at moulting, and the long-term consequences, from body size at maturity and 

reproductive organ size, of isolation or high levels of socialisation helps shed light on 

why D. punctata have plastic responses to their social environment. Although there 

are likely to be many factors driving this variation in the rate of development, size at 

maturity and investment into reproductive organs, all of these traits not only contribute 

to an individual’s reproductive success, but they are also all influenced by the social 

environment. Further research is required to assess whether the changes made based 

on being reared with conspecifics or in isolation ultimately affect reproductive success.   
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Chapter 4: The Maternal and Social Effects on the Development and 
Life History Traits of D. punctata 

 

4.1 Summary 
 

Mothers and conspecifics are important components of an individual’s early life 

environment and this research aimed to investigate the implications of both maternal 

and social effects on the development and life history traits of D. punctata. Below I 

summarise the main results and then discuss them in a broader context. 

 

4.1.1 Maternal Effects  

D. punctata are impacted by maternal effects as mother size and brood size interact 

to influence offspring size at birth. Mothers of varying sizes respond to the trade-off 

between brood size and offspring size differently. Whilst small and medium mothers 

still produce a range of brood sizes rather than employing one particular strategy, the 

trade-off is evident as offspring size decreased as brood size increased. Therefore, 

when small and medium mothers produce large broods, they are not also capable of 

producing large individual offspring, instead giving birth to a higher number of smaller 

nymphs. However, the opposite appears to have occurred in the large mothers. They 

also produce a range of brood sizes with a similar number of mothers producing small, 

medium and large broods as the smaller sized mothers but as brood size increased 

so did offspring size. This suggests large mothers are more capable of overcoming 

the trade-off in order to produce both large broods and large individuals at the same 

time. In contrast to the expectations of heightened demands, larger mothers do not 

appear to be as constrained by this trade-off but the factors that allow broods produced 

by large mothers to contain a high quantity of large offspring remains unclear (Gilbert 

and Manica, 2010). Limitations in the resource allocation to reproduction leads to the 

trade-off between brood size and offspring size in turn leading to varying levels of 

provisioning into the offspring that ultimately results in differences in offspring size at 

birth (Sakai and Harada, 2001; Steiger, 2013). The limitations and constraints faced 

by viviparous mothers are important to consider as maternal size and life history trade-

offs may have similar implications for the offspring of other viviparous species (Roth 
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and Hahn, 1964; Qualls and Shine, 1998). Future studies would allow an attempt to 

determine the potential factors involved in the different responses displayed by 

different sized mothers in response to the trade-off  to be made. It would also provide 

the opportunity to explore other factors such as differing lengths of gestation between 

the differently sized mothers and differently sized broods as well as the whether 

nymphs from a range of mother and brood sizes are at different stages of development 

at birth and the impact of this on their developmental trajectories.  

 

In order to contextualise these results, it is necessary to consider the implications of 

the trade-offs between somatic maintenance and reproduction that females face as it 

determines resource availability for provisioning of offspring. Reproduction via 

matrotrophic viviparity is energetically expensive particularly as it requires resources 

across the entirety of the gestation period in comparison, for example, to the 

investment into yolks just once during the period of the offspring’s development 

(Trexler and DeAngelis, 2003). Viviparous mothers also experience reduced mobility 

as a result of carrying the mass of her offspring which are developing internally. This 

can decrease foraging efficiency and predator avoidance suggesting that there are 

costs for both resource availability and survival (Qualls and Shine, 1998). D. punctata 

females have significantly slower running speeds when gestating opposed to their 

non-pregnant conspecifics and consume more food during pregnancy (Greven et al., 

2014). This suggests viviparity is both costly to survival but also energetically as 

females have to eat more in order to supplement the development of their young 

especially as it is known that the nutritional provisioning from D. punctata females 

through the production of a milk like substance, stems from her diet throughout 

gestation (Stay and Coop, 1973). As a result of this trade-off, D. punctata can also 

abort broods when the fitness costs to somatic maintenance and survival outweighs 

the benefits of reproducing (Woodhead, 1985; Trexler and DeAngelis, 2003). This 

demonstrates that females are continuously assessing how to mitigate costs and 

optimise fitness.  

 

Perhaps the large mothers that produce broods with a low quantity of individuals are 

instead allocating more resources to somatic reproduction. However, these trade-offs 

can be difficult to fully tease apart as some life history theories have been based on 

the assumption that all females are starting off from the same position in terms of 
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resources and life history traits (van Noordwijk and de Jong, 1986; Sakai and Harada, 

2001). Future studies could attempt to measure aspects of somatic maintenance in 

pregnant females for example immune function to start to understand the costs and 

trade-offs associated with reproduction (Schwenke, Lazzaro and Wolfner, 2016). 

Ultimately, this trade-off between somatic maintenance and reproduction is a result of 

limited resource availability and the costs of reproduction. This limitation on the 

resources being designated to reproduction contributes to the trade-off between brood 

size and offspring size, which in turn results in different levels of provisioning into each 

offspring (Steiger, 2013; Koch and Meunier, 2014).  

 

Size at birth is important to consider as it is commonly impacted by maternal effects 

but it also plays a considerable role in the early life of offspring (Uller and Olsson, 

2010; Pettersen, White and Marshall, 2015). Viviparity also has consequences for 

offspring size at birth with young from viviparous mothers being larger or more 

developed at birth than those from oviparous species however this is not found across 

all taxa (Goodwin, Dulvy and Reynolds, 2002; Meiri et al., 2020). For D. punctata 

nymphs are considerably larger at birth and developmentally advanced in comparison 

to the offspring produced by other oviparous cockroach species (Willis, Riser and 

Roth, 1958; Roth and Hahn, 1964). Female D. punctata nymphs undergo four stages 

of post-natal development to reach maturity in comparison to the twelve stages other 

cockroaches species on average undergo. This is thought to be a result of the 

increased size of D. punctata at birth (Nalepa and Bell, 1997). Although not measured 

as a part of this study, there have been found to be long-term impacts of size at birth. 

For other species, the benefits of being larger at birth include the avoidance of 

predation and cannibalism by siblings (Keller and Ribi, 1993; Rodríguez-Gironés, 

1996). As well as having significant implications for survival, size at birth can influence 

developmental trajectories with large cowpea aphids (Aphis craccivora) reaching 

maturity faster than conspecifics and this allowed large offspring to reproduce sooner 

and increase fecundity (Traicevski and Ward, 1994). A change to developmental 

trajectories as a result of size at birth has also been described in D. punctata, as larger 

nymphs at birth reached maturity faster in fewer stadia but became smaller adults than 

the nymphs that were small at birth (Holbrook and Schal, 2004).  
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To further understand maternal effects on offspring, research in which more of the 

mother’s history is known should be carried out. This could be achieved by following 

females in the same conditions from birth and allowing them to mate when they 

reached maturity. This means that the number of broods she had previously produced 

would be controlled and measurements could be taken only from nymphs from the first 

brood and then compared to the maternal effects experienced by nymphs from 

subsequent broods. In addition, maternal age effects could be taken into account given 

the wealth of evidence that allocation patterns vary as females get older (either due 

to, or independent of, their reproductive history).  

 

Another potential maternal effect yet to be explored in D. punctata is the sex ratio of 

the brood, which could be influenced by maternal body condition and food abundance. 

Under certain circumstances, it could be beneficial to produce sons and at other times 

the production of females would improve fitness (Whittingham, Dunn and Nooker, 

2005). Undertaking research to determine the sex ratio of offspring produced by D. 

punctata would further understanding of a variety of maternal effects and their impacts, 

in addition to understanding the fitness consequences of producing sons or daughters 

depending on maternal condition. If offspring sex could be determined the impact of 

males being paired, during development, with another male or a female could also be 

assessed. It would also be useful to determine the sex of the nymphs to separate any 

sex based differences in response to the social environment (Woodhead and Paulson, 

1983).  

 

4.1.2 Social Interactions 

Social interactions during the early life of D. punctata also have significant impacts on 

development and life history traits. There was a significant impact of level of social 

interaction on the age at which nymphs changed from stadium two to three, there was 

also an effect of social condition on morphology at maturity such as reproductive organ 

mass. These findings support those of previous studies and further them by exploring 

the hypothesis that D. punctata mature faster in groups in order to secure early access 

to mates (Holbrook and Schal, 2004). The varying consequences of being reared in 

isolation or in an environment with high levels of conspecifics suggests that there are 

potential implications for an individual’s long-term reproductive success (Lihoreau and 

Rivault, 2008). Age at moulting differing between isolated and grouped conditions 
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demonstrates that social induced changes are expressed even in the early life of an 

individual and could play a role in the overall developmental time. Developing faster 

in the presence of potential competitors allows males to have the opportunity to reach 

sexual maturity before conspecifics and mate with valuable virgin females.  

 

Rate of development, size at maturity and investment into reproductive organs are all 

influenced by the social environment, but these factors are also important for 

reproductive success. Increasing reproductive success based on the early social 

environment may be a driver for the changes seen in D. punctata when exposed or 

deprived from interactions with conspecifics (Holbrook and Schal, 2004).  Variation in 

reproductive strategies in response to the social environment during development as 

a mechanism of improving reproductive success is likely to be dependent on the 

mating system and reproductive biology of a species. D. punctata have a complicated 

reproductive biology with potentially conflicting selection pressures for males. As there 

is a high value placed upon access to virgin females, there is likely to be an increased 

levels of pre-copulatory sexual selection (Woodhead, 1985; Holbrook and Schal, 

1998; Kasumovic and Andrade, 2009). It should also be considered that even after 

changing from their final developmental stadium to adulthood, males still take 

approximately a week to reach sexual maturity as it takes some time in order to 

accumulate more sperm and other necessary components of the spermatophore 

(Woodhead, 1985; Woodhead, 1986). This could place pressure on males to reach 

maturity before females and other males in order to give them an advantage in 

reaching sexual maturity in time to mate with virgin females.  

 

The advantages of maturing faster must therefore outweigh the cost of maturing at a 

smaller size (Buss, 1981; Allen, 2008). This acceleration and arrival to sexual maturity 

by males before females is known as protandry and is particularly selected for when 

there are specific advantages of mating with a virgin female (Zonneveld, 1996). This 

benefits males that develop faster than their competitors and females, allowing them 

the opportunity to mate sooner and more frequently than if they had reached sexual 

maturity later (Wiklund and Fagerstrom, 1977). In response to pre-copulatory sexual 

conflict, despite being smaller it could be beneficial for D. punctata to reach adulthood 

faster and to be prepared to mate with virgin females, earlier than competitors 

especially in crowded conditions (Holbrook and Schal, 2004).  
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On the other hand, pre-copulatory sexual conflict and direct male-male competition 

often gives rise to weaponry or larger body size to ensure mating opportunities 

(Joseph et al., 2018). In this study, isolated individuals were on average larger at 

maturity and this may also present some advantages. Larger body sizes at adulthood 

may prove beneficial and improve reproductive success in the face of direct male-male 

competition for mates, allowing large males to monopolise access to females and be 

more successful at mate guarding (Harari et al., 2003; Goldsmith et al., 1996; 

Kasumovic and Andrade, 2009). In D. punctata, although there is no apparent 

weaponry, body size may be important. Females may choose mates on the quality of 

their courtship display and size of males is a significant component involved in the 

quality of courtship (Woodhead, 1986). Males that had undergone four stadia to reach 

maturity were about to transfer more sperm during mating. These males however were 

not reared in different social conditions during development so the long-term life 

history effects, including for reproductive success, of isolation and being surrounded 

by groups of conspecifics were untested (Woodhead, 1984). D. punctata has also 

been found to carry out prolonged copulation, which has been suggested in other 

species to be a form of mate guarding, and large males had increased duration of 

copulation (Roth and Stay, 1961; Goldsmith et al., 1996; Harari et al., 2003). This 

suggest males may be subject to pressure to invest in body size in order to monopolise 

access to females. 

 

There may also be considerable levels of post-copulatory sexual competition as 

despite storing sperm, after producing their first brood, females mate again but the 

second male to mate only fathers a portion of the second brood. This suggest sperm 

competition may be important for increasing paternity success despite not mating first 

(Woodhead, 1985). Therefore, investment in reproductive organs would be important 

and, in other organisms such as Drosophila, testes size correlates with production and 

transfer of sperm (Pitnick, 1996). The accessory glands are also important in 

increasing reproductive success in the face of post-copulatory conflict as large 

accessory glands allow for increased storage of material necessary for the production 

of the spermatophore in turn allowing males to mate multiple times (Bangham, 

Chapman and Partridge, 2002).  In the cockroach Nauphoeta cinerea, the size of the 

spermatophore increased when males were in the presence of conspecifics, which 

could be a result of the size of the accessory gland (Harris and Moore, 2005). The size 
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of the spermatophore is important as it needs to be above a certain size in order to 

stretch parts of the female reproductive anatomy once it has been transferred during 

copulation, which in turn prevents her mating again (Harris and Moore, 2005). 

 

The mechanism that allows these changes to occur based on social environment is 

thought to be a result of tactile interactions with conspecifics stimulating the production 

of juvenile hormone, however this is yet to be fully explored (Holbrook and Schal, 

1998). Increased levels of juvenile hormone are thought to be coupled with increased 

food consumption which may explain the increased growth rates that were found in 

previous studies when grouped males reached maturity faster than isolated males 

(Holbrook and Schal, 1998). The production of juvenile hormone, influenced by social 

interaction, thus regulates male sexual maturity and can also determine the production 

of proteins in the accessory gland (Schal et al., 1997; Uzsák and Schal, 2013). 

Although this pathway is yet to fully described in D. punctata, the upregulation of 

juvenile hormone in the presence of conspecifics could be the mechanism explaining 

how social conditions during early life affect development and life history traits 

(Holbrook and Schal, 1998). Further research could assess the expression of juvenile 

hormone in nymphs under different social conditions in early life.  

 

Overall, male D. punctata could be experiencing both pre- and post-copulatory 

competition and this be a potential driver of the difference in developmental trajectories 

and life history traits seen under varying social conditions. Depending on the social 

environment, different strategies arise to improve reproductive success. For isolated 

males, it may be advantageous to take longer to develop as investing in body size 

allows them to monopolise access to females even if they reach maturity and find 

conspecifics later than small males (Kasumovic and Andrade, 2009). For males in the 

presences of potential competitors, it is beneficial to reach sexual maturity faster 

despite being smaller and investing more in reproductive organs enabling them to 

prepare for any potential sperm competition (Holbrook and Schal, 2004).  

 

In future studies, to fully understand the implications of social interactions on 

development and life history traits, the nymphs need to be monitored throughout this 

period of early life and allowed to mature. The results of the research surrounding 

body size and reproductive organ size provide a basis for future research into the 
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effects of socially induced changes to development and morphology on reproduction. 

These measurements of male body size and reproductive organ size should be 

repeated with a larger sample size. To begin to tease apart the impacts of social 

condition on reproductive success, future studies – as was originally intended as part 

of this study – could also carry out a mate choice assay in which females have to 

choose between males reared in isolation and groups (Woodhead, 1986). This would 

help to determine if social interaction effects courtship and mating success and go 

further to support the hypothesis that reproductive advantages are driving differences 

in development and life history (Holbrook and Schal, 2004).   

 

Finally, despite the isolated individuals were on average larger at maturity, very little 

is known about their ecology and therefore it is difficult to demonstrate how often 

isolation naturally occurs especially as they are a gregarious species (Stanley, Mettke-

Hofmann and Preziosi, 2017). Therefore field studies on D. punctata in their natural 

habitat would provide important background on the ecology of these patterns. 

Measuring the size of social groups and male dispersal could help to contextualise the 

effects of social interactions and show the likelihood of isolation occurring. It would 

allow for investigation of how environmental heterogeneity – in terms of food supply 

and predation – also plays a role in both the maternal and social effects. Laboratory 

colonies are more likely to suffer from inbreeding depression which can negatively 

impact the fitness of an individual (Gerloff, Ottmer and Schmid-Hempel, 2003). 

Although it is unclear how inbreeding affects D. punctata, similar experiments could 

be carried out with individuals from the field to compare to the results from the 

laboratory (Bouchebti et al., 2016). This would not only provide an ecological context 

for the impacts shown by this research, but it would also help in future studies that use 

D. punctata as a model laboratory system. 

 

4.1.3 Importance of Both Maternal and Social Effects 

Mothers and conspecifics characterise the early life environment and were the focus 

of this research. Not only are maternal and social effects important for early life but 

they also have long-term implications for an individual’s survival and fitness. Body size 

at birth plays a role in reducing the risk of mortality and contributing to the 

developmental trajectory of an individual (Mousseau and Dingle, 1991; Pettersen, 

White and Marshall, 2015). The rate of development can then also be impacted by the 
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level of exposure to social interactions, as can adult body size and reproductive organ 

size. These have potential implications for an individual’s fitness through reproductive 

success (Wickman and Karlsson, 1989).  

 

Maternal and social effects are also likely to interact to influence an offspring’s 

phenotype. For example, D. punctata were found to undergo more stages of post-natal 

development when reared in isolation but this was offset when maternal investment 

was experimentally increased by removing one ovary to reduce brood size, as nymphs 

then developed faster and became smaller adults despite being deprived of social 

interactions (Holbrook and Schal, 2004). Females may be modifying the provisioning 

of their offspring in response to their own environment, in turn influencing their 

offspring’s plasticity in response to social interactions. However, organisms integrate 

cues from a number of sources and in most cases the cues from the direct 

environment have the overriding influence of an individual’s phenotype (English et al., 

2015). Both mothers and conspecifics are formative during early years and contribute 

to the plasticity and provide cues that allow individuals to adapt to potential 

environmental heterogeneity (Dore et al., 2018). 

 

4.2 Conclusion 
 

In conclusion, my study has expanded on previous work to investigate the influence 

of both maternal and social effects on the phenotype of D. punctata (Woodhead and 

Paulson, 1983; Holbrook and Schal, 2004). The process of maternal effects with 

particular emphasis on maternal traits through to life history trade-offs were followed 

to ultimately assess the culmination of these factors on offspring size. The brood size 

versus offspring size trade-off is expressed differently depending on the body size of 

the mother, with large mothers capable of producing broods containing a high quantity 

of large offspring. The social environment during early life also impacted the 

development and life history traits of D. punctata. I found evidence of both short-term 

consequences such as the age at moulting as well as effects on body size at maturity 

and reproductive organ size, which could have long-term consequences. Taking into 

consideration the effect of social condition on reproduction allowed assessment of the 

hypothesis that varying responses may result in reproductive advantages (Holbrook 

and Schal, 2004). These investigations, combined with the importance of both 
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maternal and social effects on the survival and fitness of an individual, demonstrate 

the benefits of employing D. punctata as a model system to study the mechanisms 

and fitness consequences for these effects in the future.  
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